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perfect bilateral constraints. This paper further extends RATTLE for simulating nonsmooth
mechanical systems with frictional unilateral constraints (i.e. frictional contact). With that, it
satisfies the need for higher-order integration methods within the framework of nonsmooth
contact dynamics in phases where the contact status does not change (i.e. no collisions/constant
sliding states). In particular, the proposed method can simulate impact-free motions, such as
persistent frictional contact, with second-order accurate positions and velocities and prohibits
penetration by unilateral constraints on position level.

1. Introduction

Nonsmooth mechanics has emerged as a significant branch of mechanics that deals with systems that exhibit discontinuous
behavior such as collisions, impacts, and friction, see e.g. [1-5]. It has proven to be an effective tool for analyzing the dynamics of
complex systems in various applications, from mechanical engineering [6] to natural hazard research [7]. Time-integration methods
for nonsmooth mechanics are classically distinguished as either being event-driven [4] or as being event-capturing [1-3,5] methods.
Since the former is mainly designed for systems with a small number of events and cannot describe accumulation points, we focus
on the latter approach.

For applications without elastic impacts, a popular event-capturing method for the simulation of mechanical systems subjected
to frictional unilateral constraints was proposed by [8]. When also elastic impacts should be included, two major methods have
been established. The first method, known as the Moreau-Jean method [1,9-11], solves the constraints at the velocity level while
incorporating a Newton-type impact law. The second method, referred to as the Schatzman-Paoli method [12,13], directly considers
the constraints at the position level and is restricted to frictionless unilateral constraints. Various variants of these methods have
also been proposed and extensively discussed in literature (see e.g. [3] for further information). However, any of these methods is
convergent of order one, even on time intervals without collisions, i.e., the total error decreases linearly with step-size [3]. Using
such first-order methods, the numerical solution of nonsmooth mechanical systems with friction requires demanding restrictions
on the step-size choice in order to solve the underlying equations with satisfactory accuracy. Higher-order integration methods are
therefore a welcome alternative.

Up to now, there is no straightforward extension of higher-order integration methods to nonsmooth mechanical systems.
Nonetheless, a few attempts were made. For frictionless contacts, applicability of extrapolation methods are discussed in [14],
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while in [15] higher-order event-capturing methods are designed by coupling implicit Runge-Kutta methods with Moreau’s time-
stepping method. Using mollifier functions, Clenshaw—Curtis quadrature rules and an appropriate impact representation, application
of discontinuous Galerkin methods resulted in two Runge-Kutta collocation families [16] with higher-order accuracy during non-
impulsive phases. Further, their algorithms cope with frictional contacts. A nonsmooth extension of the classical generalized-alpha
method, a sophisticated algorithm for solving smooth structural dynamics problems, was presented in [17]. However, all mentioned
higher-order methods have in common that the unilateral constraints (including Newton-type impact laws) are formulated on
velocity level. Hence, penetration is not prohibited by these methods which is a serious problem in scenarios where the contact
geometry changes rapidly, see Example 10.3 of [18].

A remedy for the nonphysical penetration behavior is given by the simultaneous enforcement of unilateral constraints at position
and velocity levels using a nonsmooth generalized-alpha method [19]. More generally, the authors applied a stabilization of the
constraint drift in the sense of Gear-Gupta-Leimkuhler (GGL) [20], see also [21,22]. Based on these investigations, a variety of
derivatives of the original nonsmooth generalized-alpha method [17] were developed, e.g. [23,24]. Specifically, in [18,25,26],
these methods have been extended to cope with frictional contact and a more general kinematic relation between generalized
positions and velocities. On the one hand, these algorithms require the evaluation of the constraint accelerations of both unilateral
and bilateral constraints or use a decoupled (simplified) solution of the underlying equations. The former one requires an elaborate
active-set strategy for the solution of the arising nonlinear system of equations. Moreover, cumbersome Jacobians of the constraints,
as well as the constraint velocities and accelerations are required. The latter one simplifies the underlying mechanics which results
in first-order convergence during persistent friction [25]. Hence, these methods are not DAE-consistent, i.e., for persistent frictional
contact, which can be described by differential algebraic equations (DAE), these methods do not collapse to a higher-order DAE
algorithm.

Structure preserving algorithms are investigated in different areas of research as astronomy, molecular dynamics, mechanics and
theoretical physics. It turned out that they produce improved qualitative results and allow for more accurate long-time integration
compared to other general-purpose methods [27]. Hence, we are interested in the extension of such methods to the class of
nonsmooth mechanical systems with frictional unilateral constraints. Based on the Stormer—Verlet method, the most simplest second-
order accurate algorithm for the solution of mechanical systems subjected to holonomic bilateral constraints is called SHAKE [28].
Unfortunately, the involved three-term recursion may lead to round-off errors. Hence, a reformulation as a single-step method is
advisable. This is called the velocity-Verlet method [27]. It consists of two consecutive velocity updates and does not require to store
the positions of the penultimate step. Its direct application to the SHAKE algorithm is not possible, since the Lagrange multipliers
from the current and future time step would be required. Obviously, the future value is not known during the current iteration
unless all time steps are solved monolithically. As a remedy, Andersen [29] in 1983 proposed to also satisfy the time derivatives
of the bilateral constraints by replacing the future Lagrange multiplier with an additional independent one. Hence, the numerical
solution satisfies the constraint conditions as well as their time derivatives and the found solution lies exactly on the constraint
manifold of the system. The resulting algorithm is called RATTLE [29].

As noted later [27], the velocity-Verlet method (also called leapfrog) can be applied to general partitioned differential equations
and can be interpreted as a partitioned Runge-Kutta method with the following Butcher tableaus:

0 0 0|12 o
12 1/)2 112 0
12 1/2

Moreover, the RATTLE algorithm corresponds to a two-stage partitioned Runge-Kutta method with Lobatto IIla and Lobatto IIIb
coefficients [30]. As such, the RATTLE algorithm is symmetric, symplectic and convergent of order two, see Theorem 1.3 in [27].
Furthermore, an extension to bilaterally constrained mechanical systems on nonlinear configuration spaces with Lie group structure
has been proposed recently in [31].

