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ner. This is accomplished by using a recently developed modeling paradigm, which is
encapsulated in a systematic general three-step procedure. The first step develops the
equations of motion of the so-called unconstrained system in which the sphere is decou-
pled from the surface on which it moves. The novelty in this paper is the inclusion of a
zero-mass particle and its associated coordinates in the unconstrained description of the
system, whose equations of are trivial to write down since it is assumed that all the coor-

Keywords:
Rolling sphere
Arbitrarily prescribed moving surface

Redundant coordinates dinates are independent of one another. However, this leads to a singular mass matrix. The
Constraints second step involves the statement of the constraints that (a) cause the sphere to roll on
Zero-mass particle the surface without slip, (b) cause the zero-mass particle to bind to the surface and to
Fundamental equation of motion become the point of contact between the sphere and the surface, and (c) ensure that the

quaternion describing the rotational motion of the sphere is a unit quaternion. The third
step involves the direct application of the Udwadia-Phohomsiri equation that generates
the equations of motion for the system. Simulations of the motion of a sphere rolling on
a moving parabolic surface are shown illustrating the ease and efficacy with which both
the formulation and the numerical results can be obtained.

The systematic modeling procedure used here to study the dynamics of the rolling
sphere along with the use of a zero-mass particle opens up new ways for modeling and
simulating the dynamical behavior of complex multi-body systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The dynamics of a rigid ball rolling under gravity without slipping on a surface is one of the classical problems of mechan-
ics in which the non-holonomic constraints play an important role, and in which the standard Lagrangian formalism in dif-
ficult to apply to readily simulate the dynamical behavior.

One of the first contributions to this problem was published by Lindelof [1], in which it seemed that the author had com-
pletely solved the problem. Some years later, Chaplygin analyzed Lindel6f's paper and found an error. He carried out an
investigation of the problem of the motion of a heavy body of revolution on a surface for a number of particular cases
[2,3]. In this work Chaplygin derives the integrals of motion of the system. Despite these contributions by Chaplygin, the
motion of a ball was practically unstudied until Kilin [4], derived the equations of the motion for a sphere on a plane in
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an inertial frame thereby studying the trajectories of the point of contact between the sphere and the plane. Borisov and
Mamaev [5] extend this to a rigid body rolling on a plane and a sphere.

The present article presents a general formulation for obtaining the equations of motion (in an inertial frame) for a rigid
sphere rolling on an arbitrarily prescribed moving surface, without slipping. The formulation allows the equations of motion
to be easily and efficaciously determined by employing a new way in which the system is modeled. The aim is to develop a
formulation that simplifies the modeling effort, while yielding accurate simulations of the dynamics.

The key idea underlying this new approach is the use of a suitable unconstrained system, which then is constrained
appropriately to yield the system of interest—in this case, the sphere rolling on a moving surface without slipping. To accom-
plish this we use the approach of considering a particle of zero mass in our description of the unconstrained system.

We therefore begin with an unconstrained rigid sphere moving in an inertial coordinate frame under the force of gravity,
and use an additional zero-mass particle, thereby enrolling more than the minimum number of coordinates needed to spec-
ify the configuration of the system [6]. Furthermore, in order to express the rotation of the sphere without encountering sin-
gularities in our formulation, we use quaternions, thereby increasing the number of coordinates used to describe the system
even further. The equations of motion for this unconstrained system are indeed trivial to write down. The zero-mass particle
is specifically included in our unconstrained system because it simplifies the derivation of the constraints. These constraints
are applied to our unconstrained system so that: (1) the sphere rolls without slipping on the given, moving surface; (2) the
zero-mass particle at each instant of time is fixed to the point of contact between the sphere and the surface, so that its mo-
tion in time represents the path traced out on the surface by the moving sphere; and, (3) the quaternion four-component
column vector represents a physical rotation, and therefore has unit norm. Having described the unconstrained system
(in which all the coordinates are considered independent) as above, and the appropriate constraints, the last step in the mod-
eling procedure is the use of the Udwadia-Phohomsiri fundamental equation [7-9] which yields the required equations of
motion of the constrained system.

The facility with which these equations are obtained is notable since one has only to provide the equations of motion of
the unconstrained system and the constraints. The fundamental equation then automatically generates the correct equations
of motion. Several numerical simulations are presented. They show that, despite the simplicity of the chosen geometries, the
trajectories of the sphere have interesting non-trivial behavior, which depends in a complex manner on the motion of the
surface on which it rolls.

