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Abstract: In this paper, variational techniques are used to analyze the dynamics of nonholo-
nomic mechanical systems with impacts. Implicit nonholonomic smooth Lagrangian and Hamil-
tonian systems are extended to a nonsmooth context appropriate for collisions. In particular, we
provide a variational formulation for implicit nonholonomic mechanical systems with collisions,
for those collisions that preserve energy and momentum at the impact. Lastly, the theoretical
results are illustrated by examining the example of a rolling disk hitting a wall.
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1. INTRODUCTION

A nonholonomic system is a mechanical system subject to
constraint functions which are, roughly speaking, functions
on the velocities that are not derivable from position
constraints (see Neimark and Fufaev (1972)). They arise,
for instance, in mechanical systems that have rolling
or certain types of sliding contact. There are multiple
applications in the context of wheeled motion, mobile
robotics and robotic manipulation.

A geometrical formulation for mechanical systems with
one-sided constraints was developed by Lacomba and
Tulczyjew (see Lacomba and Tulczyjew (1990)). Ibort et
al. studied the geometric aspects of Lagrangian systems
subject to impulsive and one-sided constraints (Ibort et al.
(1998)). This was extended to the Hamiltonian formalism
by Cortés and Vinogradov (2006).

Mechanical systems subject to collisions are confined
within a region of space with a boundary. Collision with
the boundary for elastic impacts activates a constraint on
the momentum and on the energy after and before the
collision. The problem of collisions has been extensively
treated in the literature since the early days of mechan-
ics (see, for example, Ibort et al. (1997) or Brogliato
(1999) and references therein for a comprenshive review).
More recently, much work has been done on the rigorous
mathematical foundation of impact problems (see Haddad
et al. (2006) and Westervelt et al. (2018)). Nonholonomic
systems subject to impacts or impulse effects have been
previously studied in Clark and Bloch (2019) and Colombo
et al. (2022).
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In mechanics, implicit Lagrangian and Hamiltonian sys-
tems appear in controlled mechanical systems. An im-
portant class of implicit mechanical systems studied in
Yoshimura and Marsden (2006b) are those with nonholo-
nomic constraints. The aim of this paper is to take one step
further and consider implicit mechanical systems subject
to nonholonomic constraints and elastic collisions, which
occurs when the nonholonomic system impacts the bound-
ary of the configuration space under some suitable condi-
tions. The goal of this paper is to provide a variational
formulation for nonholonomic implicit mechanical systems
with collisions. In particular, those collisions that preserve
energy and momentum at the impact.

The remainder of the paper is structured as follows.
Section 2 introduces nonholonomic systems from an ex-
plicit point of view via the Lagrange—d’Alembert principle
and from an implicit point of view via the Lagrange—
d’Alembert—Pontryagin principle. In Section 3 we define
the configuration space and the phase space with the
objective of introducing the action functional in Sec-
tion 4, where we derive variationally, via the Hamilton—
d’Alembert—Pontryagin principle, the equations of motion
for implicit nonholonomic Lagrangian systems subject to
elastic collisions. We extend the framework to the Hamil-
tonian side in Section 5, where we derive nonholonomic
implicit Hamiltonian systems subject to collisions from
a variational perspective. Finally, we study the vertical
rolling disk hitting a wall in Section 6.

2. NONHOLONOMIC SYSTEMS

Let @ be a smooth manifold with dim(Q) = n. Throughout
the text, TQ and T*Q will denote the tangent and the
cotangent bundles of @, respectively. Let U C @ be an
open set that trivializes the tangent bundle, i.e., there exits
a vector space V and an isomorphism of vector bundles
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TQly ~ U x V. In turn, this induces a trivialization of the
cotangent bundle: T*Q|y; ~ UxV*. For brevity, henceforth
we will denote U = Q.

A distribution Ag on @ is a vector subspace Ag(q) of
T,Q for each ¢ € Q. In addition, Ag is smooth if for
each ¢ € (@ there exist a neighborhood U C Q of ¢
and smooth vector fields Xy,..., X € X(U) such that
Ag(q) = span{Xi(q),...,Xx(q)} for each ¢ € U. The rank
of Ag at ¢ € @ is the dimension of the subspace Ag(q),
ie, 0: Q — R, o(q) = dimAg(qg). If p is a constant
function, then Ag is said to be regular.