A nonsmooth RATTLE scheme for multibody systems with frictional unilateral constraints has been proposed in [32]. The scheme
of [32] differs in two ways. Firstly, the non-impulsive forces not related to contact, e.g., spring forces, dashpot forces, gyroscopic
accelerations, are only present in the first stage and not distributed over both stages as in the classical RATTLE scheme [33].
Moreover, the mass matrix is only evaluated at the beginning of the time step for both stages. Thereby, the scheme cannot be
interpreted as partitioned Runge-Kutta method and possibly looses second-order convergence in smooth phases. Secondly, the
contact percussions appearing in the impact law [32, eq. (21e)] do not coincide with the velocity update given by the sum of
eqg. (21b) and eq. (21d) in [32]. The latter may result in a violation of the intended impact law.

This paper presents an extension to the RATTLE algorithm for nonsmooth mechanical systems with frictional unilateral
constraints (i.e. frictional contact). In Section 2, the governing equations describing mechanical systems with nonsmooth frictional
unilateral constraints are introduced. The RATTLE algorithm for such systems is derived in Section 3. In the subsequent section,
implementation details are discussed. Finally, the algorithm is validated using a selection of representative benchmark examples in
Section 5. The conclusions can be found in the last section.

2. Mechanical systems with frictional unilateral constraints

Consider a finite-dimensional mechanical system whose state is described by the generalized positions gq(t) € R™ and by the
generalized velocities u(r) € R", which are both functions of time + € R. The relation between positions and velocities is a
consequence of the kinematics of the system and is in general of the form

dq = q(t,q,u)dt, where ¢(t,q,u) = B(t,qu+ B(t,q) (@D)

denotes the kinematic differential equation with B(:,q) € R"*", f(1,q) € R" and n, < n,.
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In addition to the applied forces, the mechanical system is subjected to bilateral and frictional unilateral constraints. Its dynamics

is then described by the equality of measures [1-3,5]
M(t,q)du = h(t,q,uw)dt + W,(t,q)dP, + W, (1,q)dP, + Wy (1,q)dPy + Wg(t,q)dPf @
= h(t,q,w) di + W(1,q)dP,

which links the change in velocity du to the forces acting on the system. Therein, M(r,q) € R™ denotes the symmetric
mass matrix, possibly depending explicitly on time ¢ and on the generalized positions q. For [] € {g,y, N, F}, the generalized
force directions W7 € R"'0 and percussion measures dP; € R"0 are gathered in W = (W, W, Wy Wy) € R"*"» and'
dP = (dP,,dP,,dPy,dP) € R"?, respectively, where np = n,+n,+ny +np denotes the total number of constraints. All forces which
are neither constraint nor contact forces, such as spring forces, dashpot forces and gyroscopic terms, are assumed to be nonimpulsive
and are contained in h(t,q,u) € R". Following [1], the percussion measures dPg combine the effects of nonimpulsive forces 0
and impulsive forces A in the sense that

dPg = Aqdt + Aqdu, 3)

where du denotes the atomic measure that can be interpreted as the sum of Dirac point measures dé, ,

1 1, €lt,.1],

du = ds, , / ds, = { ! a “4
z[: fi o) 0 t; &lt,1pl.

The generalized percussion measures W,dP, and W, dP, in (2) contain the perfect constraint forces of the bilateral position and

velocity level constraints

gt,g)=0 and y(t,qu)=W,"(t,Qu+x,(t,9)=0, (5)

respectively. Using the kinematic differential equation (1), the time derivative of the bilateral constraints on position level is written
as

; _og . 0g W og g
8@, qu) = aq(t,q)q+ 3 t.q) = aq(t,q)(B(t,tDu+16(t,q)>+ 3 t,q)

(6)
=W, (t,@u+ x,t,9).
Hence, the generalized force directions for bilateral constraints on position and velocity level are given by
0g 7} 7}
wT=6_%p ana w=L @

& T ou oq YT ou”
The not yet discussed generalized percussion measures of (2), i.e., WydPy + WdP, contain the force measures describing the
frictional unilateral constraints. Their corresponding force laws can be described by normal cone inclusions [2,3,34,35]. Consider
a pair of contact points on either contacting body, which we will simply refer to as contact k. Let g’,‘v(t, q) be the real-valued gap
function describing the signed distance between the tangent planes of the pairs of contact points. The impenetrability of contact k
is enforced by the perfect unilateral constraint g’,‘v > 0. The contact is open if g’,‘v > 0, i.e., the contacting bodies are separated.
Excluding distance effects (e.g. magnetic or gravitational forces), the contact force /I’J‘V = 0 is zero for an open contact. We speak of a
closed contact if gfv =0, i.e, the bodies are touching. The bodies are penetrating each other if gfv < 0. For non-adhesive contacting
bodies this implies a non-negative contact force A’I‘V > 0. A graphical illustration of this contact law, known as Signorini’s law, is
depicted in Fig. 1(a). It can be equivalently stated as normal cone inclusion to the set Ry = {x € R|x < 0} of non-positive real
numbers or as inequality complementarity condition

an(tq) € Np-(-Ay) = gy(t.g) >0, Ay >0, gi(t.q) iy =0, ®)

where N(x) = {y € R/ [yT(x* — x) < 0, Vx* € C} denotes the normal cone to the closed, convex and non-empty set C C R/
evaluated at x € C. Consequently, we can define the set of active (closed or penetrated) contacts as

At = {k=1,....ny | gk(t.@) <0}, ©

together with its complement A = {1, ...,ny}\ A, which is called the set of inactive (open) contacts. For the later implementation of
a numerical method, it is crucial to consider in (9) not only closed contacts but also the potential occurrence of penetrated contacts
arising from drift problems or solutions that have not yet reached convergence. By gathering the gap functions of all contacts into
a vector gy (t,q) € R"N similar to (6) using (1), the gap velocity is defined as

. 98N . 08N M dgn < 9gN
t,q,u) = ——(t, + —==(t,q) = —(t,q)( Bt,Qu+ B(t,q9) ) + —(t,
an(q0 = T4+ 00 = (B au+pea)) + =) 10
=Wyt @u+ xn(t.q),
where we have introduced the generalized force directions
08 7]
WNT = %8N _ 98N B 1n

ou  oq

1 We use the following notation: For x € R™! ~R” and y € R"™! = R", (x,y) := (xT yT)T  Rrmxl o Rotm,
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Fig. 1. Two different force laws of normal cone type. (a) Signorini’s law gy € M’“H (=Ay) and (b) spatial isotropic Coulomb friction yp € Ny, 1, )(=45). For
[[Apll € uAy this models stick and enforces the constraint y, = 0. The case ||yz|| > 0, denoted as slip, results in the force law A, = —udyy /7.

arising in (2). Following Section 10.4 of [4], Signorini’s law (8) can also be formulated on velocity level as

-k k o
{gN(t,q,u) € Ni-(=4) if ke A,

(12)
/1’;,:0 ifkgA.

