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ARTICLE INFO ABSTRACT

Keywords: This paper introduces a family of Lobatto IIIA-IIIB methods for simulating mechanical systems
Nonsmooth contact dynamics with frictional contact. These methods extend the existing schemes by addressing both bilateral
Variational integrator and unilateral constraints, as well as set-valued Coulomb friction. The Lobatto IIIA-IIIB methods

Unilateral constraints

A presented in this paper make a substantial contribution to the ongoing endeavor of developing
Coulomb friction

event-capturing versions of high-order schemes.

By stating a generalized version of the principle of virtual action for nonsmooth mechanical
systems, the integrators are derived from an appropriate discretization of it. The discrete contact
laws are found by discretizing the impenetrabilty condition as well as the Newton-type frictional
impact laws in an event-capturing way. The presented discrete contact laws exhibit no contact
penetration and satisfy the involved unilateral constraints both on position and on velocity
level. This behavior is showcased using benchmark examples.

1. Introduction

Variational integrators are well-suited for the simulation of (bilaterally) constrained mechanical systems due to several key
advantages they offer, see [1]. Their good long-term energetic consistency, which bears on their symplecticity, helps to maintain
the accuracy and stability of the simulation over long time periods. By their geometric nature, variational integrators are able to
accurately preserve bilateral constraints on both position and velocity level. Moreover, variational integrators with high orders of
accuracy have been developed. A very prominent example is the family of Lobatto IIIA-IIIB methods, which, depending on the
number of stages s, are convergent with order 2s — 2, see [2,3].

In this paper, we present a family of Lobatto IIIA-IIIB methods for the simulation of mechanical systems with frictional contact.
In addition to bilateral constraints, the presented methods can cope with unilateral constraints and set-valued Coulomb friction,
which are the two main ingredients for the description of frictional contact. Hence, the presented Lobatto IIIA-IIIB methods are an
extension of the existing ones.

It is well known that the dynamics of multibody systems with frictional contact is nonsmooth, i.e., these systems can for
example exhibit velocity jumps due to impacts whenever a unilateral constraint becomes active, see [4-6]. For the numerical
simulation of nonsmooth mechanical systems, two classes of schemes can be distinguished, namely the event-driven and the event-
capturing schemes, confer [7] for an overview. The distinguishing property of event-driven schemes is that they accurately resolve
every discontinuity point, i.e., every time instant at which for example a slip-stick transition or an impact occurs is precisely
determined, see for example [8,9]. In contrast, the event-capturing schemes approximate all discontinuities occurring within a time
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step qualitatively, e.g., [6,10,11]. Accurately resolving every single discontinuity point is computationally very expensive, especially
if the system’s dynamics exhibits a large number of discontinuities. This is typically the case for engineering systems, since they
have many possible contact points. There are even cases where the dynamics shows an accumulation point, i.e., an infinite number
of discontinuities occurring in a finite interval of time. It is immediately clear that an event-driven scheme will not be able to
overcome such an accumulation point. It is the major advantage of event-capturing schemes that they can overcome accumulation
points and that they can efficiently simulate motions with many discontinuities. The presented Lobatto IIIA-IIIB methods are all
event-capturing and hence have this beneficial property.

There has been a big endeavor to develop event-capturing versions of schemes with order higher than one. For example
nonsmooth versions of the generalized-a scheme [12,13] or of the RATTLE scheme [14], which are both event-capturing extensions
of second-order schemes, have been devised. A family of nonsmooth variants of high-order schemes, i.e., with orders higher than
two, were presented in [15]. All mentioned schemes, are nonsmooth versions of schemes with orders that are higher than one. For
these, it is well known that the event-capturing way of discretizing the contact laws leads to schemes that are only convergent of
order one for motions with discontinuities. However, for motions with persistent contact, the higher order of the original method
is retrieved, see [15].

The presented Lobatto IIIA-IIIB schemes are a substantial contribution to the endeavor of developing event-capturing versions of
high order schemes, as they cover a complete family of s-stage schemes of arbitrary high order, i.e., of order 2s — 2. Moreover,
the presented schemes can cope with both bilateral constraints on position and velocity level, and hence with holonomic and
nonholonomic constraints. In contrast, [15] only includes position level constraints. For the derivation of the schemes, we have
generalized the principle of virtual action presented in [10] such that the dynamics of the system is described in terms of the
generalized coordinates, the velocities and the momenta as independent variables. This principle of virtual action serves as the
starting point for the discretization. In a first step, as it is usual for variational integrators, a discrete version of the principle of
virtual action is derived. The time-stepping scheme then results as the necessary and sufficient conditions of the discrete principle
of virtual action. Finally, the contact laws are discretized in an event-capturing manner. For that, we capitalized on the particular
structure of the Butcher tableau of the Lobatto IIIB scheme. The developed discrete contact law numerically satisfies the unilateral
constraints on position and velocity level and fulfills a Newton-type impact law in an integral way over the whole time step. Hence,
the presented family of Lobatto schemes do not exhibit contact penetration, i.e., the presented schemes do not show unilateral
(and bilateral) constraint drift. Moreover, the presented discrete contact law is consistent with the discretization of the bilateral
constraints. This implies that for motions where the contact is always closed, e.g., rolling wheels in vehicle dynamics simulations,
the convergence rate 25 —2 is retrieved. As all event-capturing schemes, also the presented schemes exhibit the drop in convergence
order for motions with discontinuities. This behavior is showcased in the last numerical example of this paper.

The paper is organized as follows. In Section 2, the mathematical framework for the description of nonsmooth motion arising
due to the velocity jumps is introduced. The subsequent Section 3 briefly revises the mechanics of systems with frictional contact
in continuous time and introduces the principle of virtual action. In Section 4, the family of Lobatto IIIA/IIB schemes is derived.
Section 5 summarizes the scheme and concisely contains all the information needed for the implementation. To validate the schemes
numerically, several benchmark examples are studied in Section 6. Concluding remarks can be found in Section 7.