A smooth regular codistribution Ag on Q is a (locally
trivial) vector subbundle of T#Q. Let Ag C TQ be a
distribution, the annihilator of Aq is the codistribution
defined as

AOQ(q) ={a e T;Q | a(v) = (a,v) =0, Vv € Ag(q)}
for every ¢ € Q.

From an intrinsic point of view, linear constraints on the
velocities of a mechanical system are defined by a regular
distribution Ag on Q.

Here we will restrict ourselves to the case of linear non-
holonomic constraints. In this case, the constraints are
given by a nonintegrable distribution Ag. In addition
to these constraints, we need to specify the dynamical
evolution of the system by fixing a Lagrangian function
L: TQ — R. The central concepts permitting the exten-
sion of mechanics from the Newtonian point of view to the
Lagrangian one are the notions of virtual displacements
and virtual work. These concepts were formulated in the
developments of mechanics and in their application to
statics. In nonholonomic dynamics, the procedure is given
by the Lagrange—d’Alembert principle:
t1
0 t L(q(t),4(t)) dt =0,
0

where ¢(t) € Ag(g(t)) and the variations satisty dq(t) €
Ag(g(t) and vanish at the endpoints. This principle allows
us to determine the set of possible values of the constraint
forces from the set Ag of admissible kinematic states
alone. The resulting equations of motion are known as the
nonholonomic Euler—Lagrange equations and are given by

d [(OL OL
HOR RS

An alternative approach consists of enlarging the phase
space from T'Q) to the Pontryagin bundle TQ & T*@Q, and
considering the Lagrange—d’Alembert—Pontryagin princi-
ple:

5 / C(Lla(t), v(8) + (p(t), (1) — v(0))) dt = 0,

where v(t) € Ag(q(t)) and the variations (d¢(t), 0v(t), op(t))
are such that dq(t) € Ag(q(t)) and vanish at the end-
points. Then dynical equations for a stationary curve
(q(t),v(t),p(t)) yield the so-called implicit Lagrange—
d’Alembert equations on TQ & T*Q (see Yoshimura and
Marsden (2006b)):
o
b= o’

. 0L
p— —

A% (q).
9q € A% (q)

q=v € Aqg(q),

The forthcoming sections contain the main results of the
paper and are devoted to generalize this latter situation
to account for implicit nonholonomic systems undergoing
elastic collisions. We also consider the Hamiltonian coun-
terpart.

3. CONFIGURATION SPACE AND PHASE SPACE

Let @ be a smooth manifold with boundary, denoted by
0Q, L : TQ — R be a (possibly degenerate) Lagrangian,
and Ag C TQ be a (possibly nonholonomic) constraint
distribution. According to Section 2, the annihilator of Ag
is denoted by Ag) C T"@Q.

Given [19,71] C R and 7 € [r9, 71], the path space with a
unique collision (at 7 = 7) is defined as Q(Q,7) = T X
Q(7), where

T = {ar € C®([r0,71]) | &p(7) >0, 7 € [10,71]}
and
Q(7) = {aq € C%([, 1], Q) | aq(7) € 9Q, (1)
aq is piecewise C? and has only one singularity at %}.

We only consider one singularity at 7 = 7 for brevity, but
similar results hold for a finite amount of singularities,
{’7’1 ‘ 1 SZSN} C [7’0,7’1].

Remark 1. Systems with collisions are a particular in-
stance of hybrid systems. For systems with elastic impacts,
the guard is given by S = {v, € T,Q | ¢ € 0Q, g(vg,nq) >
0}, where ¢ is a Riemannian metric on @ and n is the
outward-pointing, unit, normal vector field on the bound-
ary. Similarly, the reset map is given by R(v,) = vy — vql,
where v} = g(vg,nq) ng and vy = vy — vy € T,0Q. Recall
that hybrid systems may experience Zeno behaviour if
a trajectory undergoes infinitely many impacts in finite
time. In order to avoid this situation, we ask the system to
satisfy two conditions (cf. (Goodman and Colombo, 2020,
Remark 2.1)):

(i) SNR(S) = 0, where R(S) is the closure of R(S) C TQ.
This condition is clearly satisfied in our case. Indeed, for
cach v, € S we have v # 0 and, thus, | R(vg) —

vg llg= 2 || vy llg> 0, being || - ||y the norm induced
by the metric g.