The viability lemma of Moreau, Proposition 2.4 in [1], assets that (12) together with gfv(to, q(ty)) > 0 implies the unilateral constraint
on position level

ght.q0) >0, V>, (13)

which guaranties that the two contacting bodies do not penetrate each other for all future time.

Let u™(t) = lim,, u(r) and u*(r) = lim,, u(r) denote the left and right limits of the velocity, respectively. For active contacts,
ie., k € A(t,9), a generalized Newton-type impact law is equivalently stated as normal cone inclusion to the set R or as inequality
complementarity condition

ENtgu ) € Np-(-A)) = &quut) 20, AL 20, & tguut) Ay =0. (14)
For a given restitution coefficient 0 < elfv < 1 of the kth normal contact and for a strictly positive impulsive force A’j‘\, > 0, this
imposes the classical Newtonian impact law

ekt quut)y =gkt qut)+ek ghtqu)=0 (15)

and encompasses superfluous contact for which A’]‘V =0and & >0, as detailed in Ref. [35].
Let the tangential velocity y’;(t, q,u) € R? describe the relative velocity of the pair of contact points in the tangent plane. For a
contact k, set-valued friction can be described by the normal cone inclusion

k k
— 1

Yp(l,q,u)ef\fc;(y;,)( /11:), (16)
where Cl’;(ifv) denotes the set of admissible (negative) friction forces. For isotropic Coulomb friction with friction coefficient y* > 0,
this set is given by

Ch(AK) = By(uk 2% with B,(r) = {x € R | max(0,r) > ||x|)} . a7
A graphical visualization of spatial isotropic Coulomb friction is given in Fig. 1(b). The use of ball-like force reservoirs (17) with
f =3 and augmenting y and 1 in (16) by a relative angular velocity and a frictional torque, respectively, enables the formulation
of an approximated Coulomb-Contensou friction, see [36]. This approach will be applied for the tippedisk example in Section 5.
Similar to the normal direction (15), we introduce the kinematic quantity

ekt qu . ut) =y qut) + el yht q.u) (18)
k

with a tangential restitution coefficient 0 < ¢}, < 1. This allows to combine the friction law (16) with a Newton-type impact law in
tangential direction by the normal cone inclusion

Ep(q.u”,ut) € Nk (—AD). 19)
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For more details about the introduced contact model and impact laws we refer to [4,34,35,37].
3. Time discretization of the dynamics

Following Moreau [1], we will assume the generalized positions q(f) to be absolutely continuous, whereas the generalized
velocities u(f) and percussions P(¢) are assumed to be of special locally bounded variation. For a constant time step 4z, we introduce
the notation 1,,, = t, + a4t with 0 < « < 1 as well as the time interval I, = (¢,,1,,,]. Considering the velocity u(r) = lim_ |, u(r) as a
right-continuous function, the dynamics of the system (2) determines the velocity at a time 7, as

Utyy) = ult,) + / du 2 ut,) + / M~ (hdi + WdP). 20)
I’l

n

Also, the percussion P(r) = lim,|, P(r) is considered as a right-continuous function. Its value at a time #,,, can be written as the
integrated percussion measure dP in accordance with

P(t,,,) = P(t,) +/ dP. 21
Iﬂ
Using the kinematic differential equation (1), the position g of the system at 7, is
atn=at)+ [ da=qu)+ [ at.qwar. 22)
[n ln

Let g,, u, and P, denote the approximants for the position, velocity and percussion at some time instant 7,, respectively. The
integration of (20) is split into two half-steps in agreement with I, = I U 12 = (1,1, 21U (41725 1p41]- Introducing an implicit
midpoint velocity u,,, ,, we propose the approximation

- _1 [ At
/l M7 (hdi+ WAP) & M;! (7h(zn,qn,un+l/2) + W, (P - P,,)) (23a)
s
_ o
/Ian M l(hdt + WdP) ~ Mnll (Eh(tn+]’qn+l’un+l/2) + Wn+1 (Pn+1 - Pn+]/2)) s (23b)

for the integration of (20). For the sake of compactness we write M, = M(t,.q,), a notational abbreviation that is analogously
applied for the other functions. To further lighten the notation in (23a) and (23b), we use

AP:,itl :Pn+l/2_Pn’ APi:d] :Pn+l _Pn+l/2 and APn+1 :Pn+1 _Pn (24)

for the percussion increments of each half-step and the respective increments over the whole interval I,. Substituting (23a) and
(23b) into (20) results in the two velocity updates

(M
Upy1)p = Uy + M (7h(tn,qn,un+l/2) + WnAP;;*;l) (25a)
"
Uyt = Upyip + M) (?h(tn+l’qn+l’un+l/2) + Wn+1APiidl) . (25b)

Inserting (25a) into (25b)

1 (At Is
Upy) = Uy t+ Mn (jh(tn’ qn’un+1/2) + WnAP,,:l)

At (26)
+ M;ll (Eh(tn+l’qn+l’un+l/2) + Wn+1AP§1dl)

reveals that the velocity update u, — u,,; is given by a combination of trapezoidal rule of the positions g, g,,; and an implicit
midpoint rule involving the midpoint velocity u,,,, for the approximation of (20).