2. The model

Consider an inertial frame of reference Oxyz in which a rigid and homogeneous sphere of radius R and mass m (with cen-
ter of mass is at C) moves on an arbitrarily prescribed surface (see Fig. 1). The coordinates of C in this inertial frame are
(X, Yo zc), and the surface I on which the sphere moves is described by the equation f(x, y, z, t) = 0, where the function f
is assumed to be a ? function of it arguments. We shall also assume that the sphere and the surface are in contact only
at one point W with coordinates (¢, , {), and that the sphere rolls on the surface without slip. Gravity is acting in the negative
Z-direction, as shown.
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Fig. 1. Rigid sphere of radius R rolling without slipping on the moving surface I".
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We deduce the equation of the motion of the sphere on an arbitrarily prescribed surface I' in a simple, three-step
fashion [6] .

e Step 1: We write the equations of the motion of the unconstrained sphere, free to move under gravity in three-dimen-
sional space and unconstrained by the presence of the surface I'; we add to this a zero-mass particle and assume that
all the coordinates describing this system are independent of one another. We call this the unconstrained system, and
obtain its equations of motion.

e Step2: We impose on this unconstrained system appropriate constraints that bind the zero-mass particle to the surface I".
Furthermore, we suitably constrain its coordinates so that it lies at the point of contact W between the sphere (that rolls
without slipping on I") and the moving surface.

e Step 3: Using the equations of motion of the unconstrained system (obtained in the first step) and the constraints
(obtained in the second step) we generate the equations of motion of the constrained system, which then gives the
required dynamical description of the sphere rolling on the arbitrarily prescribed moving surface I'. We do this by using
the general Udwadia-Phohomsiri equations of motion that are applicable to systems with singular mass matrices. Appli-
cation of these equations generate the explicit equations of motion of the constrained system. In what follows we take up
each of these three steps.

2.1. Unconstrained system

We begin by decoupling the sphere from its supporting surface. Description of the configuration of the sphere requires six
coordinates, three coordinates to describe the location of its center of mass C, and three to describe the orientation of the
sphere. In order to avert singularities caused by the use of Euler angles, we use quaternions, thereby adding one additional
redundant coordinate for the description of the orientation of the sphere. The orientation of the sphere is then defined by the
unit quaternion u = [ug, Uy, Uz, u3]” =[ cos (0/2), e sin (0/2)] where e(t) is a unit vector, which represents the instantaneous
axis of rotation, defined in the inertial frame and 6(t) is the proper rotation about this vector.

To these seven coordinates that describe the configuration of the unconstrained system we add three additional coordi-
nates—the coordinates of a point W which at present may be thought of as a particle of zero mass located at some point
(& n, {) which is detached from both the sphere and the surface I'. Later on, we shall attach the point W to the location where
the sphere meets the surface, so that the point W will lie at each instant of time on the path traced out on the surface I
by the sphere as it rolls over I'. Thus the generic configuration of the system is described by a set of ten variables that
are: the three coordinates (Xc, yc, zc) of the center of mass of the sphere C (in the inertial frame Oxyz, see Fig. 1); the three
coordinates (¢, 1, {) of the detached zero-mass point W; and the four components (uo, 1, Uy, u3) of the unit quaternion u that
describe the orientation of the sphere. We shall denote this ten-component vector of generalized coordinates by q =
[xc Yo za &, ¢, ug, Uy, Uy, us]". Moreover, we shall assume, to begin with, that all these coordinates are independent of
one another, though we well know that the four components of the unit quaternion cannot be independently assigned.
We designate the system so obtained as our unconstrained system [8,10].

Since we have assumed that the sphere is not in contact with the moving surface, it is trivial to write the equations of
motion of this sphere-particle system.

The kinetic energy of the sphere can be written as

T=Tr+Tg (1)
where Tr and Ty are the translational energy and the rotational kinetic energy of the sphere respectively. They can be ex-
pressed as

1, .
Tr = 5 m(X¢ + ¢ +2) (2)
and
Tr = 2u"E'JEu 3)

where J is the diagonal matrix ] = diag(1,],,J,,J5) and J; =J> = J5 =] are the moments of inertia [11]. The matrix E in (3) is an
orthogonal matrix defined as:
Ug uq 1153 Us
—U; Uy U3 -—U
E— 1 0 3 2 — o (4)
—Up; U3 Up Uq
E;
—Us Uy —U Ug
and the three-components of angular velocity of the sphere in the sphere-fixed frame of reference are given by the column
vector @’ = 2E,u. The lower 3 by 4 matrix on the left hand side of the ‘:=" sign is denoted in (4) by E;. The potential energy of
the sphere is
V =mgz (3)
Assuming that each of the coordinates describing the configuration of the system is independent of the others, we can then
write Lagrange’s equation
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d /oL oL
for the sphere where the Lagrangian L=T — V.