(74) The set of collision times is closed and discrete. This
condition, which depends on the topology of the configu-
ration manifold, prevents the existence of an accumulation
point and will be assumed in the following.

Under these assumptions, our development is valid in a
neighborhood of each collision. Therefore, we can assume
that the colission takes place in the interior of the interval,
ie, T € (T()/Tl)‘

Lemma 1. (Fetecau et al., 2003, Corollary 2.3) Q(Q,7) =
T x Q(7) is a smooth manifold.

Remark 2. Given ar € T, we denote [to, t1] = ar([10, T1])
and, in order to distinguish between 7-derivatives and
t-derivatives, we use different symbols; namely, of =
dar/dr and 67" = dag'/dt, where ag.t : [to, t1] — [10,71]
is the inverse of ar. Analogously, we denote = ap (7).

The tangent space of Q(7) at ag € Q(7) is given by
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Tug Q) = {Vaq € C°Ir0, 7], TQ) | (2)

aQ = TTQ O Vags Vag (7:) S TQQ(.,:)aQ,

Vag 18 piecewise C' and has only one singularity at %},
where mrg : TQ) — @ is the natural projection. In order
to incorporate the constraint distribution, we define the
following subspace at each ag € Q(7),

Aoy (aQ) = {vaq € Tug QF) | vag : [10,71] = Mg}
As usual, we denote TQ(7) = UaQeQ(%) To,Q(7) and
Ag#) = Uagear) Ao (aq)-

Let
bay is linear and continuous}

be the topological dual of T,,Q(7). Since Q(7) is an
infinite dimensional manifold, its topological cotangent
bundle is too large to formulate mechanics. For that
reason, we will restrict ourselves to an appropriate vector
subbundle; namely, for each ag € Q(7) we define

T}, QT) = {7ag € C%([10, 1], T*Q) | (3)

QQ =TT+*Q © Mag, Mag (7:) S T;Q(T)GQ,

Tag 18 Piecewise C*' and has only one singularity at 7:},
where g @ T*Q — @ is the natural projection. By
construction, the image of the Legendre transform of the
Lagrangian lie in this space, i.e., FL o vy, € T*Q(7) for
each vy, € Th,Q(7), where FL : TQ — T*Q is the
Legendre transform of L. Nevertheless, in general

{FLova, | Vay € Tay Q(F)} C 15, 9(7),
as the Lagrangian is possibly degenerate.
Lemma 2. For each ag € Q(7), the vector space T;; ) Q(7)
is a vector subspace of the topological dual of T,,, Q(7) by
means of the following L2-dual pairing:
T1
(Tag s Vag) = / Tago (T) * Vag (T) dT,
To
where - represents the pairing between T*Q and TQ.
Furthermore, this pairing is nondegenerate.

As a straightforward consequence of the previous lemma,
the vector bundle

Q) = || Ti,Q7) = QF), g aq,
aQ€eQ(F)
is a vector subbundle of the topological cotangent bundle

of Q(7).

In the same vein, for each vy, € To,Q(7) and 7y, €
17, Q(7), the iterated bundles are given by

Ty (TQ(F)) = {Vaq € C*([70, 1], T(TQ)) |

Vag = T(TQ) © Wag, Wag(T) € Tyogy (5) (T@Q)},

where mprqy @ T(TQ) — TQ is the natural projection,
and

Tr (T Q7)) = {07aq € C(70, 7], T(T°Q)) |

Tag = T1(T-Q) © OTags 0Tag(F) € Tr, () (T70Q) },

where mp(p-g) : T(T*Q) — T*Q is the natural projection.
In particular, we consider the constrained iterated bundle,