For the position update, the integral in (22) is also approximated using a combination of trapezoidal rule of positions g, g,
and an implicit midpoint rule of the velocity u,,,/,. Specifically,

At ([ .
dn+1 = 4y + 7 (q(tn’ qn’un+1/2) + q(thrl’anrl’ un+l/2)) . (27)

With this approximation, it is evident from (25) that g, is only influenced by the midpoint velocity u,,,/, and hence by the
increments in percussions APrlli‘l = P,.1> — P, of the first half-step. The increments APiidl = P, — P,y of the second half-step
only affects the velocity update for u,, . This “splitting”, which is typical for RATTLE, allows to independently satisfy constraint
conditions on two different kinematic levels. Specifically, the classical RATTLE algorithm enforces perfect bilateral constraints on
position level and their underlying (or hidden) constraints on velocity level. The nonsmooth RATTLE algorithm, proposed here and
essentially given by (26) and (27), is to be complemented by force laws for the percussion increments (24) which serve as Lagrange
multipliers. We subsequently introduce how the discrete force laws from Section 2 are formulated on both kinematic levels.

As just mentioned, the Lagrange multipliers AP!® ,AP? e R" enforce the perfect bilateral constraints on position and
g.n+l g.n+l

velocity level at the end of the time step, i.e.,

8(tyi1-941) =0, (28a)
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(i1 Gpy1 Un) =0, (28b)

see Section 7.1.4 of Ref. [27]. Similarly, with AP;S:, Jrl,A\Pf“ndJrl € R we impose the bilateral constraints on velocity level for the

midpoint velocity u,,,/, and the final velocity u,,,, i.e.,

Y it Gt Ungr2) =0, (29a)
Y(i1> Gt ) = 0. (29b)

In what follows, we assume that if the contact k is active at the end of the time step, i.e., k € A,,; = A(7,,1,9,41), then it has
been active during the whole time step I, = (¢,,t,,]. Furthermore, we assume fj‘v to be constant on /,, and to correspond to

et = EN ity Dt M) + €y 8K (s Qo) (30)

which is regarded as a discrete approximation of (15) over one time step. The velocity of the system is continuous between velocity
K+ k

jumps, implying " = g;‘v‘ = gy, for almost all . Hence, in such cases it holds that
kygk — gkt o ok sh— _ gk
(I +e gy =&y tenéy =&y (€19
and we can write Signorini’s law on velocity level (12) using :j‘v instead of g‘j‘v. Using all these preliminary assumptions together
with Proposition 2 of [18] we are allowed to combine Signorini’s law on velocity level (12) and the Newton-type impact law in
normal direction (14) as

k kN _ k :
{gwﬂ € Ne- (= i, dPY) = Ni-(4PY ) if k€A,

(32)
0=/, dPy = AP} if kg A.

N,n+1
A discussion of how this is done in detail as well as an interpretation of the integrated contact law can be found in Section 6 of
Ref. [18]. Since the position gq,,,, is only affected by the mid-point velocity u,,,/, of the first half-step (25a), we use AP}\jfn =
Py w172 — Py, to satisfy an integrated formulation of Signorini’s law on position level over the first half-step, i.e.,

88 (i1 us1) € N (= [j10 dPR) = Np- (AP ). (33)

To summarize, the normal direction of the temporally discretized contact and impact laws (8) and (14) are given by (32) and (33).
Hence, the numerical method imposes Signorini’s law on position level and the Newton-type impact law in an integral sense over
the whole time step I,,, where u, and u,, are regarded as the pre- and post-impact velocities, respectively.

For the discretization of the set-valued friction law a similar path is taken. Using the same assumptions as above, we can combine
the friction law (16) and the Newton-type impact law in tangential direction (19) as

k kN _ k
Srnst € NC;(/,n dP]’f])(_ /ln dpPp) = NCQ(AP;‘,_M)(_APF,WA) K 34
where we have approximated (18) as
5’}(7’,,_‘_1 = }'F(tn-H ’ qn+1 ’ un+|) + e,}(-“ y’](:‘(tn’ qn’ un) . (35)

Moreover, the mid-point velocity u,,,, is forced to satisfy the integrated friction law over the first half-step
k kN _ 1st,k
Venets vt Unr12) € N.C,;:(/,’{Sl dPﬁ,)(_ /In“' dPy) = NC’;(APII\;;i])(_APF,n+1) : (36)

Consequently, the discrete friction laws are given by (34) and (36). They satisfy a set-valued friction law at the mid-point velocity
u,.1,, and a combination of set-valued friction law and a Newton-type impact law in an integral sense, where u, and u,,, are
regarded as the pre- and post-impact velocities, respectively.

4. Implementation of the numerical algorithm

The computation of one time step (¢,,q,,u,, P,) = (t,,1, 9,41, U4, P,yq) Of the proposed nonsmooth RATTLE algorithm can be
split into two decoupled stages. Both stages can be brought into residual form and are then solved using a semismooth Newton
method [18,38,39].

In order to reformulate the normal cone inclusions appearing in the discrete contact laws (32), (33), (34) and (36), we use the
following equivalent relations. For two vectors x,y € R/ and a closed, convex and non-empty set C C R/, it holds that

Yy ENg(-x) < 0=x+proxc(ry—x) Vr>0, 37)
where
proxc : R/ >R, am proxc(a) = argmin(%”a - a*llz) (38)
a*eC

is the proximal point function to C, see [5,18]. For the sets C = R and C = B(r), the proximal point functions are given by

o d B x if xe B, 39
proxRa(x)—mm{x,O} an proxBf(r)(x)— x if xgB(. (39)

rx
8]
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Hence, we can replace the normal cone inclusions (32), (33), (34) and (36) by the implicit functions (39).
For the first stage (t,,q,. 4, P,) = (441> Qpi1>Unt1/25 Pusyry2) the residual form @, (x;) = 0 is given in terms of the vector of
unknowns