2. Nonsmooth functions and the differential measure

This section is meant as a brief summary of the mathematical properties of special functions of locally bounded variations (SLBV
functions) and sets the notation used within this paper. For a more complete treatise of this topic, we refer the reader to Chapter 4
in [4] as well as to [16].

Let x : R - R” be a function of locally bounded variation. It is well known, see [16], that at each discontinuity point #; of x the
right limit x*(7;) and the left limit x~(z;) exist. Moreover, the derivative x of x exists almost everywhere (a.e.). A function of locally
bounded variation can be decomposed as x = x4 + xc + x¢, where x, is absolutely continuous, x is a piecewise constant function
with a countable set of discontinuities, and x is a singular function (a continuous function with x ¢ = 0 almost everywhere, e.g., the
Cantor function). This decomposition is unique up to an additive constant. As introduced by [17], the special functions of locally
bounded variations are defined as functions of locally bounded variations with no singular part, i.e., as the subspace defined by
x¢ = 0. Finally, the (Riemann-Stieltjes) integral can be associated to x and has the property

xt(@t,)—x"(t) = / dx, [€8)
(1,1

where dx is called the differential measure of x. For any continuously differentiable function y : R — R”, the integration by parts
formula

/ xTyde= —/ yldx + x*(t,)y(,) — x~(t)y(t) (2)
[t1,1,1 [t1,1,1

is a consequence of Corollary 11.4 in [16].
Let D, = {t{,1,,... } be the set of discontinuity points of a SLBV function x, then the differential measure of x is

dx=xdt+ Y [x*—x71ds, , 3)

t,€Dy
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where dt is the Lebesgue measure on R and dg,, is the Dirac point measure at #;. It is sometimes useful to introduce the measure du
and the density x’ of x as

dx=x'du with dy=dr+ Z ds, . 4
t,€Dy

It follows from the comparison of (3) with (4) that x’ = x almost everywhere and x’ = x* — x~ at the discontinuity points of x.
3. Mechanical systems with frictional contact

For all times ¢, let q(r) € R" denote the generalized coordinates of a finite-dimensional mechanical system. Since the velocity of
the system may jump due to impacts, the generalized velocity v is assumed to be an SLBV function. The positions and the velocities
are linked by the kinematic equation

dg=vdt <= g=v ae %)

Let L(t,q,v) = T(t,q,v) — V(1,q) be the Lagrangian of the system, which is defined as the difference between the system’s kinetic
energy T and its potential energy V. With that, the generalized momentum of the system is defined as

T
() = (‘;—ﬁ) (t.q(). v(0)), ®)

which inherits the jump discontinuities of the velocity and is therefore an SLBV function. The equations of motion of a mechanical
system with frictional contact take the form of an equality of measures and links the change in momentum to the forces acting on
the system:

T

dfr—<0—L> dt = fdr+ WdP. @
aq

Herein, W (t,q)dP are the constraint and contact forces with generalized force directions W, and f(z,q,v)dt describes all forces

which are not contemplated by L and are not constraint or contact forces. The percussion measure dP combines the effects of

nonimpulsive forces A and impulsive forces A in the sense that

dP=Adr+ ) Ads, =Rdy, (8
1,€Dp
in accordance with (3) and (4). Indeed, using this and (3) for the momentum measure dz, the equality of measures (7) can be
reformulated as

T
k—(%) —f—WA]dt+Z[RJ’—::‘—WA]CI(S,’,:O, ©)
1,€D

with the set of discontinuity points D := Dp = D,. Hence, using (6), the equality of measure is satisfied if and only if Lagrange’s
equations of the second kind
d (oL\" _[oL\'
— (=) - (=) = W 10
a (%) <aq> I+ (10)

are satisfied almost everywhere in time and the impact equations
at - =WA 11)

describe the jump discontinuities of the momentum. Even though this splitting of the equations of motion into an impulsive part
and a nonimpulsive part is very illustrative, it is not used in the remainder of this paper. Instead, we will exploit that R = 1 almost
everywhere and R = A at the discontinuity points #; € D. This allows for example to formulate the contact laws jointly for phases
of persistent contact, where the velocity is continuous, and for the impact time instants, where the velocity jumps.

To address the constraint and contact forces separately, the notation

WdP =W ,dP,+ W ,dP, + W ydPy + W ;dP (12)

is introduced, i.e., we split' the percussion measures as dP = (dP,,dP,.dPy,dP) and partition the generalized force directions
W =W, W, Wy W) accordingly. The force measures W ,dP, and W ,dP, in (12) are the ideal constraint forces of the position
and velocity level constraints

grg=0. and yt.qv)=W t.Qv+x,0.q=0. 13)
respectively. The generalized force directions of the bilateral constraints are given by
Jg 9y
T _ T _
Wg = E and Wy =3 14)

1 We use the following notation: For x € R" and y € R”, (x,y) := (xT y")T € R,
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Fig. 1. Kinematics of the contact k consisting of the contact points P and Q on the bodies I and II, respectively.

The remaining parts of (12), i.e., W ydPy + W pdPp, are the forces describing the frictional contact. Consider a pair of contact
points P and Q on either contacting body, which we will simply refer to as contact k, see Fig. 1. Let the tangent planes of the pair
of contact points be spanned by the vectors ¢, and ¢,, and let n denote the outward pointing normal vector at P. In order to describe
the distance between the tangent planes, the gap function gfv = n"rp, is introduced, where rp, denotes the vector pointing from
P to Q. When g’,‘v > 0, the contacting bodies are separated and we say that the contact is open. Similarly, we speak of a closed
contact if g’]‘V = 0 and the bodies are touching, and of a penetrating contact if the bodies are penetrating each other and g’]‘v < 0.
The impenetrability of contact k is enforced by the ideal unilateral constraint formulated as Signorini’s law

gn(t.@) € Nip-(-Ry) = gn(t.q) 20, Ry 20, gy (.9 Ry =0. (15)

where Np-(x) denotes the normal cone to the set Ry ={zeR|z<0} of non-positive numbers evaluated at x. The equivalence is

easily provoen using the definition of the normal cone, which for any nonempty convex set C C R” reads as
Ne@@)={yeR" | yT(x* —x) <0 Vx* €C)

for any x € C. Otherwise, for x ¢ C, the normal cone is empty, i.e., N(x) = f. A look at Signorini’s law, see also Fig. 2, reveals
that due to the complementarity condition the contact force can only be positive if gﬁ‘v(t, q) = 0, i.e., if the contact is closed and
the contacting bodies touch. Moreover, it is clear that the contact force is introduced such that for positive values it pushes the
contacting bodies apart.