Aro)(Vag) = {aq € Ty (TQ() | (1)
dmrg © 6Vag, € C%([10,m1),A0)} -

4. NONHOLONOMIC IMPLICIT LAGRANGIAN
MECHANICS WITH COLLISIONS

Given a path o = (ar, ag) € Q(Q,7), the associated curve
is defined as

da : [to, 1] = Q, t+ ga(t) = (ago a;l) (t). (5)
Similarly, given va, € Ta,Q(7) and 7, € Ty, ,Q(7), we
set

Vo : [to,t1] > TQ, t+ va(t) = (Vag 0 ag') (t),

Dot [to,t1] = TFQ, t > pa(t) = (Tag 0 az’) (B).
It is clear that mrg o0 v = T7+Q © Pa = ¢a-
By regarding Q(Q, 7) as a trivial vector bundle over Q(7)
with the projection onto the second factor, the Lagrange—
d’Alembert—Pontryagin action functional,

S:QQ,7) xox) (TQ(T) ® T*Q(7)) — R,

where X g(7) denotes the fibered product over Q(7), is
defined as

S (0, Vags oy ) = / (L(0a(t)) + Palt) - (da(t) — va(t))) dt

to

= [ (L 00a) + e (22D ) )
I (&0

The equality between the first and the second expressions
can be easily checked by considering the change of variable
t = ar(7r). By recalling that the energy of the system,
E:TQa&T*Q — R, is given by

E(vg,pq) = pq - Vg — L(vg),  (vg:pq) ETQOT*Q, (6)
the action functional may be rewritten as

S (s Vg Tag) = / " Polt) - da(t) — E(va(t), pa(t)) dt

m ag(T)
Q /
= e’ : -F a y Ty dr.
/TO (ﬂ' o (T) o (7) (I/ ol(T),m Q(T))> arp(T)dr
Definition 1. (Hamilton—d’Alembert—Pontryagin principle).
A path
c= ((OZT, OZQ), Vags 7TO¢Q) € Q(Q7 7:) X Q(7) (AQ(?) @ T*Q(%))

is stationary (or critical) for the action functional S if it
satisfies

dS(c)(dc) =0,
for every variation dc = ((5aT,5aQ),§VaQ,57raQ) €
ToUQ,T) X Argz)(Vag) X TMQ(T*Q(%)) such that
dar (1) = dap(m) =0, dag(m) = dag(m) = 0 and
dnrQ © Ve, = dTr+Q © 0oy = 00Q. (7)
Theorem 1. A (local) curve
(O, Vag, Tag) =

(ar, aq, v, mq) € UQ,T) Xo) (Do) & T Q(T))
is critical for the action functional S if and only if it satisfies
the implicit Fuler—Lagrange equations,

oL )
71—22 - O/Taiq@yQ’VQ) € AQ(O‘Q)v EI(O‘Q?VQJTQ) =0,

oL ag
WQ:%(O‘QWQ)’ vg =~ € Aglag),
T
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on [79,7) U (7,71], together with the conditions for the
elastic impact,

WQ(%+) - 71—Q(’T—_) c (TaQ M AQ)O — (TaQ)O + AO ,
B(ag(F). 7g(77). mg(F7)) = Elag(+). vo(7*). mg(+*).
where the annihilitaros are with respect to T'Q.

Proof: Let TQ ~ @ x V be a trivialization of the tangent
bundle of @, and consider the induced trivializations of
the cotangent bundle of @, T"Q ~ Q x V*, as well as
of the iterated bundles T(TQ) ~ Q@ x V x V x V and
T(T*Q) ~ Q x V* x V x V*. Locally, we may write
o = (ar,aq,ap,ap), Vag = (aq,vq) and Ta, =
(ag,mq) for some ag,vq [10,71] — V and mg
[10,71] = V*. Moreover, the variations locally read do ~
(ar,aq,dar,daq), e, =~ (aq,vq, Bq,vg) and 07, ~
(g, mq,vg,0mq) for some dag, Bg,vq,dvo : [10,71] —
V, dmg : [r0,71] — V*. In fact, equation (7) ensures
that dag = Bg = 7g. Moreover, by locally regarding
Aq(q) C V for each ¢ € Q, the conditions v,, € Ags)
and 6va, € Arg#)(Vay) Tead vg(1) € Ag(ag(r)) and
dag(r) € Aglag(r)) for each 7 € [79,71], respectively.
At last, the condition dvy,, (7) € Tyogy (5) (TOQ) yields the
local condition dag(7) € W, where W C V is a subspace
of co-dimension one such that T0Q ~ 9Q x W.