X = (q"+1’u"+|/2’AP31:;+1’AP;,S::H’AP}\?&HI’APIFS;H)' (40)
The residual gathers (25a), (27), (28a), (29a) and the implicit functions corresponding to (33) and (36) as
_ " ' _
9n+1 —49n — 7’ (q(lrﬁ qz’ un+1/2) + q(tn+17 9n+1> un+1/2))
Mn(un+l/2 - un) - (?th(ln’ ’PB un+l/2) + WnAPi,iI])
F{UMN )]
(pl(xl) _ n+1>4n+1 i (41)

Y(l,,+1 sQny1s un+l/2)

Ist,k k k Ist,k
APy L)+ ProXg- (r g s Q) — APN,n+])

1st,k k. k Ist,k
APt pmxc}(ap’{f‘;’i])(r VEnst Gust> Unr 72) = APF,n-H)

where the last two lines indicate the unilateral constraint conditions for all contacts k = 1,2, ...,ny. In agreement with (24), we
obtain P, ), = P, + AP:::]. Introducing another vector of unknowns

Xy = (1, AP LAPTY APYS AP D), (42)
the second stage (t,,1:Gus1sUns1/2> Purij2) = (tuiis Quirs Unyr> Pryy) can be brought into residual form @,(x,) = 0. It gath-
ers (25b), (28b), (29b) and the implicit functions corresponding to (32) and (34) as

_ ’ _
M, (g =ty 2) — (Eth(tnﬂ’ Qni1sUnp1p2) + Wn+1APiT:)
g(tn+l sQpy1s un+l)
® Y15 Qng1s Wngt) 43
= k k k : s
2(x2) {APM+1 +proxg- (rhek ., AP |) i k€ A, (43)
k .
PNTI » 1fkk & A
APp 1 +pr0xC;§(APj’f,'”+l)(r Ernt ~APL )

where again the last two lines indicate the unilateral constraint conditions for all contacts k = 1,2, ..., ny. In agreement with (24),
P,. = P,+ AP, with AP,,, = AP + AP2|. Since g, is already determined in the first stage, the set of active contacts
A1 = A(t,41.9,41) does not change during the second stage. For inelastic contacts with ey = er = 0, we can replace &y ,,; and
éF,n+l in (43) by YN (tn+1 sAn+1s un+l) and yF(tn+l s Qnt1>Upt )1 respeCtiveIY'

Egs. (41) and (43) can be solved using a semismooth (nonsmooth) Newton method [18,38,39], where any regular element of the
generalized Jacobian can be used. In order to control the chosen element of the generalized Jacobian and remove the dependency
of the residual (generalized Jacobian) on the chosen proximal point parameters, an active-set formulation is beneficial [17-19].
Hence, the proximal point parameters are only present in the activation conditions of the residual and do not affect the accuracy
of the computed residual (generalized Jacobian). An in-depth discussion on solving contact problems with Coulomb friction is given
in [39]. Details of the active-set strategy and its relation to semi-smooth Newton methods are elaborated in [40].

In order to deal with scenarios where the generalized force directions become linearly dependent (redundant contacts), a popular
strategy for solving (41) and (43) is given by fixed-point iterations [18,38,41,42]. Besides difficulties of choosing appropriate
proximal point parameters that lead to a convergent fixed-point iteration, dealing with nonlinear equations as (41) results in a
time consuming iterative method, since within each fixed-point iteration a nonlinear system of equations has to be solved.

5. Numerical validation

In this section, we present four different numerical examples to showcase the versatility and robustness of the proposed algorithm
in handling various scenarios. The rotating bouncing ball example demonstrates the essentials of a numerical method applied on
nonsmooth dynamical systems including impacts and friction. Subsequently, the ability of the proposed method to handle impulsive
changes of bilateral constraint forces as well as a variety of high frequency contact patterns is investigated with a slider-crank
mechanism. The third example demonstrates the convergence properties of the proposed method. For persistent frictional contact,
second-order accuracy is obtained for the generalized positions and velocities. Finally, the tippedisk example shows that the method
can handle nontrivial kinematic relations as well as a spatial friction law. For all examples, the maximum and average required
Newton increments of both stages are reported in Table 1.

5.1. Rotating bouncing ball

Following [18,43], we investigate the motion of a homogeneous sphere of R = 0.1 and mass m = 1 subjected to gravitational
forces with gravitational acceleration g = 9.81 falling on a horizontal plane, see Fig. 2. The sphere is constrained to move in the
ef( —ei -plane. Hence, it can be described by the generalized positions g = (x, y, ¢). The vector ;rps = (x, y, 0) addresses the center
of mass S with respect to the inertial basis /. Moreover, its orientation is described by the angle . The generalized velocities
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Table 1
Maximum (max.) and average (avg.) required Newton iterations for all presented examples.
Example Stage 1 (max.) Stage 1 (avg.) Stage 2 (max.) Stage 2 (avg.)
Bouncing ball (case 1) 2 1.0066 1 0.9466
Bouncing ball (case 2) 3 1.0270 2 0.9466
Bouncing ball (case 3) 3 1.0270 2 0.6756
Slider-crank 5 2.2290 3 1.0081
Mass on slope (case 1) 2 1.2774 2 0.6463
Mass on slope (case 2) 2 1.1737 2 0.5945
Mass on slope (case 3) 4 1.3628 2 0.6859
Mass on slope (case 4) 5 1.2469 2 0.6737
Tippedisk 3 2.4103 2 2.0000
Case 1
[ [
g
= 0.5 -
(=)
I
ey
O‘ T 0 L \ \
ex‘
0 0.5 1 1.5
t

Fig. 2. Sketch of the bouncing ball system (left) and simulated time evolution of the contact distance for Case 1 (right).

u = (uy, uy, u,) are chosen to correspond to g whenever the time derivative of the generalized positions exists. Consequently, the
ingredients for the equality of measures (2) are given in terms of

M = diag(m, m, 2 mR*/5) and h=(0, —mg, 0). (44)

For the description of planar Coulomb friction in line with (17), we chose y = 0.2 and ey = 0. A number of different cases will be
considered for the restitution coefficient in normal direction, ey.