In order to formulate an impact law, we first combine the gap functions of all ny contacts into a vector g, (7,q) € R"V and define
the gap velocity

. og . og 5)
gn(t.q.v) = a—;v(r, D4+ —(.9) = WE.Qu+ .9 (16)
where we have introduced the generalized force directions
9gN _ 08N
wt =28 - 2N 17
N v 0q a7

arising in (12). Moreover, we define the set of active contacts as
Att.q) ={k=1,...ny| gk(t.q) <0}, (18)

together with its complement A = {1,...,ny} \ 4, the set of inactive (open) contacts. A Newton-type impact law is chosen. Namely,

k€A:  &R(tqv . v") € Np-(-R}) 19)
A - k _
keA: Ry =0
where the kinematic quantity
e, q. v, vh) = g (1, q.vT) + el g3 (1 g v) 20)

is introduced and e’I‘V € [0, 1] is the restitution coefficient for the normal impact. See Fig. 2 for a graphical representation of the impact
law. This impact law ensures that if the contact k is open, i.e., k € A, the contact force is zero. Moreover, it follows from the definition
of the normal cone that for an active contact, i.e., k € A, the impact law is equivalent to the inequality complementarity condition

etqu vt 20, R >0, &tqv,vHRE =0 (21)
This implies, that whenever there is a contact force R’,‘V > 0, then
gn(t,qv) = e} gy (g, v) (22)

due to the complementarity condition. Moreover, it contains the exceptional case where active contacts k € A with R’;V = 0 allow for

gh g vt > el gk (g v), (23)
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(a) (b)

fR’fV *R]f«“,z

Case 2

PR "R}

k k _ pk
nggN > RF,l

Fig. 2. Graphical representation of the contact laws. (a) Signorini’s law g’l‘v(t,q) [S NR;(_RI/(V) as well as the Newton-type impact law /;’;V e NMJ(_RZ)' (b)
Frictional impact law with isotropic Coulomb friction 5’; € NCi(Rm(_RkF)’ where Rfr = (R’l‘r B RA}Q' Case 1: For ||R’H| < pk R’;, this model enforces the constraint
£ =0. Case 2: ||£5] > 0 results in the force law R% = —uRK &% /|1E5]|.

which can happen for multi-contact configurations, see [18,19]. Hence, the contact law (19) models a Newton-type impact law. But
not only that. It can be shown that the Newton-type impact law (19) implies Signorini’s law (15). In fact, since the transition from
open contact gj‘v > 0 to active contact gﬁ‘v < 0 implies g;‘v(t, q,v7) < 0 at the time instant where the contact k gets active, the first
inequality in (21) implies

ke Alt.q: ght.qvt) 20 (24)

which can be recognized as a unilateral constraint on velocity level. It is a consequence of the viability lemma of Moreau, Proposition
2.4 in [6], that (24) implies the unilateral constraint on position level. Hence, in continuous time, it suffices to impose the contact
law (19) to model both impenetrability and Newton-type impact. In discrete time however, this will not be sufficient as numerical
drift would lead to contact penetration.

Finally, set-valued Coulomb friction is added to the contact model. For that, the tangent velocity

T.
P L)
yF_ IT.

2"Po

describing the relative velocity of the pair of contact points in the tangent plane is introduced, cf. Fig. 1. The generalized force
direction of the friction forces is defined by

k
oy
We=W.L .. W) with W= a: (25)
and we use the notation dP, = Rydu with Ry = (R}, ,R'}F ). Using the tangent velocity y’;(t, q,v), the kinematic quantity
gr.qvm o) =y g v + e yi(g.vT) (26)

is introduced with tangential restitution coefficient e’; € [0, 1]. With that, the Newton-type frictional impact law modeling Coulomb
friction is introduced as

Vi §(.q,07,0) € Nokak (=R}, 27)
where for isotropic Coulomb friction, the set of admissible (negative) friction forces is
CE(RK) = B,(u*RK)), where B,(r)= {x eR? | llxll < r} (28)

with friction coefficient u*. Similarly as before, W, CE(RE) denotes the normal cone to the set CX (R" ). A graphical representation of
the impact law can be found in Fig. 2. It is worth not1c1ng that the impact law (27) contains Coulomb s friction law for the time
instants where no impact occurs and is hence sufficient to include friction into the contact model. To see that, note that if no impact
occurs, the motion is continuous and v = v~ = v*. Hence, in that case the kinematic quantity (26) reduces to (1 + e’;) y’;(t, q,v)
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implying that the friction law (27) is equivalent® to
Vk: rhequv e NC;%)(—/U;) (29)

since R’]‘V = /1’]‘\, and R"F = ,1’; for nonimpulsive time instants, N, kb)) is a cone and (1+e’1‘,) > 0. For more details about the intricacies
of the introduced contact model we refer to [4,20].