As a result, the variation of the action functional reads
dS(a, Vag, Tag) (5@,6VQQ,67TQQ) ~
dS(ar, ag,vg, 7o) (dar, dag, dvg, dmg) =

/Tl oL oL
o \0gq

g
e (P99 _ 00T
TQ / I \2
@ (a7)

5 l/@) > o dr
T1 a/
—l—/ (L +7g - (,Q - VQ>> dalp dr,
To Qp
where the Lagrangian, as well as its partial derivatives, are
evaluated at (ag,vq). After splitting the integration do-
main, [7o, 1] — {7} = [70,7) U (7, 71], as well as integrating
by parts on each sub-interval, we may rewrite the previous
expression as

50[@ +

~

dS(, Vag s Tag ) (5@,5VQQ,5WQQ)

T , OL

(s
, (OL

+arp (81} -

i , OL

[ (5

L
+ar (gv - 7TQ> -ovg +omg - (ag — a'TVQ)) dr

T=T"

— 7T/Q> . (50[@ - %(L —TQ Z/Q)(stT
7TQ> -ovg +omg - (ag — O/TVQ)> dr

- 7'('22) Sdag — %(L — g - vg)dar

+ [ﬂ'Q “dag + (L —mg - I/Q)éOtTi|
T=T0

+ [71’@ . 5&@ + (L —TQ - I/Q)(SOZT] L
Since the previous expression vanishes for free variations
(e, 6vg,0mg) such that dag € Ag(ag), dar(n) =
dar(m) = 0 and dag(m) = dag(m) = 0, we obtain the
desired equations and impact conditions. O
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By using the change of variable ¢ = ar(7), we have
do = ag/ag and po = T /ap. Then, the implicit Euler—
Lagrange equations for a (local) curve

(VasPa) = (G, v, p) : [to, 1] = TQST™Q
take the form

~

. oL .
pfaiq((hmv) GAQ(QQ)a E(QOmvvp):O,

oL
p= %(qomv)v

(8)

V=(q € AQ(Q@)7

on [tg,t) U (,1]. Similarly, the conditions for the elastic
impact read

p(tT) —p(t7) € (TOQ N AQ)° = (TIQ)° + AY, (9)

E(ga (£7),0 ()2 (F) = B(aa (F7) 0 () 2 (7))

0 () = da (%) € Ag. (10)

Energy balance: It may be shown that the conservation
of the energy along the solutions, E(g.,v,p) = 0, is
redundant, as it may be obtained from the remaining
equations.

For unconstrained systems, i.e., Ag = T'Q), the Hamilton—
d’Alembert—Pontryagin principle reduces to the Hamilton—
Pontryagin principle, and the implicit Euler—Lagrange
equations of motion read as

0L

. oL
p= 67(1((104»11)7

p:%(QmU)» v:(ja~

5. NONHOLONOMIC IMPLICIT HAMILTONIAN
MECHANICS WITH COLLISIONS

The results in the previous section may be obtained in
the Hamiltonian side as well. Namely, given a (possibly
degenerate) Hamiltonian, H : T*Q — R, the Hamilton—
d’Alembert—Pontryagin action functional,

6 QQ,T) xgr) T"QAT) = R,
is defined as

S (a,ag) = /t:l (pa(t) - Go(t) — H(pa(t))) dt
- / | (% (0 oy~ H (e (T))) ol (r) dr.

