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Stability of equilibrium statesin a ssimple system
with unilateral contact and Coulomb friction

S. Basseville - A. Leger

Abstract The aim of this paper is to study the stability of equilibrium states in a mechanical system involving
unilateral contact with Coulomb friction. Since the assumptions made in classical stability theorems are not
satisfied with this class of systems, we return to the basic definitions of stability by studying the time evolution
of the distance between a given equilibrium and the solution of a Cauchy problem where the initial conditions
are in a neighborhood of the equilibrium. It was recently established that the dynamics is well posed in the
case of analytical data. In the present study, we focus in particular on the stability of the equilibrium states
under a constant force and deal only with a simple mass-spring system in R?.

Keywords Discrete dynamics - Unilateral contact - Coulomb friction - Klarbring’s system - Stability

1 Introduction

This paper is exactly in line with a previous study [3] in which we explored the equilibrium states of a simple
model involving unilateral contact and Coulomb friction. In the latter article, after exploring the set of equilib-
rium states, we determined their stability by performing a direct numerical study on the dynamics. The criteria
used for this purpose were the reliability of the time discretization, which was of the “time stepping” type,
and the algorithm used in the “NSCD” software [4]. Since the convergence of this algorithm and its ability
to approach the solution of the continuous problem had not yet been established at that time, previous studies
dealt mainly with numerical experiments.

The aim of the present study is to provide theoretical proof of the stability of the same simple model.

In [2], we proved the existence of solutions to the dynamic problem with unilateral contact and Coulomb
friction, adopting the hypothesis that the external force is integrable using the method described by
Monteiro-Marques [6]. After a time discretization, we showed that the “NSCD” algorithm makes it possi-
ble to build a sequence of approximations, from which a subsequence converging toward a solution to the
continuous problem can be extracted. In [1], it was assumed that the external force was not only integrable but
analytical. We proved the uniqueness of the solution in the framework of this hypothesis.

As a consequence of these results, the sequence of approximations given by the algorithm converges uni-
formly (without extracting a subsequence) toward the unique solution of the problem. This means in particular
that the trajectory solution of the continuous problem can be studied starting with estimates based on the
discretized problem. After this preliminary step we can study the trajectory starting with any initial data and



thus analyze the stability of an equilibrium by studying the distance between the equilibrium and a trajectory
starting from any point in a neighborhood of the equilibrium in a classical phase space.

2 Description of the problem

Let us consider a punctual particle with mass m in R? located in a quadratic potential well given by a symmetric
Kn W
W Kt
to an external force F. In addition, the particle is constrained to remain in a half-space and the contact with
the boundary of this half-space is assumed to hold with Coulomb friction. This system, which has been first
given in [5], is represented on Fig. 1. The unilateral contact and Coulomb friction laws are strict, without
any regularization. We first recall the statement of the problem, and we give the main theoretical results here
T

without proofs.
é F
m
N

Indices N and T denote the normal and tangential components, respectively, of the displacement U and
the reaction R. We take MMA([0, T ]; R?) (motions with measure acceleration) to denote the vector space of
the integrable functions of [0, T] into R? whose second derivative in the sense of distributions is a measure.
Functions U in MMA are continuous and admit left U~ and right Q+ derivatives in the classical sense, which

are functions of bounded variations. We take M to denote the space of the measures defined on [0, T] with
values in R?. The evolution problem of mass m reads:

positive definite stiffness matrix K = with positive coefficients. This particle is also subjected

Fig. 1 Klarbring’s system

Problem (P) FindU € MMA([0, T1; R?) and R € M([0, T ]; R?) such that

U(0) =U,, UT(0) =V, (initial condition), 1)

mU + K.U = F + R (equation of motion), (2)

Uy <0, Ry=<0, UyRn =0 (unilateral contact) 3)

vV e %0, TI;: R), / Rr(V —U{) — uRN(V| = [UF]) > 0 (Coulomb friction), (4)
[0.7]

Un®) =0 = UJ @) =—eUyt) (impactlaw). (5)

where w is the friction coefficient, and the initial condition is assumed to be compatible with the unilateral
constraint; e is the restitution coefficient. In the case e = 0, we can establish that Egs. (3) and (5) in problem (P)
can be replaced by the so-called velocity Signorini conditions:

Un <0,
Uv<0 = Ry=0, .
Uv=0 = UJj <0, Ry=<0, UJRy=0.

Comment 2.1 (i) We observe that this formulation has a suitable meaning even for R € M([0, T1; R?).
* In particular [ RtV has a sense for V in € (duality).
J RrU{ has a sense for R measure (U7 bounded variation), which would not be so in the case of a
usual formulation of Coulomb’s law.



x Avelocity with bounded variations is exactly the framework that gives a meaning both to the dynamics
in the presence of impact (existence of right and left limits everywhere) and to the initial data.

(if) This problem has a solution as long as F is integrable (this result is obtained by the convergence of a
time discretization using a method similar to that given by Monteoro-Marques for £°° data [6]); the
uniqueness of the trajectory, given the data U, and V, is obtained only if F is an analytical function
(counterexample if F € C*°([0, T1; R?)). .

(iii) The discrete problem that will be used henceforth, where V stands for the discrete values of U, is written

as follows:
Problem (Py)
TA
h=— 6
K (6)
Vo=V, (7)
u®=u), ®)
Vi+1:Vi_|_L<(Fi+1+Fi)_K(Ui+1+ui))+ﬂRi+1 9)
- - 2m \— - == = m—
ui-i—l — gi + hli+1, (10)
IRF < IRG™ (11)
if IREFY < w R, then VTt =0, 12
if |RT™ = w|Ry™, then 3 >0 suchthat RF™ = —avit.
if UM >0= V<0, RT< o0, V"RYT =0, )
if Ut <0=Ri!=0.

* An algorithm of the “time stepping™ type is deduced [4], from which we get an iterative dynamical system
that will be used to make estimates.

x This algorithm, built from problem (Py), makes heavy use of the equivalence between classical Signorini
conditions and velocity Signorini conditions just recalled above. Let us simply note for the moment that the
convergence of this algorithm is consequently obtained in the case e = 0. But the well-posedness of problem
(P), that is, the existence and uniqueness of the trajectory for sufficiently smooth data, holds for any e € [0, 1].

The following analysis will be performed in the case e = 0, and we shall comment on this choice in the
conclusion.

3 The set of equilibrium states

The equilibrium states are the solutions of problem (Ps), which will be referred to here as the static problem,
associated with problem (7). Up to the end of this study, the external force F will be constant.

Problem (Ps) Find (U, R) € (R?, R?) such that:

KU=F + R,
Un <0, Rn <0, UNRy =0,
[RT| < uIRNI,
which gives
A
Uy=—— ifU 0,
N det: N =
A K . .
RT=W+WTRleUNzo,WlthAEKTFN—WFT.