Instead of characterizing the motion of the system for r € T c R using (5), (6) and (7), the motion can be described by the
principle of virtual action in the form

5A = /6[L(t, q.v)+ 7' (g —v)]dr + /5qT(f dt+WdP)=0  Véq,év,6x (30)
A A

where the test function 6q is assumed to vanish on the boundary of I. This form of the principle of virtual action generalizes the
one presented in [10] in the sense that in (30) the kinematic equation v = ¢ is not explicitly used, but imposed using the generalized
momentum x as a Lagrange multiplier. This way of imposing the kinematic equation with the help of the generalized momentum
as a Lagrange multiplier is well known in classical mechanics literature, see for example [21,22], and is here applied analogously in
the nonsmooth setting. To see that (30) indeed describes the motion of a mechanical system with frictional contact, we first perform
the variation of the term in square brackets, i.e.,

5A=/[%§q+ %5v+§xT(i1—v)+nT(5q—5v)] dt+/5qT(fdt+WdP). (31)
A A

Using the integration by parts rule (2), the principle virtual action can be recast to

6A = / [%&; + L4 srt(q—v) - JrT(Sv] dr + / 6q"(—dm + f dt + WdP) (32a)
719q v 1
oL\" oL\"
:/én:T[q—v]dt+/§vT =) -z dt+/5qT =) dt—dz + fdt + WdP (32b)
I 1 ov I oq

=0 Véq,év,ém,

where the boundary terms vanish because 6q = 0 on the boundary of Z. The motion satisfies the principle of virtual action if and
only if the square brackets of (32b) vanish, which is equivalent to the motion satisfying (5), (6) and (7).

4. Lobatto IITA-IIIB discretization

To derive a numerical scheme for the simulation of mechanical systems with frictional contact, we discretize the principle of
virtual action (30). For that, we introduce equidistant time nodes ¢, with constant time step Ar = ¢, -1, (n =1,...,N — 1) and
choose I = [t1,1y).

We discretize the kinematic Eq. (5) using an s-stage Lobatto IIIA method

s s
fo=t,+ch, Ql=q,+4a Y a;VI, q,. =q,+4t) bVI (33)
j=1

Jj J=1

where i =1, ..., s. Herein, g, and gq,,, approximate the generalized coordinates q at 7, and 1, , respectively. Moreover, Q! and V'
are the respective approximants of g and v at ¢/. The conditions for defining the coefficients 4;;, b; and ¢; can be found in [23].
Especially, it holds that a; = b; and ay; = 0 for all stages i. Moreover, ¢; = 0 and ¢, = 1. Hence, the Butcher tableau of the Lobatto
IIIA methods have the particular structure

¢ =0 0 0 0 0
5] ) ax e a2 5-1 s

Cs—1 as—l,l as—l,Z as—l,s—l as—l,s
Cs = 1 bl b2 bs—l bs
by by ... by bs

From this Butcher tableau and (33), it is evident that the Lobatto IIIA methods have the special feature that Q,: =q,and Q) =q,,,
which is exploited later for the formulation of the constraints. Specific Butcher tableaus for s = 2,3,4,5 can be found in [23]. For
consistency, it is assumed that the used Lobatto scheme satisfies

N

Yb=1 and b#0 for i=1..,s (34)

i=1

2 By definition, it holds that a set C C R” is a cone if for any x € C it follows that ix € C for all 2> 0.
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In order to discretize the virtual action (30), we rewrite the integral over T as a sum of integrals over the time steps 7, = [¢,,,1,, )

as
Nl sAl =5 / [L(t,q,v) + x"(q — v)] dt
5A= Y (54} +5A2) with b 35)
o 6A2 = / 5q"(f dt + W R dp),
T

n

where we have used that dP = Rdy, see (8). We approximate the first integral appearing in 54! using the Lobatto quadrature with
the same coefficients as in (33). Instead of using a quadrature for the second part, i.e., the integral over z'(q — v) enforcing the
kinematic equation, we enforce the discrete kinematic Eq. (33) using discrete Lagrange multipliers, as done in [3,22]. We follow [3]
and approximate 5A! by

s i
S _ Q0 —-q
A}, = 5{At b, [L(z;, LV + (n;)T<”T” -
i=1

s s
i T 9n+1 —4n i
a,.jv;>+nn+l<T-ijvg>]}. (36)
=1 j

J=1

J

Herein, r,,, approximates r at 1,,,. However, it will be seen later that IT 'n is not the approximation of = at 7, but can only be
interpreted as a Lagrange multiplier for the discretized kinematic equation. The approximation of §A42 is chosen as

543, = X b, (6041 £t Q1Y) + WK Q)R] . 37)
i=1

It can be seen, that for the integral over dt appearing in BAﬁ, we have chosen the Lobatto quadrature with the same coefficients as
in (33). For the integral over du however, we have chosen the same Lobatto quadrature up to the factor As. This can be motivated
by the following.

In essence, we have approximated the change in percussion

AP(t; At) = PT(t + A1) — P~ (1) L / dP = / Rdu (38)
[t,14+41] [1,t+A4t]
over a time step by the quadrature formula
s
AP(t; A ~ ) b, R, (39)

i=1

instead of using the usual Lobatto quadrature rule

s
i
APt A0~ At Y b R, (40)
i=1
Hence, we have basically used a version of the quadrature with rescaled constrained and contact forces in the discrete setting, as
obviously R! = At f(;. This scaling is important in order to avoid unbounded growth of discrete constraint and contact forces for
At — 0. In fact, if r € D is a discontinuity point, then AP(t;0) = P*(t) — P~(r) # 0 is finite. It is clear that in the limit 4t — 0, the
right-hand side of (40) can only be finite if ﬁ; — oo for some i, which is numerically unfavorable. Hence, the chosen discretizaton
(39) is preferred, as it does not have this issue.
With the approximations (36) and (37), the discretized principle of virtual action reads as
N-1 _
8A;= ) (8A),+06A3 ) =0 Véq,,8Q!, 6V} 60, 6m,,, n=1,...,N, i=1,.,s, (41)
n=1
where 6q, = 6qy =0.
Under the assumptions (34), the following necessary and sufficient conditions for the discrete principle of virtual action (41) can
be derived by choosing all but the indicated test quantity to be zero:

i OL\' i i vi I_Iiz i i i i R,
5Q 1 0= % 6,0V i)+ -+ 1,0, V) + W, 02 (42a)
) oL\" . . . > ;
Vi 0=bi<$>(tj,, VI = D ba T = by (42b)
j=1
S 7 G T
5 - 0=— b-—n— n+1 Tn 42
9 Zﬂm a A (420
s
SHL: Q) =q,+4 Y ayV) (42d)
j=1
N
Olyy1 0 Guyt =4y +At2 ijil (42¢)