The resulting unconstrained equations of the motion for the multi-body system comprising the sphere and the zero-mass
particle can now be written in matrix form as

M][q] = Q] (7)
The 10 by 10 matrix M has a block diagonal form and is given by
[M1]3><3 O
[M] = [O]3><3 (8)
0 [M2] 4,4
where
[M;] = mlI] 9)
and [11],
4(ud +J(u2 +ud +u3)) —4(] — 1)upuy —4(] — 1uopu, —4(] — 1)upus
M) — ~4(] — 1upuy 4013 + J(uF + 13 + 13)) ~4(] - 1uyu ~4(] - Tuus 10)
2 —4(] — 1uglty —4() — Duuy 42 + J (2 + 12 + u2)) —4(J — 1)U
—4(] — 1)upus —4(] — Nujus —4(] — 1uus 4(u? +J(ud +u? +ud))
Table 1
Parameters used in simulation for the various Cases Ia-Illd shown in the leftmost column.
4 | A, | A, Q, [rad/s] Q, [rad/s] | €;[rad/s]
la T
Ib 15m
Ic 0.1 0 31 0
Id 6T
ITa T
b 151
Ilc 0.1 31 0
Id 6T
e m
b 151
1l ¢ 01 31
111 d 6T

Fig. 2. Shape of parabolic surface I' that oscillates in the x-, y- and z-direction.
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The 3 by 3 zero mass matrix along the diagonal in Eq. (8) corresponds to the motion of the zero-mass particle that we had
added to our vector of generalized coordinates. This particle is, up to this point in our development, thought of as being de-
tached from both the sphere and the surface I". We note that its inclusion in our description of the unconstrained motion of
the dynamical system leads to a mass matrix M that is singular.

The applied generalized force vector Q is:

—4u, u% — SJ(UOL.[() + uZﬂz + U3il3

i +8(J—

741101.1(2) — 8](”1 1.11 + szlz + Ll3ll3 UO + 8(] —
8

—4u, 12 — 8J(ugllp + Uslly + Uslls
_—4U3u% — SJ(Uoilo =+ ull:h —+ uZilz il3 + 8(] —

)
)
)iz +8(J -
)

(@2 + U3 + 13)uo
YU+ U5 + U3
V(U3 + U2+ U3)u,
) (U + U + U3)u3 |

1
2
1
2
1
2
1
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Eq. (7) yields the unconstrained equations of motion of the sphere. We note that the zero-mass particle has no force applied
to it, and so the corresponding three elements of the vector Q in (11) are zero. In the next section we will describe the con-
straints necessary to be imposed so that this particle lies on the surface and becomes the point of contact between the sphere
and the surface, as the sphere rolls. Also, the four components of the quaternion u have been assumed to be independent of
one another. Constraints ensuring that the quaternion represents a physical rotation will be given in the next section, and
will be enforced in the one that follows it.

2.2. Constraints
In this sub-section we formulate the constraint equations that connect the dependent coordinates (and their derivatives)
that are the elements of the vector g so that the constrained system constitutes the sphere rolling on the surface I without

slipping.

(1) Since the quaternion u must be a unit quaternion in order to represent a physical rotation, we require that

hi(q,q,t) =u'u—1=ug+ud +ul+ui-1. (12)
0.25 0.25
02 { 0.2
D15 ~— D15 P r—v
- el
\/ aﬁéﬁs&’ :“.3!
0.1 0.1
0.05 0.05
0 0
0 01 0.2
X
0.05,
0
>
0.05
01
0 0.1 0.2
X
10 11
46 15
10
2
o €s
= c
o °
® @
22 3
t — 80
-4
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-0
1 2 3 4 0 1 2 3 4

-
-

Fig. 4. Dynamical behavior and errors in satisfaction of the constraints for Case Ib.
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(2) Next we bind the point W to the moving surface I, so that its coordinates (&, #, () satisfy the constraint
equation

ha(q,q,t) :==f(x — & (£),y — &»(t), 2 — g5(t)) = 0 (13)

where the functions g;(t),i = 1, 2, 3 are prescribed functions of time that describe the rigid body motion of the entire
surface I' in the x-, y- and z-directions in an inertial frame of reference.