The analysis of problem P; is described in [3]. Since the system consists of a single particle, we will study
the existence of solutions with and without contact separately. Solutions without contact exist only if quantity A
is strictly negative. The set of solutions with contact is given in the {Rt, Ry }-plane by the intersection between
the line Rt = (A/W) + (K7/W) Ry and a part of the Coulomb cone, which is possibly delimited by
bounds for Ry. Figure 2 gives the corresponding solutions in the {Rt, Rn}-plane, which have been described
in detail in [3]. The thin continuous lines are the boundaries of the Coulomb cone; dashed lines delimit the
range of admissible values for Ry; on each graph, the thick continuous line is the straight line of equation
Rr = (A/W) + (K1/W) Rn.

A=KrFy —WFr <0

B W

,LLZKT/VV M>KT/W

AE.KNFN7WFT:0

o f d

1= Kp/W > Ko /W

A=KpFy —WFr >0

W

M<KT/W MZKT/W u>KT/W

Fig. 2 The set of equilibria in the {Rt, Ry }-plane

The dependence of the set of equilibria on the stiffness parameters, friction coefficient, and external loads
is summarized in Table 1.

Henceforth we will deal with the stability of these equilibrium states in the case where F =Constant. On
the one hand, the set of equilibria is completely and explicitly known in this case, and on the other hand, there
exists a single analytical trajectory as soon as initial data compatible with the unilateral conditions are given.

4 Some qualitative phases of the dynamics

To simplify this description, the proofs will be divided into two mains parts. The first part contains abstract
analyses of separate dynamic phases, which will stand for technical lemmas in the second part. The second
part itself deals with the stability properties of all the equilibrium states.

In both parts, some partial results will be obtained by performing direct analytical calculations, which will
be possible as each of the phases of the motion is smooth, and the successive phases are smoothly matched
thanks to the regularity of the solution to problem (P) in the case of a constant force. With other results,
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Table 1 Equilibrium states with respect to parameters A and u

no< }\</TT n = |\</TT nw > %
1 solution
without contact
1 solution 1 solution +
A<O without contact without contact 1 solution
in impending positive slip
1 solution in 1 solution in
grazing contact grazing contact
A=0 1 solution in + +
grazing contact infinitely many solutions infinitely many solutions
in impending positive slip in strictly stuck contact
2 solutions in 1 solution in impending 1 solution in impending
impending positive and negative slip negative slip
A>0 negative slip + +
+ infinitely many solutions infinitely many solutions
infinitely many solutions in strictly stuck contact in strictly stuck contact

in strictly stuck contact

analytical tools of this kind will not be as simple to use, and it will be easier to perform estimates on the iterates
of the discrete dynamical system associated with problem (P4) and to conclude with the convergence result.

The whole stability analysis will be performed by perturbing the equilibria obtained with given forces by
taking initial data that are out of equilibrium and studying the trajectories without changing the forces. Let us
begin by making the following preliminary comment.

Comment 4.1 If we look at the discrete dynamical problem (Py), we observe immediately:
Given an equilibrium in a classical phase space:

(i) A perturbation induced by a displacement is analogous to the second iterate of the discrete dynamics
starting from a velocity perturbation. We then ensure that there is no loss of generality by studying only
velocity perturbations.

(if) A perturbation induced by a velocity having nonzero normal and tangential components is analogous
to the second iterate of the discrete dynamics starting with a perturbation induced by a velocity where
only one of the components differs from zero. Without any loss of generality, we can therefore restrict the
analysis to perturbations induced by velocities having only one nonzero component.

Lemma4.1l Let (U, R®%) be an equilibrium state with U,f,q = 0 and Vgn < 0 a perturbation of this equi-
librium induced by a normal velocity att = 0. The solution of problem () will then be such that there exists

an impact time t'™P > 0,t'M™P ¢ 10, T[.

Proof After a perturbation Von compatible with the unilateral conditions, there exists an interval in which the
particle moves without contact, since the solution is analytical. During this phase, the evolution is described
by the smooth system:

mUy + KnUn + WUT = Fy

mUt + WUy + KtUt = Fr

eq | 14
Un(0) =0, Ur(0) = VR (4

Un(0) = Von , UT(0) =0
The solution is
U (t) = (arcos(aat) + bysin(eat)) ¢ + (azcos(aat) + bsin(aat)) ¢° + K'F (15)
where é—l is the inverse of matrix K and where the constants are given by
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e /(KN + KD + (K — K 47 \/(KN + Kp) — /(Kn — Kn)Z + 4W2

2m ' 2m
1 1
0= | kumkrev Tk | 8= | kamkr R |
2m 2m
a1=%’ A (¢T KN)-I-R—eq], az=—;[ A (¢T KN)-FR—&q],
¢F — @2 | detK w ¢7 — ¢2 | detK W
—Von 2 . Von ¢t

’

= 1 5. 2 = 71 o<
a1(pt — ¢2) a2 (¢t — ¢2)
~ 1 A
1l _
é E_detﬁ(KNFT—WFN)'

If (a1/a2) = (p/q) € Q, then Uy is a periodic function. If (a1 /a2) ¢ Q, then let Un(t) be a continuous
almost-periodic function of R into R that coincides with Uy (t) on [0, T]. Let 7 be anglmost-period of ON(t).
It can then be easily proved that there exists a nonnegative real number » such that Uy (t) admits a zero t'"™P
in]—n+1t,n+ [, with U,\T(timp) > 0.

The result obtained in [1] shows that T can always be taken to be large enough for t™ e 10, T[. There-

fore, there will exist an impact time for any «1 and «», that is, whatever the constants involved in the problem.
|

Lemma4.2 Let (U®, 0) be an equilibrium state in grazing contact and Vot a perturbation of this equilibrium
induced by a strictly positive tangential velocity at t = 0. The solution of problem (P) therefore admits an

impact time ti™P > 0, ti™P in 10, T1.

Proof The equilibrium state is characterized by a displacement U®% = (0, Fy/W) and by a reaction R®4 = 0.
This state exists only if A is equal to zero. On the right side of the origin, there exists an interval in which the
solution is either always in contact or always without contact. We establish that there exists an interval such
that the particle is without contact if the perturbation is a positive tangential velocity att = 0.

First, we show that there does not exist any n > 0 such that Uy (t) = 0 on [0, 5], since the bilateral positive
sliding, which occurs with Ry (0) = 0, implies Ry (t) > 0, on an interval at the right of the origin:

' m Kr—uW Fr—uF
Ky | YT =Vor /gD sin (,/ T t) + W

fu<— ¢
W Rut) = wvor /ﬁsin( /wt) >0 witht e [0, /e %]

= KT [Ur®) = vroTt + 5
VY RN = Wert 0.