Jj=1
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Condition (42c) can be rearranged to

s
Tyt :7r,,+2bj<—1_]fl>A (43)
j=1

To further manipulate the condition (42b), we define the discrete momentum

n = (‘;L> .0, V). (44
With that at hand, we can use (43) in the stationarity condition (42b) and obtain
H;:ibjb—[:ﬂﬁf,+nn+l=nn+i<bj—bjb—tjji>(—f[{,>. (45)
j=1 j=1
It is notationally favorable to introduce
4;=b;,— b’ba”, (46)

i
which can be recognized as the coefficients of the Lobatto IIIB method, see [24]. Moreover, it is convenient to introduce the notation
F; =—IT 'n, such that the stationarity conditions (42) can be equivalently stated as

N
Qui1 =G, + 4t ) b,V (47a)
j=1
s
op =7r,,+2bijl (47b)
j=1
N
Q;:q,,+AtZa,-jV{l (i=1...5) (470)
.—Jl' +Za F’ (i=1,...,5) (47d)
) oL o )
o= <0v> (rn, VD) i=1,...,9) (47e)
Fi =4 oL VDA, QL VI + W (1, QDR (i=1 47
t aq (f,,, V) At f(, 0,V )+ W, Q)R, (=1,..,s). (476
With the above scheme we have hence derived a Lobatto IITA-IIIB discretization of the partitioned system (5)—(7), i.e.,
T
dg = vdt, dn:<aL> dt + fdt+ WRdp, ”:<6_L> , (48)
dq Jv

As approximant of the velocity of the system at #,, we implicitly define v, by

T
n, = <%> (tp qpUp)- (49)
Jv

Before addressing the discretization of the constraints and the frictional contact, it is worthwhile having a closer look at the
structure of the coefficients of the Lobatto IIIB method. Since the Lobatto IIIA method has the property a,; = b; and a;; = 0 for all
i, it follows from (46) that the coefficients of the Lobatto IIIB method satisfy 4;, = 0 and 4;; = b;. The resulting Butcher tableau has
the form

=0 |b ap ays-1 0
) by an R L WS 0
Cs-1 by a4 yp o by O
Cs = 1 bl asn ax,s—l 0
‘ bl b2 bs—] bs

Specific Butcher tableaus for s = 2,3,4,5 can be found in [23]. The last column of the Butcher tabelau is always zero which by
(47d) implies that the generalized momenta I’ of all stages i do not depend on the discrete force F? of the last stage. Hence, it
can be seen from (47f) that the Lagrange multiplier R} does not influence IT, and consequently has no influence on V', see (47e).
Ultimately, by (47a), this means that the position update gq,,,, is not influenced by R;. This peculiarity of the Lobatto IIIB method
is exploited for the enforcement of the constraints as well as for the formulation of the discrete contact laws.

We impose the bilateral constraints discretely as in [3] and demand

8.0 =0G=2,...,9, &1 Gus1:Vpr1) =0 (50)

YA QL VI =0 =208) Yty dusrs Unsr) = 0. 1)
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Due to the property of the Lobatto IIIA method that (},Q°) = (t,,,.4,,,), the position level constraints are satisfied at the end
of the time step. Moreover, because of the particular structure of the Butcher tableau of the Lobatto IIIB scheme, the constraint
g(t,q) = 0 can be imposed on both position and velocity level at the end of the time step, see (50). Namely, we exploit that the
Lagrange multiplier R; , only affects the update of v,,, and has no influence on g, ,. This decoupling allows for the simultaneous
enforcement of both constraints. As a consequence of the splitting, we can attribute the Lagrange multiplier R; , to the enforcement
of the velocity level constraint g(,.,,q,.1,v,+;) = 0. Hence, the remaining Lagrange multipliers Rgn], i =2,...,s are responsible
for the fulfillment of the other constraints, i.e., g(tj',, QL )=0,i=2,...,s. It is crucial to see that there is an index shift between the
constraint and the Lagrange multipliers, especially in view of the formulation of unilateral constraints.
Similar to the bilateral constraints, we impose the unilateral constraints, i.e., Signorini’s law for the stages i =2,...,s as

ko gk (1. 0)) € Np- (R, (52)

Following the analogy to (50) further, it would be natural to additionally impose the unilateral constraint at velocity level at the
end of the time step. However, from the discussion preceding (24) it can be concluded that instead the Newton-type impact law
can be imposed. To do so, it is assumed that if the contact k is active at the end of the time step, i.e., k € A, = A(t,;1.4,41), then
it has been active during the whole time step I, = (t,.t,,,]. Moreover, during that time step, the kinematic quantity f;j‘\, is assumed
to be constant and to correspond to

k sk k -k
Ennst = ENCait> Qi 1> Uny) + ey 8N (102 4 0,), (53)

which is regarded as a discrete approximation of (20) over one time step. These assumptions allow to “integrate” (19) over one

time step, resulting in
k€At &y € NRJ(_ f, RK du) 54)
k€At [ RK du =0.

A detailed discussion of how this is done as well as an interpretation of the integrated contact law can be found in Section 6 of [13].
Using the Lobatto quadrature rule to approximate the integral as

s

k ~ kj _ k

/I Ridu~ Y bRy =APE (55)
n Jj=1

which is the discrete approximation of (38). Substitution of (55) into (54) results in the discrete velocity level contact law

k€ Al @) © En,py € Naz(CAPY L)) 56)
k € Alty1,qns1) © APy, =0.