(3) Let us denote the outward pointing unit normal vector 71 to the surface I" at the point W at time t (pointing from the
point W on I' towards the center of the sphere C), as shown in Fig. 1, by

AW) = A(E 0.5, = V1), where ¥ = |3 20T (14
MGE

We next constrain the sphere so that the surface of the sphere and the surface I have a common tangent at W at each
instant of time. This requires that the distance along the normal to the surface (at W) between the center of the sphere
C and the contact point W equals the radius of the sphere, R, and therefore that
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Fig. 5. Dynamical behavior and errors in satisfaction of the constraints for Case Ic.
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h3,44,5(q7 q7 t) =Ty —Tc+ Rﬁ = O (15)
where r,, and r¢ are the vectors shown in Fig. 1. Eq. (15) can be expressed in components along the inertial reference
frame as

& —Xc

\Y%
n-ye|+R | Zel -0 (16)
C -z &t

(4) The last constraint enforces the no-slip condition between the sphere and the surface and can be written as

f'l(;jﬁ,g((],(]7 t) = i’c — Dsu,»f —Roxn=0 (17)
where, vy,,s denotes the velocity vector of the point on the surface I" coincident with the contact point W that is due to
the rigid body motion of the entire surface I' (see Eq. (13)); its components in the inertial frame are given by
Vsurf = (81 ,85.83]". The vector w in (17) is the angular velocity of the sphere in the inertial frame. The latter can be

obtained from the angular velocity @' in the sphere-fixed frame, defined as @' = 2E;u, by using the rotation matrix
[R)', which is a function of the 4-component vector u, given by
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Fig. 6. Dynamical behavior and errors in satisfaction of the constraints for Case Id.
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2 2 2 2
uf+ud—uj—ui

R'= | 2(uruy + uous)
2(uqus — Uollz)

so that
Uolly
w=[R"-o=2|ui,

U0u3

Eq. (17) can therefore be written in components along the inertial coordinate system as

Xc — &

Vf

Zc— 83

2(”1U2 — Ll()u?,)
ug —uj +uf —uj
2(112113 —+ Uoul)

+ Uqllp + Uslis — Uslly
— uZilo — U]il?, + U3il1
— Usllp + Uqlly — Uplly

AR

2(U1 us + UOUZ)
2(uyus — Uply)
ud —u? —u?+ul

w3
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(18)

(19)

(20)

where @ denotes the skew symmetric matrix obtained from the 3-component column vector o defined in (19). Egs. (12),
(13), (16), and (20) constitute a set of eight (holonomic and non-holonomic) constraint equations that now appropriately
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Fig. 7. Dynamical behavior and errors in satisfaction of the constraints for Case Ila.
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describe the motion of the sphere as it rolls without slip on the arbitrarily prescribed surface I'. By differentiation with re-
spect to time, this set of equations can all be expressed in the form [8,9]:

A(qa (L t)q = b(q: qv t)

(21)
where A is an 8 by 10 matrix. The matrix A is explicitly obtained as:
[ ohy Ohy T
a7 Ao
P
A= |7 o (22)
Ohg Ohe.
aqr T 9410
oy oy
Logr """ Odqo J
b= @
06] " o 0
0‘55 ; 05
04| N ~0.4_'3--‘5-)f-\
03[ B LA Lo ]
02 iy
04 =
0 0
04 02 0 02 04 02 01 0 0.1

-10 -10
16 T 10
H 10

2
o S
[=4 c
° ; o
® ; : : ®
=5 H H 3

-

g : : g
a4l
B

—

Fig. 8. Dynamical behavior and errors in satisfaction of the constraints for Case IIb.
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and the column vector b is given by

10

o) g )

2 4
10

> 3,(9%?) qi —hs
i=1

=15,

> %5 di—he
i=

10 -

E %q?)q: - h8
i=1

(23)

The explicit expressions for the elements of the matrix A and the column vector b can be obtained for any given surface I

as shown in the Appendix.
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Fig. 9. Dynamical behavior and errors in satisfaction of the constraints for Case Ilc.
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2.3. The constrained equation of motion

Eq. (7) now constitutes the unconstrained equation of motion of the system, and Eq. (21) specifies the constraints. Since
the matrix [M] is singular, we need to use the Udwadia-Phohomsiri equation [7] to get the equation of motion for the con-
strained system. Hence, the acceleration of the system is given by [7-12]

- [1AAw 1] 29

where P* denotes the Moore-Penrose inverse of the rectangular matrix P. We note that [7] for the above equation to be valid
we require the matrix [M|AT] to have full rank (i.e., rank = 10). This rank condition serves as a check on whether we have
modeled our system correctly, because it is also the condition required for the acceleration g to be unique - a condition that
must be fulfilled for all physical systems in classical mechanics.