M \/KT KWy 3 7\/K-|— HW FT PN
Kt urt) = 2 Ko (e e + Re—aw

fu>— ;

W | K —pW. MW Ky —uW
RN(U WVOT\/ K1— MW ( " t) =0

In the case of a perturbation induced by a positive tangential velocity, the evolution of the particule without
contact is described by a problem similar to (14) where the initial conditions are:

F . .
Un(0) =0, uT<0>=W”, Un(0) =0, Ur(0)=Vor >0, (16)

where the solution is consequently:



Vor sin(a1t) sin(agt))
Un(t) = - ,
N (D) pio % ( o o
_ Vo sin(a1t) 1 sin(axt) 2 m
UT(t) - ¢)_:|I: — (f)% ( o1 d’T o ¢T) + W s (17)

where 91’ ?2’ a1, and ay are given in the proof of Lemma 4.1.
In the neigborhood of t = 0, the normal displacement Uy (t) is of the form

Vot (“% - “%)t3 + o5

Un®) = 2=

and is strictly negative since ¢+ — ¢2 is positive and 3 — o2 is negative. The first relation of (17) then gives
the existence of an impact time given by the smallest positive root of this equation. O

A similar argument leads to the following corollary.

Corollary 4.1 Let us assume that there exists a time such that the particle is at the vertex of Coulomb’s cone
with a positive tangential velocity. Then this time is followed by a phase without contact, which is followed in
turn by a time of impact t'™mP,

Lemma4.3 (1) Assume the data are such that either A > 0 and u > Ky /W or A = 0 for any u.
Let Vo be a perturbation of the equilibrium induced by a negative normal velocity at t = 0.
Let t'™P > 0 be an impact time such that U (t'™P) > 0. Therefore, there will exist > 0 such that
V Von €] — 1, 0, and there will exist f > t'™P with Ut (f) = 0 and Ry (f) < 0.

(2) Let A=0with u > Kt /W. Let Vgt be a perturbation of the equilibrium in grazing contact induced by
a positive tangential velocity att = 0. o
Let t'™P > 0 be an impact time such that Uy (t'™P) > 0. Therefore, there will exist n > 0 such that
V Vot € [0, [, and there will exist f > t'™P with Ut (f) = 0 and Ry (f) < 0.

Proof We give the proof in the case where A = 0 and u > (Kt/W). The proof would be similar in the other
cases.

Let (U®4, R®9) be an equilibrium of the kind described above and Voy a strictly negative perturbation. The
dynamics is the solution to problem (7). According to Lemma 4.1, there exists a time of impact t""P.

After this impact, the evolution will depend on the sign of the tangential velocity Ut(Von, t"™P(Von)) =

dur(Vow.t"™ (Vo)) \hen the tangential velocity is strictly positive, the particle shows a positive slip. During

t
this phase, the reaction increases. Since the external force is constant, the system will be smooth during the
slip and will be governed by an ordinary differential equation, and the evolution of the reaction is given by

dRn(t)

G = WU, (18)

if Un(t) =0,

Since the quantity W is strictly positive, the particle can reach the vertex of the cone and will no longer be
in contact (cf. Lemma 4.2). But if the perturbation is sufficiently small, the tangential velocity becomes zero
before reaching the vertex of the cone.



Since the tangential displacement is Ut = Fy/W at the vertex of the cone, this holds if
£ im o - & _ Fn
3f > t"P such as Ut (f) = 0 with Ut(f) < W (19)

Since the tangential velocity is continuous at the impact [1], the positive slip is described by

Ut (0) = Ut (Voy, ™ (Vo). (20)

'mUT+<KT—uW>UT = Fr — uFn,
Ut(0) = Up (Vo tMP (Vo).

the solution of which is

1 ; . ; m Fr — ukn [ W —K1
Urt) = 2 IUT(VON’ tlmp(VON) + Ur (Vous tlmp(VON),/ AW — Ky - Ky — oW ] € m

1 ; . ; m Fr — uF W—K
+—HUT(VON,t'mp(VON)—UT_(VON,t'mp(VON) T—& N]e—vu ot (21)

2 uW — Kt Ky — uW
Fr—uFn
Kt — puW -’

Then condition (19) reads

[ 1= i m Fr — ubn
Ut (Vou» P (Vo) + Ug (Vo 1P (Von)), / W —Kr Ky — W 0. (22)

Let us now prove the existence of n > 0 such that condition (22) is satisfied V Von €] — 7, O[.
We consider the function Von defined by the left-hand side of relation (22).
We first assume that the initial perturbation Vgy is negative and small enough, Vo = —£&1, &1 > 0.
During the evolution without contact, the normal displacement is

Un() =

RS £ sin(aert)@?  sin(azt)pt
cos(a1t) — cos(aot)} + - .
) {cos(azt) (apt)} @ — D) [

__ N
W (¢! — 9% o1 %

If & is sufficiently small, then the time of impact will be close to zero. The evolution is given by

eq

)] Ry o o 3
UN(t)‘[zw<¢%—¢%)(“2 ad)t sl}t+c9(t).
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Consequently, the particle is in contact at time

timp _ 2Wé (¢% — ¢%)
RN’ (o — o)

At this time, the left-hand side of relation (22) is

- : - Fr— uF
X Ur (6 0™ (e0) + Ur (60 0™P(e0) [ —

241 242 €q
aspr — a5 m R
=—2=— T,/MW_KT51+WN+O@E). (23)
2 1

&1 is sufficiently small and quantity
U S L
oz% - af uW — Kt

is finite. The sign of quantity (23) is that of Ry /W, which is strictly negative.
Let us now assume that Von = —&2, & > 0 being sufficiently large. The left-hand side of (22) is now

imp v = imp m _ FT - /’LFN imp _ FT - /’LFN
Ur (62, 1™ 62) + U (62 t™ (€)oo = — o > Urea ™) — e ——
Ry E2016% ( 1 1 ) Fr — uFn

W gl g2 Ky —pW

o1 o2

(24)

which is positive if

& >

(61 — ¢2) caerz [ Fr — puFu B R_Eq
(01 — ap)pp? | Kr—puW W

Since the right-hand side of (22) is a continuous function, there exists n €]&1, &[ such that condition (22) is
satisfied for all Von €] — 1, O[.
The proof is the same for the other cases (u < (Kt/W), u= (Kt/W), u> (Ky/W),and A > 0or

1> 81 and A =0). o
In the same way, we can establish the following lemma 4.4:

Lemma4.4 (1) Let A >0, with u > Ky /W if A=0, and forany u if A > 0.
Let Vot be a perturbation of the equilibrium induced by a tangential velocity att = 0.
Therefore, there exists » > 0 such that V Vot < n, and there exists £ > 0 such that Ut (f) = 0 with

Rn@) < 0.

(2) Let A =0 with u = Ky /W.
Let Vot be a perturbation of the equilibrium in grazing contact induced by a negative velocity att = 0.
Therefore, there exists f > 0 such that Ut (f) = 0 with Ry (f) < 0.

Lemma4.5 (1) Let A >0, with u > Kt /W if A=0,orany n if A > 0. )
Under the assumptions adopted in Lemma 4.4, item 1, there exists f > 0 such that Ut (f) = 0 with
Un(f) =0.
If in addition there exists an equilibrium (Qeq,Req) such that Ry (f) = Ry, then Ut (t) = 0 and
Uv®) =0Vt > f.