Summing up, the temporally discretized contact law in normal direction is given by (52) and (56). This means that the unilateral
constraint is imposed on position level for all stages i =2, ...,s and the Newton-type impact law is fulfilled in an integral way over
the whole time step, where v, and v, are regarded as the pre- and post-impact velocities, respectively. It is straightforward to see,
that in the case that a contact is closed during some interval of time, then the unilateral constraint looks like a bilateral constraint
g’]‘v(t, q) = 0 during that time interval. It is an important feature of the presented discretized contact law that in that case the discrete
contact law reduces to the discrete bilateral constraint Egs. (50) formulated with g’]‘\,. Hence, it can be stated that the discretized
contact law in normal direction is consistent with the discretization of the bilateral constraints.
For the discretization of the Coulomb friction, a similar path is taken. We impose Coulomb friction (29) for all stages i =2, ...,s
by
Vi yka.QlViye N, REH (57)

h
together the integrated version of the Newton-type frictional impact law (27)
. gk k ok K
Vi &kt = VFi o Gt Uns) + € Y10, 40, 0y) € NC’;,(API’\‘].HI)(_APF,n-f—I)' (58)
Again, the discrete percussions are defined using the Lobatto quadrature as

s
k4, ~ kj _ Apk
/1 Rdun Y bRy = APt . (59)
n j=1

5. Implementation of the scheme

For the computation of one time step (¢,,q,,v,) = (t,,1, 4,41, V,41) of the scheme presented in the previous section, the scheme
is brought into residual form and, similar to [13], is then solved using a semismooth Newton method [7,25].
In order to formulate the residual form of the scheme as @(x) = 0, the vector of unknowns
x=V,. v, R, R, Ry Ry (60)

gn’ "y’ N’
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is introduced, where for notational brevity we write V' instead of V:,» ..., V. The residual describing a time step is subdivided into
three contributions as @ = (@, @y, P ). The first contribution contains Egs. (47), (49), (50) and (51) describing the time step
except for the contacts and is given by

T T
FI AN oL .
<a_v) 0, Q. V3 = <$> (tr @ 0) + Xy 8 F)
T
oL oL _ A
<0—v> (pt1>Gni1 Vg1 — <$> t,.q,v,)+ 23:1 bij,

D(x) = g, Q) (i=2,....5 . 61)

841> Any 15 Vng1)
(6,0, V) (i=2,....5)

y(tn-H’ 9n+1- vn+l)

Unless indicated otherwise, the index i ranges from 1 to s. Moreover, the discrete positions are seen as x-dependent quantities,
where the dependence is given by (33) and the properties of the corresponding Butcher tableau, i.e.,

s
Q) =q,+4Y a;Vi and gq,,, =05 (62)
j=1

With that, also the discrete forces F ; depend on x only and read as

T

Fi = At<%> QL VO + A f(,Q V) + W(t,, Q)R (63)
The remainder of the residual @ is specified for each stage i = 1, ..., s and each contact k = 1, ..., ny separately and is then gathered
as @y = (P, ..., P}) with &), = («pjv-', @, Similarly, @y = (@, ..., P}) with &, = (qs;', ...,®M'"). That being said, the
appearing normal cone inclusions have to be equivalently reformulated as equations for the formulation of the contact laws (52),
(56), (57) and (58) in residual form. To do so, we use the fact that for two vectors x,y € R/ and a closed convex nonempty set
C C R/, the following are equivalent relations

y EN(—x) < —x=proxc(ry—x) Vr>0, (64)
where
proxc: R/ - R/, prq= argmin(%”p—p*llz)
p*eC
is the proximal point function to C, see [13,26]. The two proximal point functions needed for the implementation of the scheme
are
x if xeBy(r)

proxg- (x) = min{x, 0} and prosz(,)(x)={ P x g By(r). (65)

[Bd]

Using (64), the discrete normal contact laws (52) and (56) are formulated in residual form as

Vk : LDI;\}[_I(x) = R’;'i_l + proxg- (rglfv(t‘;q, Q;) - R’;'i_l ), i=2,...s

.k k k
k€ Altyyr,qne1) © P (X)= APy + Proxg- (reN ps1 = APy up1) (66)
— L ks
k€ Altyi1:Gni1) © Py (X)= APy
where the set of active constraints is computed as
Altpi1:Gny) = {k | rgj‘v(tnﬂ,qnﬂ) - Rf’sil <0}, 67)

r> 0 is a numerical parameter and the dependence of the discrete percussion and fé‘v .41 O X is given by (53) and (55), i.e.,

N
k k.j k sk k sk
APk =Y bRY and &= 8K Gt Uann) + € 85 (10 0,0 0,). (68)
j=1

In the transition from (56) to (66) we have replaced the active set A by the active set .4 since it can be shown that A(t,,;,q,,1) =
A(t,+1-9,41)- However, using the active set A is numerically more robust, see the discussion of this topic in [14].

Similar to the normal contact law, also the discrete friction laws (57) and (58) are formulated in residual form with the help of
(64). Specifically,

. kji—1 _ pki-1 k (i i i ki—1 .
Vk: @77 (x) =Ry +proxc;(Rﬁ}:,)(ryF(z;, WV —RET), i=2s

Vk: @%°(x)=4P% . +prox (rek - 4Pk ) ©9
s P = Al TPIOXck apk TS s Fontl

nt+l
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Fig. 3. Sketch of the bouncing ball system (left) and simulated time evolution of the contact distance g, for case 1 (right).
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Fig. 4. Simulated normal and friction contact percussions for case 2 (w = 50) and case 3 (@ = 10).

where the discrete percussion and & depend on x by (58) and (59), which read as

k
F.n+1

s
k.j
AP,;:’,H] = Z bjRF{n and gl;',n+1 = y];:(tn+l’qn+l’vn+l) + e’;r yl;?(tn’ qn’vn)' (70)
=1

6. Numerical validation

In this section, we validate the presented scheme using selected benchmark examples. The bouncing ball example is used to
affirm that the discrete contact law is able to properly resolve the contact dynamics in an event capturing way. With the simulation
of the slider-crank mechanism, the ability to simulate systems with bilateral constraints and multiple contacts is showcased. Finally,
the point mass on a slope is used to numerically analyze the convergence behavior of the scheme.

6.1. Rotating bouncing ball

To show that the presented scheme is able to capture the contact dynamics well, we use the rotating bouncing ball example
from [13]. The system consists of a homogeneous sphere of radius R = 0.1 and mass m = 1 subjected to gravity with gravitational
acceleration g = 9.81. The ball can come into contact with a horizontal plane, see Fig. 3. The system is planar and the position of
the ball’s center of mass is ;rpg = (x, y, 0). The rotational degree of freedom of the sphere is described by the angle ¢. Hence,
the generalized coordinates of the system are q = (x, y, ). For the description of planar Coulomb friction, 4 = 0.2 and ey = 0 are
chosen.