Closed form expressions for the elements of M and Q are explicitly given in Egs. (8)-(11); those for A and b, for a
prescribed surface, may be obtained as in Eqs. (34)-(40) given in the Appendix. Having thus obtained in closed form the
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Fig. 10. Dynamical behavior and errors in satisfaction of the constraints for Case IId.
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matrices M and A, and the column vectors Q and b, the required equations of motion describing the constrained system are
generated simply by substitution in the right-hand side of Eq. (24). These ten coupled equations, which describe the motion
of the constrained system, are highly nonlinear, non-autonomous, complex, and long, and upon use of the explicit expres-
sions for M, A, Q, and b, they are directly obtained in the Maple environment. They run into several pages, and have not been
given here. Their complexity precludes any direct analytical analysis and/or understanding, and it appears that insight into
the dynamics of this system can be more fruitfully obtained through simulations, which we present next.

3. Numerical example
In this section we show a numerical example of the procedure developed earlier. We consider a time dependent surface I"
described by the equation (Fig. 2):
Xz
f(xayaza t) =3

@ 70 >

where

X=Xx-—Aycos(2:t), y=y—Aycos(,t)z=2z— Ascos(Qst) (26)
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005/
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2 15
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® ©
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I 15
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Fig. 11. Dynamical behavior and errors in satisfaction of the constraints for Case Illa.
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Thus the surface I' can rigidly translate along the x-, y- and z-direction respectively with a harmonic velocity in each direc-
tion given by

Vsurf = —[A1€Q1 sin(Q4t), A2, sin(Q,t), A3 Q3 sin(Q; f)]T (27)

In the following we report the results of the numerical integration of the equation of motion (24) for a steel sphere
(m =0.2634; ] =4.21E - 5; R =0.02) rolling on the surface I' given by Eq. (25) with a;=2 and bo = 3. The simulations
are carried out for different amplitudes, A;, and frequencies, ©;, of motion of the surface in each direction, and their values
are shown in Table 1.

For all the simulations, the sphere is taken to be initially at rest. Its initial position is taken to be &5 = 0.20 and #, = O for all
cases in the simulation sets I and II (see Table 1), and &, =0.30 and #, =0 for all cases in the simulation set IIl. The other
coordinates at t = 0 are evaluated so that they satisfy the constraint equations. Matlab’s ode45 integrator is used with a rel-
ative error tolerance of 1.0E—9 and an absolute error tolerance of 1.0E—13. The condition that the rank of [M|A"] equals 10 is
checked at each time during the simulation. The simulation is shown for a duration of 4 s. As seen from the figures that fol-
low, this duration is sufficient to exhibit the variety and complexity of the dynamical behavior for each of the cases shown in
Table 1 without making the complex trajectories that are generated overly difficult to decipher.

0% 0.1 0 01

015/,
01|
I /7';!
0.05| |41
[N
N 0 \é |t
-~ ! B
-0.05 06
= Z . . . 0.4
-0.15/| ! ! ! H
. 02
0.2
04 02 0 0.2 0.4
X
0.4
10
10
2
%o £
[ = [ =
.o ©
=2 . i B
§_2=_ g’
@ @
-4
6

-

Fig. 12. Dynamical behavior and errors in satisfaction of the constraints for Case IlIb.
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Figs. 3-14 show the dynamical behavior of the system corresponding to each of the cases in the leftmost column in Ta-
ble 1. The trajectory of the center of mass of the ball C is shown in each of these figures by a solid line, and the corresponding
trajectory of the point of contact W of the sphere with the moving surface is shown by a dashed line. Errors in the satisfaction
of the constraints (16) and (17) are also shown for each case, and we find that these errors are of the same order of magni-
tude as the relative error tolerances set for our numerical integration. In each of the figures the errors related to Eq. (16) are
color coded as follows: the blue line gives the error is satisfaction of the constraint hs, the green line gives the error in the
satisfaction in the constraint hy4, and the red line gives the error in the satisfaction of the constraint hs. Similarly, the errors in
the satisfaction of the constraints related to Eq. (17) are color coded so that the blue line corresponds to the error in hg, the
green line to h;, and the red line to hg. Explicit expressions for these errors are given in Egs. (32) and (33) in the Appendix.