(2) Let A = 0 with u = Ky /W. Under the assumptions adopted in Lemma 4.4, item 2, there exists £ > 0
such that Ut (f) = 0 with Uy (f) = 0. Then, Ut (t) = 0and Uy (t) =0, V't > f.

9



Estimate of dlsplacement U 1+T
if U 1+l 0, the partlcle will evolve without contact and the solution will be

[(V|+1 V|+1 ((VI+1)free (Vl+l)free)
, (25)
(RVL REH = (0,0)
else ‘
if (V,{‘“)free < 0, the particle will ascend and the solution will be
[ (V'+1 |+1) ((VH—l)free (V|+1)free)
, (26)
RV RYH = (0,0)
else ~ B
if F{“ - F,'\,+l > 0, the particle undergoes positive slip process and the solution will be
i+1 \i+1y _ 'E}H*#'Er'\lﬂ
WV = (0’ Mz2,2—M1,2
i1 midl My o Vitl _Ei+l v\’ (27)
RIFLREY = (M2t Ry
else B B
if F{“ + u F,'\ﬁl < 0, the particle undergoes negative slip process and the solution will be
(V'+1 V'+1) 0 ﬁj+1+uﬂ‘+1
© Mz2+uMi2 28)
. . Y| i+1 Si+l . ’
elsethe particle will stick and the solution will be
(Vi+1 Vi+1) =(0,0)
i+l Fil | 29
(RH-l Rl+l) (_ 1}’] , _TT) ( )
end if
end if
end if
end if

updating of displacement
U|+l U + hvl+1
end

Table 2 Algorithm of resolution

Proof Since a direct analytical proof of this lemma would be relatively laborious to obtain, we have analyzed
the iterates of the NSCD algorithm. Let us first recall this algorithm, based on problem (Py). A quantity with

an exponent i denotes the quantity at time t; (Table 2). EiH results from the integration scheme (cf. [3]) and
is defined by E'™ = mvi — h KU" + h[o E"* 4+ (1—6) E' 1.0 isgivenin 0, 1[, V is the velocity,
V e js the velocity corresponding to the evolution problem without contact, and g =ml + h2 6 K.

Let us assume that there exists a contact time £ > 0 such that Ut(f) = 0. Let i be the step such that
f e [t', t'1]. We want to show that if there exists an equilibrium (Qeq, Req) such that Ry (f) = Fiﬁ,q, then

Vij>i, UTj = 0, which means that the following relations (30) and (31) hold simultaneously for any j > i:
Fl_ufl <o, (30)
Fl4ufl >o. (31)
We assume that the particle slips in the positive direction before step i and stops at step i + 1, that is:
Fit — B4 < 0. We check that relation (31) is satisfied at step j =i + 1.

10



By definition,
Fitt o+ nFG = mUE — h{(Kr + uW)UE + (Fr + eFy))
> —h{(Kt + uW)HUT(®) + (Fr + 1Fn)}

Fn o Ry
> —h (K + W) 7 + 5 )+ Fr+ ek

A Rl
>—h[w+(KT+MW)WN}' (32)

If A =0,Ry! €] — 00,0], and if A > 0,thenRY! < — 2. Quantity Fi** + pF{™ is then strictly
positive. Conditions (30) and (31) are therefore satisfied simultaneously. We have Q'H = 0, which means
that U'*+1 = U' and

2l B = —h{(KT + pW)UL 4 (Fr + uFn)) > 0 (33)

and

F-|1 — /LIE,\JI = —mU} + IE-E-H — /LIE,LH <0.

The proof is the same if the particle slips in the negative direction before step i. In particular, if we assume
that relation (31) is satisfied at step i + 1, then quantity F++1 — ,uF,'\frl will be strictly negative since

FIH = iRt = mUf = h {(Kr = wW)UF + (Fr = wF) | < =h {(Kr = aW)UF + (Fr = wF) |

11



and:
K o
I < Sy Pt = uF < =h {(Kr = uW)Ur ) + (Fr — i)}

A Ry
< h< +(K-|-—,uW)—]<O,

because Ry' € KW Ke W |
KT i1 =ji41 A
If,u:W, F-:-+ —/LF,'\IJr <—hW<O,
K - o
If o> -1, FiF B < —h f(Ky — uW)UE 4 (Fr — )
W T N T

/\
j
o
~

Kt —MW)— + (Fr — MFN)]

A
|
>

= >
A
°

The following corollary is easily obtained.

Corollary 4.2 Let A > 0.
We study the dynamical problem (7) over [0, T] starting with a state out of equilibrium such that:

Un(0) = 0, Ut(0) = U% + Upr ,
Rr(0) = xRy (0) #0,
Un(©0) =0, UT(0) =0.

Then

If © < Kt/W, there will exist nonnegatlve n1 and 72, n2 > n1 such that for all perturbations Ugt €
1 — n1, n2[, there exists f > 0 with Ut (f) = 0, Ry (f) < 0.

If « > Kt /W, there will exist n > 0 such that for all perturbations Ugt €] — oo, 5[, there exists f > 0
such that Ut (f) = 0 with Ry (f) < 0.

Lemma4.6 Let A> 0and u < Ky /W and initial data be out of equilibrium such that

RT(0) = £1Rn(0) #0,

Un(0) =0, Ut (0) = Upr,
Un(0) =0, Ur(0)=0.

Lettj, i =1,...,n beasequence of timest; < --- < t, such that
<UT(ti_) =0with Ry(t) # Ry, i=1,....n,
sgn(Ug (t)) =sgn(Uy (tiy2)), i=0,....,n—2.

Then the solution of problem () with Uy (t) = 0 for any t > 0 is such that

Ifsgn(Us (tj)) > 0, j =i,i +2:Ur(t) > Ur(tiso), i=1,...,n;
Ifsgn(Ur (tj)) <0, j =i,i +2:Ur(t) <Ut(tivo), i=1,...,n.

12



Proof Here we present the proof in the case where Rt(0) = +uRn(0).

Ur

Direct analytical calculations give

Fr— ukn Kt —uW Fr — ukn
t) = =N N t 4
Ut (t) [UOT KT_MW]COS( - )+ rE—Y (34)

in an interval at the right of the origin. )

According to (34), there exists atime t; > 0 such that Ut(t1) = 0 with Ut(t1) = —Upt + 2(F1 — uFn)/
(Ky — uW).