Recall that from this point of view the energy of the system
is simply given by the Hamiltonian.

ag(7)

Definition 2. (Variational principle in the phase space). A
path

¢ = ((ar,aq),may) € UQ,T) X o) T Q(7)
such that ag € Ag(z)(aq) is stationary (or critical) for
the action functional & if it satisfies d&(c)(dc) = 0 for
every variation dc = ((dar,d0q),0Ta,) € TaUQ,T) X
TWQQ (T*Q(7)) such that dar(rg) = dar(m) 0,

dag(mo) = dag(m) =0 and

dTr+qQ 0 0Ta, = dag € Ags)(aq). (11)
Theorem 2. A (local) curve

(@, 7o) ~ (ar, 0, mq) € UQ,T) X o) T"Q(7)
such that ap € Ags(aq) is critical for the action

functional & if and only if it satisfies the implicit Hamilton
equations,
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OH

7T/Q+0‘/T87Q(O‘Q77TQ) € Aylag),  H'(ag,mq) =0,

ag  OH

Q

— = —(ag, ) € Aglag),

o ap (2@ @) € Aqlaq)
on [79,7) U (7,71], together with the conditions for the
elastic impact,

{ mQ(FT) — m(FT) € (TOQ N Ag)° = (TIQ)° + AP,
H(ag(77),mq(77)) = H(ag (), mq(71)).

Proof: Let TQ ~ @ x V be a trivialization of the tangent
bundle of @, and consider the induced trivializations of the
cotangent bundle of Q, T*Q ~ @Q x V*, as well as of the
iterated bundle T'(T*Q) ~ Q x V* x V x V*. Locally, we
may write o’ ~ (ar,aq, ar, ag) and ma, =~ (g, mq) for
some ag, : [19,71] = V and 7q : [19,71] — V*. Moreover,
the variations locally read da ~ (ar,aq,dar,dag) and
0Tag =~ (@, 7,7, 0mq) for some daq,vq : [10, 7] = V
and 07 : [10, 1] — V*. In fact, equation (11) ensures that
dag = 79 € Ag(ag). Moreover, we have dag(7) € W,
where W C V is a subspace of co-dimension one such that
T0Q ~0Q x W.

As a result, the variation of the action functional reads
dS(a, Tay,) (6cv, 6ma,,) ~
dS(ar,ag,mg)(dar, dag,dmg) =

™ 5 ag dag  agdar
7TQ'aierWQ' ol ()2
7o T T T

OH OH
T1 a/
+/ <7TQ«,QH>5o/TdT,
To Qp

where the Hamiltonian, as well as its partial derivatives,
are evaluated at (ag,mg). After splitting the integration
domain, [19, 71| — {7} = [r0,7) U (7, 1], as well as inte-
grating by parts on each sub-interval, we may rewrite the
previous expression as

d&(a, Tay ) (6a757raQ) ~
g H
( (—71"Q - O/T88q> -dag + H'dar

/.
OH
+0mg - <ab - O/T8p> ) dr
T OH

oH
+om '<o/ — o >)d’r
Q Q T ap

T=T" T=T1

+ {WQ-(SOZQ — Héar .

=7+

+ [’/TQ Sdog — HdaT]

T=T0
Since the previous expression vanishes for free variations
(0ax, 6mg) such that dag € Ag(ag), dar () = dar(m) =
0 and dag(1y) = dag(m) = 0, we obtain the desired
equations and impact conditions. O

As for the Lagrangian equations, by means of the change
of variable ¢ = ap(7), the implicit Hamilton equations for
a (local) curve

Pa = (QOmp) : [t07t1] — T*Q

take the form

oOH
) a sy AO )y
P+, (4asp) € AG(ga)

. OH
o = Tp(qa,p) € Ag(qa)s

H(ga,p) =0,

on [to, f) U (t~, tl]. Similarly, the conditions for the elastic
impact read

p (") —p(7) € (TIQ N Ag)® = (TIQ)° + A,
H(qa (17),0(f7)) = H (¢a (t7) .0 (1))
4o (i) € Ag.

Energy balance: It may be shown that the conservation
of the energy along the solutions, H(q.,p) = 0, is redun-
dant, as it may be obtained from the remaining equations.