From this problem, three different scenarios were considered to validate the presented method. They share the same initial
configuration given by 1, = 0, q(ty) = (0, 1, 0) and u(ty) = (0, 0, w), such that the ball has an initial rotational velocity w. The
simulations were performed using a constant step-size At = 102 together with the proximal point parameters ry = rp = 0.1. Using
a semismooth Newton method, the nonlinear equations (41) and (43) where solved up to an absolute error of 10~8.

Case 1:. Starting from rest (w = 0) and assuming elastic impacts with e, = 0.5, the typical bouncing ball motion exhibiting the Zeno
phenomenon is obtained. The simulation result shown in Fig. 2 confirms that the presented method can overcome accumulation
points. Even for the moderate time step no penetration is obtained, since this is enforced by the method.

The subsequent two cases are used to test the behavior of the proposed algorithm with respect to friction forces. For both cases,
we set e, = 0 implying that once the contact closes it remains closed, i.e., the post impact velocity in normal direction vanishes,
which allows us to validate friction. At the closing time instant a frictional impact occurs. Depending on the value of w, two cases
arise.

Case 2:. For a high initial rotational velocity (w = 50) sliding occurs after the impact. After undergoing a period of sliding contact,
the ball slows down enough to enter into a slip-stick transition. At this point, the ball begins to move in a pure rolling motion. Since
the rolling motion is characterized by constant velocities, no net forces are generated. Consequently, at the slip-stick transition, the
non-impulsive friction force instantly drops to zero. Fig. 3 illustrates that the presented method perfectly replicates the described
behavior.

Case 3:. In the third scenario, we selected a rotation velocity of w = 10, which was small enough to cause the ball to stick upon
impact, exhibiting a pure rolling motion. Again, this behavior is described by zero tangential contact forces. As illustrated in Fig. 3,
the numerical solution perfectly aligns with the results of [18].
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Fig. 3. Simulated normal and friction contact percussion increments for Case 2 (w = 50) and Case 3 (@ = 10).

Table 2

Geometry and inertia properties of the slider-crank mechanism.
A 1, a=2b d m; =m, my O, Os, O, g
0.153 0.306 0.05 0.052 0.038 0.076 7.4-107° 59-10™ 2.7-10°° 9.81

5.2. Slider-crank mechanism

Inspired by the investigations of [44], this example examines a slider-crank mechanism subjected to both unilateral and bilateral
constraints, see Fig. 4. Hence, this example demonstrates the ability of the proposed method to handle impulsive changes of
bilateral constraint forces as well as a variety of high frequency contact patterns. The mechanism is described by three independent
rigid bodies with masses m;, m,, m; and inertia 6, 0, 05, with respect to their centers of mass S, S,, S3. Each body is
subjected to gravitational forces. In accordance with the notation from the previous example, we use the generalized positions
q = (x1, Y1, @1, X2, Y2. P2, X3, ¥3, @3) and generalized velocities ¢ = u = Uy, Uys Ugy s sy Uy Ug s Uy Uy, uq,}). The vectors
ros; = (x;, y;, 0), i = 1,2,3, address the center of masses S; with respect to the inertial basis I and g;, i = 1,2,3, describe the bodies
orientations with respect to the e-axis. Consequently, the ingredients for the equality of measures (2) are given in terms of

M =diag(m;, my, O, my, my, Og,, m3, m3, Og,) (45)
and
h=(0, -m; g 0,0, -my g, 0, 0, —m3 g, 0). (46)

The rigid bodies are connected by the bilateral constraints

1 ! ! I
x|~ 5 Cos @) x|+ 5 cos @ X = 5 COS @) X + 5 cos @, X3
& = &= - ) 83 = E 47

o Lo L . I .
»n- 7] SIn @ y+ 71 SIn @ Yo - 72 SIn @, Yo+ 72 SIn @, )

Each vertex of the slider is subjected to frictional contacts, described by the normal contact distances

d . d .
gy, = 5 —(y3 —asingy +bcosps), gy, = 5 — (3 +asing; + bcos @3)

3 [21 (48)
gy =5 +(y3 —asingy —bcosps), gy, = ) + (y3 + asing; — beos p3)

and the relative tangential contact velocities

YR, = U, tug (asingy —bcosgs),  yp, =u, —u, (asing; +bcosp;) (49)
YR, = Uy, Hug (asings +bcos@s), yp, =u,, —u, (asings —bcos@z)

with ey = 04, e = 0 and y = 0.01. Constraint derivatives and generalized force directions for both unilateral and bilateral

constraints are obtained by differentiation of (47) to (49) with respect to time 7 and generalized velocities u, respectively.

The geometry and inertia properties of the mechanism are listed in Table 2. The initial conditions were chosen as 7, = 0,
q0 = q(ty) = (0.0765, 0, 0, 0.306, 0, 0, 0.459, 0, 0.017) and u, = u(ty) = (0, 11.475, 150, 0, 11.475, =75, 0, 0, 0). In order to get
high-resolution results, the simulation was performed using a constant step-size 4t = 10~*, although a ten times larger value could
solve the problem without any convergence issues. We used the proximal point parameters ry = rr = 0.1 and solved the nonlinear
equations (41) and (43) using a semismooth Newton method up to an absolute error of 10~8.

Exemplary simulation results are depicted in Fig. 5. Since the simulation started with a small perturbation of the sliders
orientation (¢; = 1°), it is apparent from Fig. 5(d), that the slider’s orientation is stabilized after a small time lapse (+ ~ 0.01).
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Fig. 5. Exemplary results of the slider-crank mechanism.

Afterwards, @3 = u,,, ~ 0 and the sliders center of mass moves according to Fig. 5(f) without any rotation. The time evolution of
the velocities Ug, and uy, is shown in Fig. 5(c). Neglecting dissipation, they show a periodic solution. An exemplary phase portrait
of ((p2,u¢2) is given in Fig. 5(e). Moreover, Fig. 5(a) and (b) show the evolution of two exemplary contact distances and their time
derivatives. As enforced by the method, no penetration is present and whenever a contact is closed, the corresponding contact
velocity satisfies a generalized impact Newton’s law.

10
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Fig. 6. Sketch of the point mass falling and sliding on a slope.