At this time, the normal reaction is Ry (t1) = —WUoT — =247 + Fn. Upon making some assumptions,

Rn(t) # Ry This means that

A Fn

Uor < —QCA/W (KT — uW)) + m + W

Since the tangential velocity is continuous, the particle will slip in the negative direction. The evolution is
governed by a bilateral sliding process where

Fr—uFn
Ur(0) = —Uor +2 1 Ur(0) =0,

Kt —uW’

so that

_uFn Fr+uF [KT+uW.\ Fr+uF
UT(t)=[—U0T+2FT nFEN - Fr+pu N]cos THuW, n T+ PN
Kt — uW Kt 4+ uW m Kt + uW

This value of U (t) guarantees the existence of a time tp > t; such that Ut(tp) = 0. At this time, the tangen-
tial displacement is Ut(t2) = Ugt — 2(F1 — uFn/KT — W) + 2(Fr + wFn /KT + W), But the reaction
is Rn(t2) # Rﬁq. Consequently, the particle will slip in the positive direction. The evolution is then given
again by a bilateral sliding process with an initial displacement Ut(0) = Uot — 2(Ft — uFn/Kt — W) +
2(F1 + uFn/KT 4+ uW). Again there exists a time t3 > ty such that Ut(t3) = 0 with Ut(t3) = —Ugt +
4(Fr — uFn/K — uW) = 2(Fr 4+ uFn /KT + W), As A > 0and © < K1/W, we obviously get Ut(t1) >
Ut(t3).

These calculations can be straightforwardly extended to any times tj, i =3, --- ,n. O

13



5 Stability results

We now study the stability of all the equilibrium states determined in Sect. 3. This amounts to studying the
time evolution of the distance between an equilibrium and the solution of a Cauchy problem where the initial
conditions are in a given neighborhood of the equilibrium. If there exists a perturbation such that the dynamics
diverges from the equilibrium in a finite time or asymptotically in time, the equilibrium will be unstable.
On the other hand, if no perturbation leading to a divergence exists, the equilibrium will be Lyapunov or
asymptotically stable.

Theorem 5.1 Any equilibrium state without contact is stable.

Without contact the particle is not subjected to any unilateral constraints. This stability result will therefore be
nothing other than the classical result of the solutions of ordinary differential equations.

Theorem 5.2 The equilibrium in grazing contact characterized by A = 0 and 1 < Kt /W is asymptotically
stable.

Proof Although it is relatively long, the proof of this result can be obtained completely analytically. It consists
of four steps.

Step 1 Preliminary

According to Comment 4.1, we only consider perturbations induced by a velocity here. Moreover, based on
Lemma 4.2, the evolution is identical whether the perturbation is induced by a positive tangential velocity or
by a negative normal velocity. We first show below that the study of the perturbation induced by a negative
tangential velocity includes the study of the perturbation by a positive tangential velocity. Consequently, in
order to prove Theorem 5.2, we will have to establish the following implication:

limi— 400 IlUn(D)| =0,
3 >O, V, el — ,O — . .
n>0. Vor €l =n.0] |hmtﬁ+oo|uT(t>—U$q| ~0
We will in fact establish the stronger result:

lime_. 400 IUND)] = 0,

VVor <0= [limt%m Ur®) — U =0

We establish that after a negative perturbation Vor, there exists a time tfe'tex with UT(ti’e”ex) > 0. Thus, after

tye"ex the procedure used is the same as that used to determine the evolution after the equilibrium has been
perturbed by a positive tangential velocity. After a perturbation induced by a negative tangential velocity, the
evolution is described by problem (20) giving the bilateral sliding with the following initial data:

F .
Ur@ =5 Ut =Vor <0. (35)

the solution of which is
m K w F F
Ut(t) = Vo1./ ————sin THH t)+ T AN . (36)
V KT 4+ uW m Kt + puW

Let f; be the time at which LjT(fl) = 0. At this time, there is no equilibrium. The negative slip is then
followed by a positive slip. During this second phase, the evolution is again described by problem (20), but
with the following initial data:

m Fr + uFn .
U O :V N U 0 =O,
T(0) OT‘/KT+MW+KT+MW 70
m [KT — uW Fr— uF
UTt(t) = VoT./ ———cCo0s TTH t)+ T—H N.
V KT+ puW m Kt — uW

14
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Therefore there exists a time ti’e”ex such that the particle reaches the vertex of the cone, which satisfies
UT(t:\l/erteX) = Fn/W.
Since A = KtFy — W Fr = 0, this time is given by

fvertex _ m T
! VKt —uW 2°
. Kt — uW
U tVEI'tEX = _V, -0 ,
Tt ) T\ Ky W

Step 2 The evolution of the particle includes a series of slip and motion without contact phases.

and therefore

which is the end of the first step.

More specifically, let tY®"™ be a time where the reaction reaches the vertex of the cone, as calculated in

step 1. The evolution is therefore such that there exists a part without contact, a time of impact tiimp, anew slip

part, then a new time ti"fltex, and again a new part without contact.

After t¢"™ relations (17) give

sin(altiimp)
o1

Ut ™) = Ur(t"*"®)cos(arti ). (37)

. . E .
Ut = U (tee) + WN with sin(asti"") < 0,

The evolutic_)n of the particle depends on the sign of the tangential velocity at impact time.
If Ur (t™) > 0, then the slip will be in the positive direction. During this phase, the dynamics is the
solution of a problem similar to (20) with

Ur@ =Ur (§™).  Ur© =Ur (§™), (38)
which we write
UT(0>=%+/9, p<0, Ur(0) =0, (39)

where 8 is such that the forward dynamics is the same as that obtained with (38), up to a shift in time. The

solution is
[ KT — pW Fr—ukn
UT(t) = Bcos t ,
) =48 ( - )+KT—MW

and the particle reaches the vertex of the cone at time ti"jrltex such that

Ll
W
Consequently, t/e1® = \/m /(K1 — uW)(r/2) and Ut (%) = — 8. /(K1 — uW)/m > 0.

If the velocity is positive at impact time, the particle reaches the vertex of the cone with a strictly positive
velocity.

If Ut(tj) < O, then the slip will be negative. We conclude in the same way that the sliding leads to the
vertex of the cone with a strictly positive velocity.

From Lemma 4.2 we can observe that in any case, there is a time t
series of phases of motion without contact and slip.

Ur (153 =

imp

i1 and that the dynamics consists of a

15



Step 3 Let tYe"e* t¥** he two consecutive times such that UT(t}’ertex) = Fn/W, j =i,i + 1. We now

establish that UT(tIijlteX) < UT(ti\/ertex)_

If UT(tiimp) > 0, the dynamics can be described by a bilateral phase as in problem (20) with initial data
(38). During this phase, the solution is given by

Urt) = (tverteX) sin (letiimp) cos (Wt)
+ /ﬁlﬁ (tivertex) cos (altiimp) sin (,/ Kt ;]MW t) + Z__ILI\:,CI . (40)
According to step 2, there exists a time tl"fl‘ex where the velocity is
] B e
+cos cxlt p cos (,/ t,"f{ex)] : (41)

But since ‘/M < g assoonas W £ 0and 5|n(a1t p) < 0, then

Ur (/e < (t"e”ex)! —sin alt'mp sm(,/ t,"fltex)
K W
+cos alt )cos(,/ T t,"f{ex)’,
w
< U (tere) cos(alt'mp-i—,/ —n t,ij;EX),

< Ur (tyerex) (42)

If UT(tiimp) < 0, then the initial data are

p
U@ = o + Ur (£ % +6. >0, Ur(0)=0.