To examine the contact dynamics in full detail, three different cases are simulated. All share the initial conditions q(0) = (0, 1, 0)
and v(0) = (0, 0, w), such that the ball has an initial rotational velocity . However, the cases differ by the values of w and the
restitution coefficient e, . All simulations were performed using a constant step size At = 1072 and the proximal point parameter
r = 0.5. The tolerance for the semismooth Newton method used to solve each time step was set to 10~8. For this parameter set, the
numerical solutions of the methods with s = 2, 3,4 stages are nearly indistinguishable, which is why we used s = 3 for all simulations
in Fig. 4.

11
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d/2
d/2

Fig. 5. Sketch of the slider-crank mechanism consisting of three rigid bodies, which are interconnected by revolute joints. The third body can come into contact
with the walls through the points P, ..., P,.

Table 1

Geometry and inertia properties of the slider-crank mechanism.
1 I a=2b d my =my my O, Os, O,
0.153 0.306 0.05 0.052 0.038 0.076 74-107° 5.9-107* 2.7-107°

Case 1:. (w = 0, ey = 0.5) The motion of the system is the typical bouncing ball motion exhibiting the Zeno phenomenon. The
simulation result shown in Fig. 3 confirms that the presented scheme can overcome accumulation points, as expected by an event
capturing scheme. Moreover, no contact penetration is observed, since this is enforced by the scheme.

Case 2:. (w = 50, ey = 0) Due to the inelastic impact, the contact remains closed after the impact and the friction behavior can
be validated. For such a high rotational velocity, sliding occurs directly after the frictional impact. Hence, after an initial period
of sliding contact, the ball slows down and a slip-stick transition occurs. At this point, the ball begins to move in a pure rolling
motion. Since the rolling motion is characterized by constant velocities, the friction forces are zero. Consequently, at the slip-stick
transition, the friction force instantly drops to zero. Fig. 4 illustrates that the presented scheme perfectly replicates this behavior.

Case 3:. (w = 10, ey, = 0) This case is similar to the second one. However, due to the lower initial velocity, the ball sticks upon
impact and exhibits a pure rolling motion with constant velocities and zero friction forces afterwards. This behavior is captured by
the scheme, see Fig. 4.

The numerical results of cases 2 and 3 perfectly reproduce the analytical solutions which can be found in [13]. Moreover, since
the RATTLE scheme in essence is the Lobatto IIIA-IIIB pair with two stages, these simulation results are unsurprisingly identical to
those in [14].

6.2. Slider-crank mechanism

This example demonstrates the ability of the proposed scheme to handle impulsive changes of bilateral constraint forces as well
as a variety of high frequency contact patterns. The slider-crank mechanism consists of three planar rigid bodies with masses m,,
my, my and rotational inertia 6, , 6,, 65, With respect to their centers of mass S}, S,, S, respectively. Each body is subjected to
gravity with g = 9.81. As in the previous example, each body is described by the coordinates x;, y; of its center of mass and an angle
@; describing its rotation. Hence, for the slider-crank mechanism the generalized coordinates q = (x;, y;, @, X2, Y2, @3, X3, ¥3, ®3)
are chosen. As shown in Fig. 5, the three bodies are connected via revolute joints, which are modeled as ideal bilateral constraints.
Moreover, the four corner points P; of the third body can come into contact with either the upper or the lower wall of the cylinder.
Consequently, the gap functions gy, describing the contact are the distance of the respective corner point with the closest wall. For
all contacts, the parameters ey, = 0.4, e = 0 and u = 0.01 are chosen. The equations of motion as well as the kinematic quantities
used for the definition of the constraints and contacts can be found in [14].

The geometry and inertia properties of the mechanism are listed in Table 1. The initial conditions are g(0) = (0.0765, 0, 0, 0.306,
0, 0, 0.459, 0, 0.017) and v(0) = (0, 11.475, 150, 0, 11.475, =75, 0, 0, 0). The simulations were performed using the three stage
method with a constant step size Ar = 10~* and the proximal point parameter r = 1. The tolerance for the semismooth Newton
method was set to 1078,

The simulation results are depicted in Fig. 6. Since the simulation started with a small perturbation of the slider’s orientation
(@3 ~ 1°), it is apparent from Fig. 6(c), that the slider’s orientation is stabilized after a short time (+ ~ 0.01). Moreover, Figs. 6
(a) and (b) show the evolution of two contact distances and their time derivatives. As enforced by the scheme, no penetration is
present. The spatial trajectory of the center of mass of the third body is shown by (d) of the same figure.
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Fig. 6. Exemplary results of the slider-crank mechanism. (a) temporal evolution of the gap function and its time derivative for the contact point P,. (b) temporal
evolution of the gap function and its time derivative for the contact point P;. (c) temporal evolution of the rotation angle and angular velocity of body 3. (d)
spatial trajectory of the point Sj.

6.3. Point mass on slope

Consider a point mass (mass m = 1, gravitational acceleration g = 10) falling and sliding on a slope described by the exponential
function. The position of the mass is described by the Cartesian coordinates g = (x, y) with corresponding velocities v = (v,,v,).
The curve f: R — R?, defining the slope, and its first derivative are given by

J) = (x, exp(=x)), f'(x) = (1, —exp(-x)),

see Fig. 7. The tangential contact velocity y used to describe the friction between the point mass and the slope is computed using
the tangent vector ¢, i.e.,

(71)

. [
ye(gv)=tx)'v  with  t(x)= . (72)
) 17 ol
Using the outward pointing normal n of the slope, the normal contact distance is
. 0 -1
en(@=nx"(q- f(x)) with n(x)= <1 0 ) 1(x). (73)

We assume inelastic contacts, i.e., ey = ey = 0, and choose the friction parameter as x4 = 0.3. Depending on the chosen initial
conditions, two cases are investigated, see Fig. 7.