5.3. Point mass on slope

In order to investigate the order of convergence of the proposed method we consider a point mass (mass m = x, gravity constant
g = 10) falling and sliding on a slope described by an exponential function, see Fig. 6. Let the Cartesian position coordinates of the
mass be g = (x, y) and the generalized velocities u = ¢ = (u,, u,). Consequently,

M = diag(m, m) and h=(0, —mg). (50)

The curve f : R — R?, defining the slope, and its first derivative are given by

fe0=(x, exp(=x)), f'(x)= (1, —exp(-x)), (51)
see Fig. 6. Hence, we can compute the tangent and normal of a possible contact as
' (0 —1>
t(x) = ———, nkx)= 1(x). (52)
£ Goll 1o

Consequently, the normal contact distance and relative tangential velocity are given by

en@=nx"(q- f(x)) and yp(q.u) =t(x)"Tu. (53)

Assuming inelastic impacts, the description is completed by the parameters ey, = e = 0 and u = 0.3. Constraint derivatives and
generalized force directions for the unilateral constrains are obtained by differentiation of (53) with respect to time 7 and generalized
velocities u, respectively. Depending on the chosen initial conditions four scenarios were studied.

Case 1:. Lett, =0, xy = x(ty) = 0 and g, = q(ty) = f(xy) = (0, 1). Hence, the point mass lies on the slope. For u, = u(t,) = (0, 0)
the mass starts at rest with yr(zy) = 0. The initial accelerations i, = u(,) and constraint forces Ay = Ay(t)), Aro = Ar(tp) have to
satisfy

&n(to, 9o, o, ltg) € Ny (=An o) and 7 (ty, Go, o, ltg) € N iy o) (=AF0) - 54

This can be understood as Signorini’s law (8) and Coulomb’s friction law (16) formulated on acceleration level, see Chapter 7 in
Ref. [4].

Case 2:. Starting on the slope as above, but with a nonzero initial velocity with u, = 1 and u, = #(x()u,, the point mass starts in
slip with yp(#y) # 0. In this case, assuming Coulomb’s friction law, the initial accelerations and constraint forces are determined by

Yr(to, 905 Up)

_/FY0-90- 707 (55)
1y £ (05 qo» up) |l

En (1o, g0, Up, ) € NRE (=Ang) and Apg=-—piyny
Case 3:. Case 2 with uy = —1.

Case 4:. Starting above the slope with g, = (0, 1.5) and u; = (0, 0). A single inelastic impact occurs and the point mass starts sliding
on the slope until stick.

The trajectories of Cases 1 to 4 are illustrated in Fig. 7. In Cases 1 and 2, the trajectories exhibit smooth curves until stick is
reached. However, a notable contrast is observed in Case 3, where a backward-forward slip transition occurs after a short time

11
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Fig. 7. Exemplary results of the point mass on slope example for Case 1 to 4.

interval, resulting in a kink in velocities and discontinuous percussion increments. In the final case, the starting position is situated
above the slope, leading to a single inelastic impact that introduces discontinuous velocities and percussion increments. It is worth
noting that in all cases, the ultimate slip-stick transition manifests as a velocity kink and a discontinuity in percussion increments.

To investigate the convergence properties of the proposed method, simulations were performed for different step-sizes. Using
a semismooth Newton method, the nonlinear equations (41) and (43) where solved up to an absolute error of 10~12 with the
proximal point parameters ry = rp = 0.1. A reference solution was computed with a step-size 4t = 5 - 10~ until a final time
trina = 2104t = 3.2768 was reached. All other solutions were computed with 4t € {2 - 107, 4 - 1074, 8. 1074, 1.6 - 1073, 3.2.
1073, 6.4 -1073, 1.28 - 1072, 2.56 - 1072}. Since these step-sizes are multiples of the reference step-size, the resulting discrete time
grids always share the grid points of the coarser mesh. For the discrete time instants ¢, f,, ..., 7y we introduce the discrete function
values f = (f}, f2, ..., fn) and their corresponding values of the reference solution f = (f, f5, ..., fn). Hence, we follow [15] and

introduce the error measure
1

N ?
||f—f||p=<412|fi—fi|p> , 1<p<o, i=12,...,N. (56)
i=1

Since || f=Fll; = If = £l »» we subsequently restrict ourselves to the former one. For vector valued quantities, we used the maximum
lf = £, error over all components. Hence, we investigated the errors e, = max{||x—X[|;, ly =¥l }, e, = max{|lu, —@,|l;, [lu,—a,ll},
eary = IAPy — APyll; and esp, = |APp — APp|);.

The convergence behavior of all four cases is depicted in Fig. 8. It can readily be seen, that in the first two cases the generalized
positions and velocities are solved with second-order accuracy, although the solution involves a slip-stick transition. This is an
expected result since in the case of persistent frictional contact (without changing contact status, i.e., no slip-stick transition or
forward-backward/ backward-forward slip transition) the problem can be described by an index 3 DAE. For such problems the
classical RATTLE algorithm can be shown to be second-order accurate [30]. In contrast, the percussion increments indicate first-
order convergence. If an equivalently accurate approximation of the Lagrange multipliers is required, their values can be computed
a posteriori using the constraint equations on acceleration level [30]. However, such an accuracy is often unnecessary and involves
the cumbersome derivation of extra constraint derivatives, cf. [18,19,23]. In Case 3 and 4 an order reduction is observed and the
generalized positions and velocities indicate a non-monotone convergence of order one. For problems with discontinuous velocities
(e.g. Case 4) this observation is in line with the findings of [25] within a related problem.