Fig. 3 shows the results of the simulation, when the surface I' moves only along the y-direction with a frequency
Q, = w rads/s. The motion of the sphere appears to be periodic. Figs. 4-6 show the change in the motion when the frequency
of motion of the surface is increased to 1.57, 37, and 67 rads/s, respectively. We note that the motion of the sphere appears
to remain periodic though its nature can be widely different (compare especially Figs. 5 and 6). Fig. 7 shows a switch to what
appears to be aperiodic behavior of the sphere when the surface I' is excited in both the x- and the y-directions simulta-
neously by a harmonic excitation at a frequency of mrads/s (see Table 1 also). This behavior appears to persist as the
frequency of the excitation of the surface I' in both the x- and y-directions is increased as shown in Figs. 8-10. Fig. 9 shows

o

[

equation(16)
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Fig. 13. Dynamical behavior and errors in satisfaction of the constraints for Case Illc.
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an interesting behavior in which the sphere appears to ‘walk’ in the x-direction when the surface moves harmonically at a
frequency Q, = £, = 3w rads/s, resulting in, what appears to be, unbounded motion in the x-direction.

When the surface is harmonically moved in all three directions, the motion of the sphere becomes considerably more
complex (see Figs. 11-14). We observe that for Q; = 2, = Q3 = w rads/s, comparing Figs. 7 and 11, the addition of harmonic
motion in the z-direction of the surface I" does not seem to change the projected motion of the sphere on the x-y plane. The
same is true for when Q4 = 2, = Q3 = 1.57 as seen by comparing Figs. 8 and 12. However, for higher frequencies as seen from
Figs. 9 and 13, when Q; = Q, = Q23 = 3n rads/s, the projected motions in the x-y plane are no longer similar. The additional
harmonic motion in the z-direction of the surface I' causes the entire three-dimensional motion of the sphere to change. A
similar result can be adduced by comparing Figs. 10 and 14 for which the frequency of motion of the surface I" is 67 rads/s in
each of the three directions. Thus the motion of the sphere is strongly dependent on the frequencies of motion of the surface
I', and whether this surface moves along more than one direction. The motion of the sphere is seen to be complex and it

appears to range across a broad regime of behaviors, from closed periodic orbits, to aperiodic bounded orbits, to aperiodic
unbounded ones.
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Fig. 14. Dynamical behavior and errors in satisfaction of the constraints for Case Illd.
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Fig. 15 represents the numerical simulation of the motion of the same sphere starting from rest (with &3 = 0.30 and #, = 0)

on the same surface as before (described by (25)), except that the motion of the surface in each of the x- and y-directions is
now made up of two frequency components so that

X=X— [An COS(.Q“t) + Az COS(Q]zt)]
y=y-— [Az] COS(Qz1t) + Ay COS(szt)} (28)
Z=1z
where,
An B 005, Q]l =T, A]z B 01, Q]z = 1.57'5, Az] = 01, Qz] =T, Azz = 005, 922 =67 (29)

The color coding of the errors in the satisfaction of the constraints given in Egs. (16) and (17) is the same as before. This sim-

ulation clearly reveals that the motion of the sphere can become much more complex when more frequency components are
present in the motion of the surface I" on which the sphere moves.
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Fig. 15. Dynamical behavior and errors in satisfaction of the constraints when the motion of the surface is described by Eqs. (28) and (29).
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4. Conclusions

This paper deals with the development and formulation of the equations of motion for a sphere rolling under gravity on
an arbitrarily specified surface that undergoes arbitrarily prescribed motion. The contributions of this paper are the
following.

1. A systematic three step modeling approach is used to facilitate the modeling of the system, which is viewed as a con-
strained mechanical system. The approach is simple to use and implement and generates the equations of motion of
the system in a straightforward manner. More than the minimum number of coordinates are used to describe the con-
figuration of the dynamical system, thereby providing considerable convenience in the modeling process. No use is made
of the notion of Lagrange multipliers throughout the development.