In the same way, it emerges that the particle reaches the vertex at time t,"fltex M/ (Kt — uW) (37 /2) and

sin (Ol]_tiimp) KT —uW sin (O[]_t-imp) K+ —uW
. 2 . 1 T—M
Ut (tlvirfex) ——|ur (tiverteX) - 18 / _ < U (tivertex) ” / . ’
UT (tivertex) IKT . I’LW
< b
o1 m

< Ur (). (43)

16



Step 4 Let ti"fltex be a time such that Ut (ti"fltex) = Fn/W, wherei is the index of a cycle (slip, motion without

contact). Then

lim Uttty =0.
i—+o0 T(I+1 )

According to step 3, the velocity at impact time ti"fltex depends on the sign of the velocity at t"*"®*. But
expressions (42) and (43) show that for any i we can finda y;,0 < ¥ < 1, with

UT ( iv-irltex) <y UT (tiverteX) .
Thus

Ut (tivfltex) <yUr (ti’ertex) , with y =supy; <1.
ieN

Consequently,

lim Ut (41%) =0.

i—+o0 T ( 1+1 )

Conclusion

If we perturb the equilibrium by applying a negative tangential velocity, steps 1 and 2 show that the particle

passes through a series of phases of motion without contact and slip. According to steps 3 and 4, the velocity
of the particle when it reaches the vertex of the cone will tend to zero as the time tends to infinity. Then

. _ eq:
Jim_ur®) - U =0,

t—UToo'UN(t” =0,

which is the result we were looking for. O

Theorem 5.3 The equilibrium state in grazing contact U2Tf! = (0, Fy/W), RTf! = 0 characterized by
A =0and u = Kt/W is Lyapunov stable.

Proof According to Comment 4.1 and Lemma 4.2, we ought to establish the following relation:

Ve >0,3n() >0, |Vor| < n(e) = |Ut(t) — UM < ¢, (44)
Step 1 Case of a perturbation induced by a negative tangential velocity.

After a perturbation Vo1 < 0, the first slip is the solution of a bilateral problem with
Fn o -
Ut(0) = W Ut(0) = Vot < 0.

The tangential displacement then becomes

7K F
Ur(t) = Vo, /%sin(‘/%t) + WN (45)

The velocity is equal to zero at f = \/(m/2K7)(7r/2) and Ry (f) = W Vgor/m/2K7.
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But for A = 0 and u© = Kt/W, the range of admissible values of Ry of equilibrium states is R~. Con-

sequently, there exists an equilibrium (Qeq, Req) such that Req = R(f). Lemma 4.5 thus makes it possible to
conclude that for all t > f, the velocity is zero. We obtain

~ ~ m
vt = € U = Ur©] = U = Ur O] < =Vor, /5~

Ve > 0, relation (44) is therefore satisfied with n = (¢/2)/2Kt/m.
Step 2 Case of a perturbation induced by a positive tangential velocity.

According to Lemma 4.2, after a perturbation Vo1 > 0 there will exist an impact time timp > 0 with atangential

velocity UT(timp). Two situations are possible as far as the forward dynamic is concerned.

u®

If Ut (timp) < 0, a similar argument to that used in step 2 of the proof of Theorem 5.2 shows that there
existsatime f such that Ut (f) = 0. Since the range of admissible values of Ry is R, there exists an equilibrium

0% R*) such that R* = R(f). Forall t > £, the velocity is therefore zero and we get

1 m
vt >, (UM —ur) = (U —ur ) < Vor (= +. /= ). (46)
o 2Kt

18



We end up in the same way as previously with n = (e/2)((e1+v/2K7)/(v2KT + a/m)).
If Ut (timp) > 0, the proof will need a little bit more care. The particle will slip in the positive direction

with a constant velocity Ut (timp). Therefore there exists a time ty®™® such that Ut (t}*®) = £ with

Ur (™) = U (timp) > 0 followed by an impact time t)™ > tyertex.
imp imp
Lett; " andt;;

i
that Ut (t,'Ti’) > 0and Ut (t,'mp) < 0. From ™ an argument similar to that used in step 1 makes it possible
to reach the solution.

Let us assume that forall i < I, Ut (t

be two consecutive impact times. We now show that there exists an impact time tlimp such

imp
i

Ur (1) = Ur (™) cos (eatT%) < U (§™).
which means that the tangential velocity at impact time decreases from one impact to the next. During each

phase, the tangential velocity is constant and the mass will then reach the vertex of the cone with Ut (t}’ﬂex) =

)>o,j —i,i 41 We have

Ut (t}mp). In addition, the tangential displacement will satisfy

Ur(t) = Ut (t}mp) t+Ur (t}mp) .

Consequently, the length of the positive slip will be

Y imp\ . imp
Atvertex _ Ur (tj ) sin (altj"‘l)

j+1 = . imp a
Ut (tj+l) 1

Thus

vertex vertex
Ati 42 < Ati+1 .

Since the length of the evolutions without contact is identical, there exists an impact time t,imp € [O’f—l 3 2041] +

2k, k e N. Thus, Ur (™) < 0.

From t,imIO onwards the particle will slip in the negative direction. This evolution is consistent with a bilateral
positive sliding process given by

mUr + (Kt + uW)Ur = Fr + uFn, (47)
. im

Ur© = Ur (™) = Ur (47%) MJW )

Ur(© = Ur (§™) = Ur (§7%) cos (a™) <o0. (49)

The solution is

. i sin Oéltlimp [2K
UT(t) = UT (tIIT]F?) %COS WTt
. ; i m 2K WEF KtF
+U7 (t,'ﬂ)) cos (altl'mp) /msin(,/ mTt)+ ;:_TWT N (50)

We thus deduce the existence of the time f such that the velocity is zero. At this time, Ry (f) corresponds to
an equilibrium since the range of admissible values of Ry is R™. Again, according to Lemma 4.5, the velocity
will remain equal to zero for all t > f. This means that
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sin alt,imp T
vt > £, UM _ U] < UT(t'mp)Mcos ,/?Tt
ay
« L imp imp m 2Kt
+Ut(t,_7)cos (a1t| ) /ZKTSI ( - f)

I-1 gin Ot]_ti-mp 2K

< Vor HMCOS ST
=1 o1 m

-1
Imp o &’\
+Hcos(oe1t ) sm(,/ - t),
1
<v0T( + 2'2T) (51)

Ve > 0, relation (44) is satisfied with n = (£/2)(a1+/2K7) /(v/2KT + a1/M). O

Theorem 5.4 All the equilibrium states in impending positive slip characterized by A =0and u = Kt/W
with a strictly negative reaction are unstable.