For unconstrained systems, i.e., Ag = T'Q), the Hamilton—-
d’Alembert—Pontryagin principle in the phase space re-
duces to the Hamilton—Pontryagin principle in the phase
space, and the implicit Hamilton equations of motion read

as
OH

Ll ) OH
b= e 4o, D),

o = afp(qa,p)

Hyperregular Lagrangians: When L TQ — R
is a hyperregular Lagrangian, i.e., when the Legendre
transform FL : TQ — T*(Q defines an isomorphism,
then both the Lagrangian and the Hamiltonian approaches
are equivalent. Namely, the Lagrangian L induces the
Hamiltomian H : T*@Q — R given by

H(pq) =K ((FL)il(pq)apq) , Pg € T*Q~
By recalling the local expression of the Legendre trans-
form,

FL(q,v) = (q, gi(q,v)> ;

it is easy to check that the implicit Euler-Lagrange equa-
tions together with the conditions for the elastic impact
hold for a (local) curve (vq, pa) : [to, t1] = TQST*Q if and
only if p, = FL(v,) and the implicit Hamilton equations
together with the conditions for the elastic impact hold for
the (local) curve po =FL(v,) : [to, tq] = T*Q.

6. ROLLING DISK HITTING A WALL

Let us consider a disk rolling without slipping, as in
(Yoshimura and Marsden, 2006a, Section 7.1). However,
here we assume that there is a wall that the disk may hit
(see Anahory Simoes and Colombo (2023)). The configu-
ration space is thus given by

Q= {(z,y,0,0) € R? x S! x S | y + Rsinp < 10},

where (x,y) denotes the contact point of the disk with the
ground, 6 denotes the angle of rotation and ¢ denotes the
heading angle of the disk with respect to the z-axis. The
Lagrangian L : TQ — R is given by

1 1
L(x,y,0,p; 05,0y, 09,0,) = 3m (vf + U,j)—|—§ (Ivg + Jv?p)

where m,I,J € R are the mass and the moments
of inertia of the disk, respectively. For each (vg,p,) =

(@, Y, 0, 93V, Uy, Vo, Vi Py Py, Do, Pp) € TQ & T7Q, the
energy reads
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E(Uqapq) =Dz Vg + Dy Uy + Do Vg + Dy Vo

1 1
—§m(v£+v§)—§(lvg+Jvi).

Non-holonomic constraint: The non-slipping condition
reads v, = Rwvg cos @, vy = Rvgsing, where R € RT is the
radius of the disk, thus yielding following non-holonomic
constraint:

Ag = span{dy + Rcos¢ 0, + Rsing 0,,0,}.
The annihilator is easily seen to be
A = span{dr — Rcos ¢ df,dy — Rsin p df}.

On the other hand, the boundary of the configuration
manifold is given by

0Q = {(z,9,0,p) € R? x S x S' | y + Rsinp = 10},
whose tangent bundle reads
T0Q = span{0,, 09,0, — Rcos ¢ 0y }.
Therefore, its annihilator reads
(TOQ)° = span{dy + Rcos ¢ dp}.

Dynamical equations: The implicit Euler—Lagrange
equations with collisions for a curve

(fE, Y, 97 ©; Vg, Uy, Vg, Utp;pm»pyvpﬂvptp) : [to, tl} — TQ@T*Q
given in (8) read

Rp,cosp+ Rp,sing + pg =0, Do =0,

v, = Rvg cos p, vy = Ruvgsin g,
Pz = M Vg, Dy = T Uy,
pQ—I.'U97 ptp:t]'l)@,

Vg =T, Uy:y»

vg =0 Vy, = @,

on [to,tl] — {1?}

Conditions for the impact: The impact condition at
t =t given in (9) reads

pi—py =X\,
Py —py = A0+ N7,
p%—p; = —A Rcosp — \? Rsin o,

where we denote pf = p, (t7), etc., and X\°, A1, A% € R
are the Lagrange multipliers. Similarly, the condition (10)
reads

vj =M Rcos g, v(j =\3,

U; = X3 Rsin o, v;f =)\
where v = v, (f*), etc., and A3, \* € R are the Lagrange
multipliers.

For instance, when the disk hits the wall orthogonally,
i.e., when ¢ (ﬂ = 7/2, the only admissible solution of the
impact equations is

Py =p, =0, p)=-p,, py=

—py, Dy =D,
For future work, we will consider other examples with
degenerate Lagrangian, such as LC circuits.
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