2. While the use of quaternions automatically causes an over-parametrization when describing the orientation of a rigid
body (the sphere), the use of a zero-mass particle in the development of the equations of motion is novel and appears
not to have been attempted before. The use of such a particle has the advantage of allowing one to write the appropriate
constraints almost trivially. Thus both the equations of motion pertinent to the unconstrained system and the equations
describing the constraints can be written with considerable ease and facility.

3. More generally, in multi-body dynamics, constraints play a very significant and near-central role. Often these constraints
can be most easily written in terms of the coordinates of one or more points that are not part of the generalized coordi-
nates that describe the configuration of a multi-body system. For example, this is what happens here when dealing with
our rigid sphere; the coordinates of the point of contact between the sphere and the surface are of central importance in
stating the constraints, and yet the coordinates of this point of contact do not directly appear in the set of generalized
coordinates that specify the configuration of the sphere. In such cases, as exemplified here, considerable simplification
in developing the model for a multi-body system can result by incorporating such points directly into the description of
the configuration of the multi-body system (and its dynamics) by placing zero-mass particles at these points.

4. As shown here, the suitable inclusion of a such a zero-mass particle, which is placed at a particular point, in the descrip-
tion of a multi-body system can permit, in a simple manner, the direct determination of the motion of that point as the
system evolves in time. Since the motion of the zero-mass particle is included directly in the dynamical equations of
motion of the system, the solution of these equations yields the motion of the point. The path traced out on the surface
by the point of contact between the sphere and the surface, as the sphere rolls over it, is thus obtained directly.

5. The inclusion of zero-mass particles in the modeling of complex mechanical systems while simplifying the description of
corresponding the unconstrained systems (and the constraints) causes them to have singular mass matrices. Recent
results in analytical dynamics [7] can handle such situations when appropriately modeled, thereby opening up new
and easier ways for accurately modeling and simulating the dynamical behavior of complex mechanical systems.

6. As seen from the simulations, there is considerable complexity in the motions of a rigid sphere rolling under gravity on a
simple parabolic surface that moves sinusoidally. The motions of this apparently simple system appear to span a wide
regime of behaviors, from closed periodic orbits, to aperiodic bounded orbits, to aperiodic unbounded ones.

Appendix

We provide in this appendix the explicit equations for the constraints for the surface described by Eq. (25), elements of
the 8 by 10 matrix A and the 10 components column vector {b}.

1. The explicit constraint equations corresponding to Eqgs. (12) and (13) are respectively
hi(q,q,t) == ud +ud +ul +ui -1 (30)

_[E—Aicos(@it)” (- A, cos(2t)

ha(q.q,t) : @ 12

-0 31)

To reduce notational complexity, in what follows, we denote in the above expression the scalars a: = ag, and b: = bq (see
Eq. (25)).
The equations corresponding to Eq. (16) are

ha(q,q, ) o= —EEERE — E+xc = 0,
b4
hs(q,q,t) :=n—-y-=0 and (32)
hS(q7(J7t) ::+_é+xC = 0

4p* [£-Aq cos(Qq 1), 2 +at
a4
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and those corresponding to Eq. (17) are

hs(q.q,t) = Bleletolo b olh) g 4,0, sin(Qt) = 0
\/4b [E-Aq cos(Qq1)]* +a
a4

. . —4R(ugliz —uszllg+uy iy —Up iy )[E—Aq cos(Qqt
h7(q,q,t)._ (ugliz 30412 21‘)2[ 1 (1)]+
4b™[¢-Aq1 cos(2q1)] +a4
A
— 2Rt o tglls Wsty) _ 5 A, Q, sin(Q,t) =0 and
\/41;4 [¢-Aq cos(Qq )2 +a4
—&
: 4R (uglly —uyllg—uq Uz +Usilq ) [E—Aq cOS(2qt . .
hg(q,q,t) . AR(ugity Uy lig U313 U1l ) [ —A COS(€1 )] —7c—A3Qs Sll‘l(le’) -0

4p [£-Aq cos(©Qq r)]2+a4
b4

Using these expressions we next present the elements of the matrix A and the column vector b.