Proof We will now show that in the neighborhood of the equilibrium state in the impending positive slip process
(U4, R®), we can always find a perturbation Vot > 0 such that the dynamics leaves this neighborhood and
d|verges from the equilibrium. It results from Theorem 5.3 that the solution alwa s reaches the neighborhood
of the equilibrium state under grazing contact conditions Ua" = (0, Fy /W), R& = 0, that is,

Ve>0andn >0, 3|Vor| <n = |Us' —UT(t)| > ¢ (52)
and
U —ur)] <, (53)

where U2 is a finite distance from U9, Then (53) gives the result.

Let an equilibrium state in an impending slip process be perturbed by an infinitesimal positive tangential
velocity Vor. Since the velocity is constant during the positive slip, there exists a time t}*"™* > 0 such that
the particle reaches the vertex of the cone. The assumptions made here are then the same as those made in
Theorem 5.3 and as in step 2 of the proof of Theorem 5.3, i.e., the particle is no longer in contact and there

exists an impact time t,™ at which

sin(aat;™)
T

imp, N
Urty™) =V . W (54)

After the impact, the evolution depends on the sign of the tangential velocity Ut (Vor, t{mp(VOT)).
If Urt,"™) < 0, then the evolution is given by (20). Consequently, there exists f such that Ur(f) = 0,
Since the range of values of Ry at the equilibrium is R, there exists an equilibrium (Qeq, Req) satisfying

R() = R* . Consequently, according to Lemma 4.5, Ut(t) = 0 forall t > f.
Since” VOT is infinitesimal, we obtain

sin (“ltimp) 2Kt mpy [ M. [ 2K Ry
Vor —— 2 cos /=T )4 Voreos (ant™) [ ——sin{ /o1 )= N
or a1 m +Vor (al 1 ) 2Kt m W
sin (oaty™) 2KT rm (2K
imp T
—a cos{ ,/ ——f )+cos (oeltl ) 72KTSI f

20

vt > £, Ut —U7| =

> Vo1 (55)




Again as in step 2 of the proof of Theorem 5.3, we have

A sin (cnty™ [2Kr. - m [2Kr.
vt > f, |Ut(t) — UM < vor %cos ?Tt + cos (altimp) /msin ?Tt ,
1 [ m )
V, — — ).
< VoT (al + 2K+

. . . L . . _ ¢ a1J/2KT
There then exists > 0 such that the relation (52) is satisfied, for instance with n = 5 TR Lar

The proof is obtained in the same way if UT(timp) > 0. O

Theorem 5.5 Let A > 0, and let « be such that u > Ky/W if A=0and u € Rif A > 0. Then all the
equilibrium states are Lyapunov stable.

Proof Here we have to prove the following result:
Ve>0.3n() >0, [Voll <n = [U—U®] <e. (56)

Itis necessary to study perturbations with Vo1 < 0, Vo1 > 0, and Von < 0 separately. We give the extended
proof in the case Vo1 < 0.
After a perturbation Vo1 < 0, there exists an interval during which the motion induced is a negative slip.

\\U(?)

Let A > Oand u < K1/W. The negative slip phase can be followed by a positive slip phase. Consequently,
the mass can reach the vertex of the cone and no longer be in contact (cf. Corollary 4.1), but the existence of
this situation can be ruled out if Vot is small enough, that is, 3 n > 0, so that the slip stops before reaching the
vertex if Vot €] — 1, 0[.

Let us assume that the negative slip phase is followed by a positive slip phase. There exists a time f such
that Ut (f) = 0 with Ry(f) < 0.

During the negative slip phase, the evolution can be described by a bilateral problem with initial data

€q

E
UT(O) - W,

WN + Ut(0) = Vor <0, (57)

the solution of which is

A Ref [KT + W
Ur@) ={ —— N Ccos —t
T® (W(KT+MW)+W) ( m
m [K W F
+V0T/ sin T+u i +FT+,u N
Kt + W m Kt + uW
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There exists a time £ such that Ut (f) = 0, and there does not exist an equilibrium (Qeq, Req) with Req = R(®).

Consequently, the evolution continues with a positive slip phase, the initial data of which are

. - A Fn . _
Ut0) =UTt() < —m+w, Ut(©0) =0.

This positive slip phase is then

o Fr—uky [ KT —uW Fr—unkn
Ur(t) = {Ur(t) - — ) cos t ,
T(® (T() KT—MW) ( s )+KT—MW

and the sliding stops before the particle reaches the vertex of the cone if

- . F
3{ > fsuch that Ut(f) = 0 with Ut(f) < WN

Since we have

. Fr—puFy A Ry
Ur() < Ut +2— N 2 N
r® L —vy [W(KT W) T W

m Fr —uhn Fr—ukn
Kr+uW Ky —puW Kt — uW

condition (58) is satisfied if

v [KT + oW [ 2A . A ]
> - 3
or m W (KT — W)+ W(KT + W)

which explicitly gives the value of 7.

(58)

Now, let (U®9, R®) be an equilibrium and Vot an infinitesimal negative perturbation of this equilibrium.
For A > 0and u < Kt/W, we assume Ry} # —A/(Kt — 1W). After this perturbation, the mass slips in

the negative direction. According to Lemma 4.4, there exists a time f > 0 such that U (f) = 0, where U (f)
is the solution of a problem similar to (47). Since the perturbation is infinitesimal, there exists an equilibrium

(U®d, R®9) at time { such that Ry (f) = Ry
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We obtain

vt>f, U7 —Ur®)] = JUT? — Ur®)] = U7" — Ur(d)

FN Ry A Rep K W
NGB A RN e [ RTEAY
W W W(KT + W) W m
—m . [Kr+pW.\ F F
Vor | —™ i T+WM £)_ T+N N’
Kt + uW m Kt 4+ uW
A Ryl A Ref K W
A RN (A RN Yo R W
W (KT + W) W W (KT + W) W m
m . Kt 4+ uW .
—V —SINn —1),
TV KT + uW (V m )
m
< Vor.|]—.
TV K+ uW

Ve > 0, relation (56) is then satisfied with n = (¢/2)/(Kt + uW)/m for Vg1 < 0.

\eq

u

/N

We now assume that R\' = —g—2. for A > 0and < Ky/W. According to Lemma 4.4, there

exists a time f > 0 such that U(f) = 0, where U7 (f) is given by a problem similar to (47) and Rn(f) <
—A/(Kt — uW). At this time f, the assumptions adopted in Corollary 4.2 are satisfied. The particle slips
in the positive direction and there exists a time f >  such that Ut(f) = 0. Since the perturbation Vot is

infinitesimal, there exists (U**, R™) such that Ry (f) = RY.