Case 1:. (sliding) The point mass starts from rest and lies on the slope, i.e., it starts with a closed contact. We therefore choose
q(0) = f(0) = (0, 1) and v(0) = (0, 0). For this initial condition and the chosen friction parameter, the point mass slides downhill
and comes to rest at ¢ ~ 2.1 due to friction.

Case 2:. (sliding after impact) The point mass starts at rest with q(0) = (0, 1.5), i.e., it starts from a resting position situated above
the slope. Hence, the point mass will fall down and eventually come into contact with the slope, where an inelastic impact occurs.
Subsequently, the point mass starts sliding on the slope until coming to rest.

The trajectories for both cases are depicted in Fig. 8. It can be seen that in case 1 the velocity of the point mass is continuous,
whereas in case 2 there is a velocity jump at 7 ~ 0.3 due to the impact. Between ¢t = 2 and 7 = 2.5, the motions of both cases show
a kink in the velocity. At that time instant, the velocity is not differentiable. This behavior is the result of a slip-stick transition,
which causes the acceleration to jump.
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Fig. 7. Sketch of the initial conditions for the point mass (falling and) sliding on a slope. The contact surface is given by the function y = exp(—x).
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Fig. 8. Simulation results of the point mass on slope example for cases 1 and 2 computed using the presented method with s =3 and 4t = 1072,

We investigate the convergence of the presented schemes numerically. For that, the cases 1 and 2 are simulated with different
step sizes At € {3.2-1073, 6.4-1073, 1.28-1072, 2.56- 1072, 5.12- 1072, 1.024 - 10!, 2.048 - 10~!, 4.096 - 10~!} and the convergence
behavior of the solutions with respect to an accurate numerical solution computed with Aref = 5. 1075 is studied. Let x, and xfff
(n = 1,2,...) be the time evolution of a quantity (e.g. x = q or x = v) computed with the step sizes Ar and Arref, respectively.
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Fig. 9. Convergence behavior of the s-stage Lobatto IIIA-IIIB scheme for case 1 and 2.

Moreover, assume that x, and xflef approximate the values of x at the times 7, = ndr. The time evolution of the error between the
simulated and the reference solution is therefore e¥ = x, — xf,ef and we define the overall simulation error as

N ny

N
lleXlly = 4¢ Y lleXll; = ar Y Y e, 74)
n=1

n=1 k=1

where ¢* is the kth component of the vector ex.

The convergence of the presented Lobatto IIIA-IIIB scheme is shown in Fig. 9. For all simulations used in this convergence study,
the absolute tolerance used for solving the time steps with the semismooth Newton method was 10~14. Moreover, in both cases,
the time span I = [0, 1.6] is analyzed only, i.e., in both cases the slip-stick transition is excluded from the convergence study. With
this choice, the motion in case 1 is smooth and corresponds to the motion of a point mass, which moves along the slope and is
subjected to sliding friction described by a single-valued force law. For case 1, the convergence rate 2s — 2 known for the Lobatto
IIIA-IIIB schemes [3] for bilaterally constrained systems is observed in Fig. 9. This is no surprise, as for case 1, the contact is always
closed and the discrete contact law is consistent with the discretization of bilateral constraints, i.e., the contact law reduces to the
discretization of a bilateral constraint. This showcases the importance of discretizing the normal contact law consistently with the
bilateral constraints. Otherwise, the good convergence behavior could be lost.

For case 2, Fig. 9 shows a convergence behavior that is not monotonous and appears to be of first order. This convergence
behavior is in line with the results for other event-capturing schemes [9,27]. As all event-capturing schemes, the presented methods
smear the impact law over a whole time interval and use the velocity at the beginning and the end of the time step as pre- and post-
impact velocities, respectively. It is clear that this kind of discretization becomes exact for A+ — 0. Hence, as observed, the presented
scheme is convergent. The apparent first order convergence might be explained by the fact that the just mentioned smearing of the
impact law resolves the exact impact time only to the order of the time step.

7. Conclusion
We presented a family of Lobatto IIIA-IIIB methods for the simulation of mechanical systems with frictional contact. All
introduced schemes treat the nonsmoothness arising from the frictional contact in an event-capturing way. For the derivation of

the schemes, we have stated a generalized version of the principle of virtual action. Subsequently, the principle of virtual action
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was discretized using a Lobatto quadrature and the schemes resulted as the necessary and sufficient conditions of the variational
principle. For the discretization of the frictional contact law, the unilateral constraints were discretized consistently with the bilateral
constraints. Additionally, the Newton-type (frictional) impact law has been discretized by demanding the impact law integrally over
a whole time step.

For the derivation of the schemes it was crucial to formulate a version of the principle of virtual action that treats the generalized
coordinates, the velocities and the momenta as a priori separated functions of time. By doing so, their interrelation is encoded by
the functional defining the virtual action. Hence, discretizing the principle of virtual action leads to discretized versions of the
interrelations between the positions, velocities and momenta.

After deriving the presented schemes, these have been numerically validated using benchmark examples. The bouncing ball
example shows that the presented Lobatto IIIA-IIIB family is indeed event-capturing. All schemes can overcome accumulation points
and the discretization of the contact law correctly reproduces the analytical solutions in case of frictional impact and slip-stick
transitions. With the slider-crank mechanism, we could showcase that the presented schemes can cope with systems with multiple
contact points that close simultaneously and with systems with high frequency contact patterns. Finally, the point mass on a slope
benchmark was used to showcase the drop in convergence order for discontinuous motions, which is typical for event-capturing
schemes. Moreover, with the same benchmark, we highlighted the importance of having a discrete contact law that is consistent with
the discretization of the bilateral constraints. As a consequence of this consistency, the convergence order 2s — 2 of the Lobatto IITIA-
I1IB schemes for bilaterally constrained systems is retrieved for motions with persistent contact. This result is of major importance,
as many engineering applications have motions with persistent contact rather than impacting motions, e.g., rolling contact in vehicle
dynamics simulations.
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