12
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Fig. 9. Sketch of the Tippedisk.
5.4. Tippedisk

The tippedisk — a tippetop without rotational symmetry is an important mechanical-mathematical archetype for friction-induced
instability phenomena [45]. Furthermore, it serves as an excellent benchmark example for the validation of nonsmooth solution
algorithms. Essentially, the tippedisk is an eccentric disk of mass m = 0.435, whose center of gravity .S does not coincide with
the geometric center G of the disk, see Fig. 9. One way to construct such a tippedisk is to take a homogeneous disk of radius
r =4.5-10"2 and remove mass at the distance b = 2- 1072 by drilling a hole of radius a = 1.5-1072. The eccentricity e then follows as
e = ba® /(* — a*). Consequently, the inertia matrix is @ ¢ = diag(2.49- 1074, 2.2972- 1074, 4.7072-10~*). If such a specimen is placed
on a flat support, like a flat table, in the gravitational field with g = 9.81, it is quite obvious that there are two stationary spinning
solutions where the gravitational force and the normal contact force balance each other. Namely, a solution where the center of

13



J. Breuling et al. Nonlinear Analysis: Hybrid Systems 52 (2024) 101469

rT+ep -
s
2
N S
—— Moreau [29], At =107° —— Moreau [29], At = 107°
---- gen-a [10], At =103 ---- gen-a [10], At =107
e AN e RATTLE, At =10"° -5 ---- RATTLE, At=10"°
| | T | | T
0 05 1 15 2 25 3 0 05 1 15 2 25 3
t t

Fig. 10. Simulation results Tippedisk: Simulated time evolution of the center of mass z (left) and inclination angle 6 corresponding to the last Euler angle with
sequence “zxz” (right). Solid black: Moreau’s time-stepping method [36], dashed blue: Nonsmooth generalized-alpha method [18], dotted red: presented method.

gravity S is below the geometric center G and one where S is vertically above G. We refer to former one as non-inverted solution,
while the ladder one is called inverted solution. If the non-inverted tippedisk is spun fast around an in-plane axis, the center of gravity
rises until the disk ends in an inverted configuration, which is called the inversion phenomenon. However, due to dissipation, the
spinning velocity decreases slowly over time.

We describe the position of the disk by the components ;r,g € R? of the position vector of S with respect to the inertial basis
I. To characterize the orientation of the disk, we introduce the body fixed K-basis such that ef is the normal with respect to the
face of the disk. The transformation matrix A, = (;eX ,ef r€X) is parametrized using a unit quaternion p € R*. Hence, the
configuration of the disk is described by q = (;rog. p) € R’. The generalized velocities are u = (;vg, x®;x) € R® composed of the
representations of the velocity vg of the center of mass .§ and the angular velocity @, of the K-basis with respect to the I and
K-basis, respectively. As mentioned in Section 2, this choice leads to a model with the generalized kinematic equation (1). For the
relevant quantities B, f, M, and h describing such a parametrized rigid body under the influence of gravity, we refer to model 4
in [45].

The contact distance between the disk and the flat support is described by

gN=rOC-e£=(rOS+rSC)~e;. (57)

Following [45], we can introduce the grinding G-basis as

I G
el xe
G K G z z G G G
e =e, e/=——"—, e’ =¢e’Xxe (58)
z z X ||e£><e‘z7|| ¥y z x
K G

and conclude rge = —ee’ —re(, see Fig. 9. As discussed in [45], pure Coulomb friction is not sufficient to describe the experimentally
observed inversion phenomenon. Hence, an approximation of set-valued Coulomb-Contensou friction is taken into account by using
the set transformations introduced in [36] with radius of assumed circular contact area R = 103, To this end, we use the contact
velocities

T
X
YP=| veeel |- (59)
3zR

I
6 PIK " €;

where v = vg+® g Xrgc denotes the velocity of the contact point. A closer look at the contact velocities (59) reveals that the first
two components correspond to tangential contact velocities and capture isotropic Coulomb friction. Moreover, the third component
is a representative radial contact velocity, which accounts for drilling friction.

The initial conditions were taken as 1y = 0, ;ros(fy) = (0, 0, r —e), p(ty) = (0.5, 0.5, 0.5, —=0.5), x@;x(t;) = (-60, 0, 1) and
s(te) = (A (ptg)k @1k (19)) X ros(ty). The simulations were performed using a constant step-size Ar = 10~> and the proximal
point parameters ry = rp = 0.1. Using a semismooth Newton method, the nonlinear equations (41) and (43) where solved up to
an absolute error of 10~8. For comparison, we have also solved the system with a variant of Moreau’s time-stepping method [36]
and the nonsmooth generalized-alpha method of [18]. Since the former one does not prevent penetration, a very small step-size
of At = 107> has to be chosen in order to accurately represent the observed inversion phenomenon. For the second-order method
of [18], we chose the same step-size as for the nonsmooth RATTLE method, i.e., 4t = 1073, and p_, = 0.9.

It is apparent from Fig. 10 that the simulation results using the presented algorithm are in line with the results obtained with
the method of [36], although a hundred times larger step-size was used. This shows that the presented method is well suited for
mechanical systems with spatial friction as well as models with a general kinematic differential equation (1). Since a significantly
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larger step-size was used, the number of required operations was reduced, resulting in substantial cost savings for the overall
computation. Moreover, the results are in line with those computed with the method presented in [18]. Hence, for persistent
frictional contact, the second-order convergence of the presented method is of crucial importance for the efficient solution of highly
dynamic problems like the tippedisk.

6. Conclusion

Higher-order time integration methods provide improved accuracy and computational efficiency. They lead to more precise
simulation results, while simultaneously reducing computational costs due to possible larger step-sizes. These are only a few
arguments to seek for higher-order methods for solving mechanical systems subjected to bilateral and unilateral constraints. The
extension of existing, well-established higher-order methods is not straightforward. Although some attempts were made, they
either suffer from penetration problems, involve complex contact formulation on all three kinematic levels (position, velocity and
acceleration) or collapse to a first-order method for persistent frictional contact, even in cases with constant sliding state (e.g. no
slip-stick transition).

The RATTLE algorithm is a well-established second-order accurate method for the solution of constrained mechanical systems and
enforces the constraints to be satisfied on position and velocity level. In this paper the method is extended to cope with unilateral
constraints and friction. Moreover, normal and tangent impacts are included and at the same time (bilateral) constraint drift or
contact penetration is prohibited.

Selected numerical examples showcase the versatility and robustness of the proposed method in various applications. The method
can overcome accumulation points (Zeno phenomenon), correctly handles slip-stick transitions, copes with nontrivial kinematic
relations and impressively yields second-order accurate positions and velocities in phases where the contact status does not change
(i.e. no collisions/constant sliding states).
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