2. The matrix A is explicitly given by

oL o]
a0 1o
ohs . Ohs
[A] = 2 Ao — |: [Al}SXIO :|
ohg . Ohg [A2]3XS[A3]3XZ
0, 9410
ohs Oy
L 04, A0
where
[0 0 O 0 0 0 2up 2u; 2u; 2u3]
000 LAl 0 -5 0 0 0 ©
1 00 2R —=1 0 0 0 0 0 0
ab4(e-Ap cos(@q 02 +ad |2 5.4
A = [prenspete o
010 0 -1 0 0 0 0 0
0 01 ARE Ay cos(@, O] 0 -1 0 0 0 O
4b4[i—A cos(Q- t)]2>a4 2 2
[ 1a4b41 adh
'_1 O 0 O O O _ 2uyR 2u3R
4b*[e=A; cos(@q D)2 +a4 4b%[e—Aq cos(@q 02 +a4
a4 a*
2. 2 2. 2
[AZ] _ 0 -1 0 000 2R[21.13b4 [¢—Aq cos(Q1t)]+uqa°] 2R[2u2b4 [§—Aq cos(Qqt)]+upa“]
V/4ab*e-Aq cos(Qq )2 +at \/ab*[E-A; cos(; 1) +a*
0 0 -1 000 __4upR[E-Aq cos(241)] 4u3R[¢—Aq cos(2,1)]
4b*[e—A; cos(@q 02 +a4 4b%[e—Aq cos(@q ]2 +a4
L b4 b
and
r 2ugR _ 2u4R T
4b4[§ Aq cos(!zlt)]z ra4 4b4[i Aq cos(2q t)]2 rat
ﬂ4 H4
As] = _2RR2uybP[E-Ay cos(@10)]-Jusa®]  2R2ugh?[E-A; cos(Q; )] +uya?]
3 \/4b4[¢—A1 cos(Qq1))>+a* \/4[34 [6—A; cos(@ )] +a?
4ugR[é—A; cos(Q;1)] 4wy RE-A; cos(2,1)]
4t [£-Aq cos(Qq t)]2+a4 apt [¢-Aq cos(2g t)]2+a4
L [ [ J

(35)

(36)
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The column vector b is explicitly given by

{b} =
where,
{bi} =
and
{ba} =

10 _ - .
> A
i=1
10 _ . .
o(he) =
> %tdi — hs b
-{5)
10 . . b
() = 1
df()q?) qi — h6
i=1
10 :
h .
Z aéq?) qi — hS
i=1

4b*A%R +Af

2 B2

A [cos(2it)* — 3 cos(Qt)]+
—ATQ1[3¢ cos(Qit) sin(Q1t) + 1 Q1 cos(Q1t)” -3¢+
A1 [-3[8 + (3 + 5 5) @) cos(@it) + 3¢ sin(@it) | +
+3¢82

16a4b°R

3
[4b%[2-Aq cos(@q )2 +a4]2

[4ATQ%b%[— cos(Q,t)* + 2 cos(Q, 1))+
+4A3 Q21 b coS(Q1t)[AQ1E + Q& + Q& cos(Qt)? + 4E cos(Q4t) sin(Qqt) sin(;t)]+
8E2 cos(Qit)” + 482 Q% cos( 1) + 822 +
—32¢& cos(Q;t) sin(Q;t)
16¢E cos(Qit) = 4Q2E cos(t)
—162EQ, sin(Q4t)

a*Q?[2 cos(t)* — 1] + b*

+ay | a* Q[ & cos(Qqt) + 2Esin(Qt)] + b*

Ab*a?Q? cos(Qqt)[4b%[¢ — Ay cos(Q11)]? + a*f+ }

[4b%[¢—Aq cos(Qq 1)) +a4]2

+8Rb4a2[é — A COS(Q] t)][f + A1 Sin(.Q1 t)](uOuz — uZl:lo — U1u3 — U3u1)

a2b?

[4b? [¢—A; cos(2, t)]2+a4]%

4b* QA; cos(Q,t)]E — Ay cos(Q8)]*+
+8Rb(U1 Ug — Uglly — Uslly — Uzl.lg,)[cf — A COS(Q] t)][é + A1 Sin(.Q1 t)}-l—
4Ra2 (UOU3 — Ugl;lo — Uy uZ — u2u1)[& +A1 .Q] Sin(.Q] t)]+

+A202,a% cos(,t) \/4b2 [ — A; cos(Qi)] + at

[4b? [¢-A; cos(2; t)]2+a4]%

As @2 cos(Qst)[4b%[¢ — A cos(Q: )] + a'i+

+4Rb2a4[f§ + A1 sin(Q1 t)](U1 Uz — Uzlly — Uplly — uZl:lo)
4b%[e—A; cos(Q, t)]2+a4]%
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