Indeed,
N Fn — W
Rn(®) = WUT(E) — Fy = ~WUr(®) + 2w N =AW
Kt — uW
However,
- Fn A
Uur) < —— —————,
W W(KT —uW)
and then
A
R S —
n() > rE—Y
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Since Vot is infinitesimal, we have Ry (f) < —A/(KT + uW). The range of admissible values of Ry here is
[—( KT_AMW ), —( KTqu )]. According to Lemma 4.5, we obtain U (t) = 0 for all t > f. Consequently, Vt > f:

Ur" = Ut = |U7" = Ur®)] < Ut - Ur@
. Fr—uF [KT — uW
— UT(t)_T—'uN cos lf
Kt — uW m
Fr — ukn ( A A ) Kt + uW .
+— - + cos{ ,, ——t
Kt — uW W (Kt —uW) WKt + uW) m
. K W . F F
Vot Lsm [KT+ 1 i)_ T+ ukFN
V Kt + uW m Kt + uW
. Fr—uF — uF A A
<—(UT(t)— T MN)+FT MN_(_ N )
Kr — uW Kt —uW W(Kr —uW) = W(Kr + uW)
\/T Fr+ uFn
—Vor - ,
Kt +uW Ky +uW
Fr— uF Fr+ uF A A
B Sl VN S L T+“N—2(— + )
Kt —uW Kt + uW Kt +uW W (Kt —uW) WKt + pW)

ie, Vt>f JUD —UT(t)| < —2Vor |

Ve > 0, relation (56) is satisfied with n = /(K1 + uW)/m for Vg1 < 0.

For A=0and u > Kt/W or for A > 0and u > Kt/W, restrictions of Vgt are no longer necessary,
since in the case of negative slip, the reaction decreases. Consequently, since the range of the admissible values
of Ry is] — oo, —W], there exists an equilibrium when the velocity becomes zero and the solution is
reached thanks to Lemma 4.5.

For A > 0and u < Kt/W, relation (56) is satisfied for Vo1 €] — 7, O[, with n defined at the beginning
of step 1. The positive slip and negative slip phases can alternate according to Vot. Lemmas 4.5 and 4.6 and
Corollary 4.2 prove the existence of a time f such that the velocity is zero for all t > f.

The cases arising when a perturbation is induced by Vot > 0 or by Von < 0 could be treated in a very
similar way. O

Theorem 5.6 The equilibrium state in the impending positive slip process characterized by A < 0 and
w > K7/W is unstable.

This result was announced in 1990 in [5] and proved in [7] in 1995. In [7], Martins et al. obtained this result
thanks to the convergence of a viscous problem.
We outline below the steps in a new proof based only on the integration of the dynamics of problem (P).
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Proof We recall that for A < 0 and u > K7/W, there exist two equilibrium solutions: one in the case of
an impending positive slip process and the other in the case without contact. The impending slip solution
is unstable, and the trajectory resulting from any perturbation oscillates around the solution of the problem
without contact. Basically, the tools required to prove this instability result are the same as those used above.
The first step consists in showing that after an initial perturbation Vot > 0, there exists ti’e”ex such that
Ut (t/°") = Fn/W with Ut (ty™) > 0. In the second step, we establish that the evolution of the particle
includes a series of phases without contact and slip phases. Moreover, if t}’e”ex, j =1i,i+1are two consecu-

tive times such that the reaction reaches the vertex of the cone, we have Ut (t¢7) < Ut (£/*"*¥). The tools
used here are the same as those used above, and the solution of the motion without contact always depends
on the data. In the third step, it is established that, if ti"fltex is a time such that Ut (t/21%) = Fn/W, then

limi— 100 Ut (§727%) = 0.
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Evolution of the normal and tangential velocity after a perturbation Vot > 0

After an infinitesimal perturbation Vo1 > 0, the successive steps show that the particle passes through slip
phases followed by phases without contact, followed by further slip phases, and so on. As the result of the
decrease in the initial tangential velocity that occurs at each step and of the continuous dependence on the
data, the dynamics converges uniformly in any compact of [0, T toward the solution of the oscillator without
contact corresponding to a perturbation of the equilibrium without contact. This proves the instability. O

6 Conclusion

Here we studied the stability of the equilibrium states of a simple mechanical system involving unilateral
contact and Coulomb friction. Since the dynamical problem is well posed for analytical external forces, we
studied the stability using basic definitions of stability. The stability is studied here by directly integrating the
dynamics, which follows initial data in the neighborhood of the equilibrium. The calculations are sometimes
relatively long, but only quite simple tools are generally required. It is worth noting that the use of these simple
tools was possible because we previously obtained theoretical results on the dynamics in the analytical case.
The following three qualitative aspects of the stability properties were stressed after performing a numerical

study [3]:

— The equilibrium states in impending slip processes involving a strictly negative reaction can be either stable

or unstable.

— The only asymptotically stable equilibrium state is the equilibrium state in grazing contact when it is the
single equilibrium state. If the equilibrium in grazing contact coexists with other equilibrium states, it is a
Lyapunov stable state.

— All the equilibria in strictly stuck contact are Lyapunov stable.
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Lastly, if we look at the dynamics in the reactions space [3] (the { R, Rn}-plane), we can note that this concept
of stability does not seem to perfectly suit this type of problem. Some perturbations, however small they may
be, may require some large or tangential reaction jumps (from one side of the cone to the other), and small
perturbations of the external force may therefore not affect the equilibrium. It therefore seems to be worth
defining a new concept of stability focusing on perturbations of the equilibria induced by changes in the forces.
This new definition, which was briefly mentioned in [2], will be addressed in future studies.

Let us close this work by a comment about the choice of e = 0. As the paper deals with stability properties,
it is clear that any other choice of e € [0, 1] might have changed the results. But an analysis with e # 0 would
not be very different from the present one. The completely analytical part of the work could be performed in
exactly the same way. The other part, which uses estimates on the iterates of the NSCD algorithm of course
requires e = 0. But, as noticed at the beginning of the analysis, using only the same analytical tools as those of
the other part would be possible but certainly very tedious. The present analysis of a very simple textbook case
is in a sense nothing more than an example of how to deal with stability for this kind of nonsmooth system.

References

1. Ballard, P., Basseville, S.: Existence and uniqueness for dynamical unilateral contact with Coulomb friction: a model problem.
Math. Model. Numer. Anal. 39(1), 57-77 (2005)

2. Basseville, S.: Dynamique et stabilité d’un systéme discret en présence de contact et de frottement. PhD thesis, Université
d’Aix-Marseille 11 (2004)

3. Basseville, S., Léger, A., Pratt, E.: Investigation of the equilibrium states and of their stability for a simple model with unilateral
contact and coulomb friction. Arch. Appl. Mech. 73, 409-420 (2003)

4. Jean, M.: The non-smooth contact dynamics method. Comput. Methods Appl. Mech. Eng. 177, 235-257 (1999)

5. Klarbring, A.: Examples of non-uniqueness and non-existence of solutions to quasistatic contact problems with friction. Ing.
Arch. 60, 529-541 (1990)

6. Monterio Marques M.D.P.: Differential Inclusion in Nonsmooth Mechanical Problems. Shocks and Dry Friction. Birkh&user,
Basel (1993)

7. Martins, J. A. C., Simoes, F. M. F., Gastaldi, F., Monteiro Marques, M. D. P.: Dissipative graph solutions for 2 degree-of-free-
dom quasistatic frictional contact problem. Int. J. Eng. Sci. 33, 1959-1986 (1995)

26





