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1 Introduction

Particles whose mass is zero, referred in this paper as zero-mass
particles, are almost never used in classical nonrelativistic mechan-
ics since from a physical standpoint no forces can be applied to
them, and hence their accelerations cannot be uniquely found.
While photons have zero mass and carry energy and momentum
in special relativity, in nonrelativistic mechanics, the addition of
such zero-mass particles to any unconstrained mechanical system
causes the entire mass matrix of that system to become singular,
and since the mass matrix is then noninvertible, the accelerations
of the system to the given forces cannot be found. However,
advances in the development of the explicit equations of motion
of constrained mechanical systems with singular mass matrices
permit their use under certain circumstances. This paper shows
that the use of such particles can be very efficacious in some prob-
lems in analytical dynamics that have resisted easy, general formu-
lations and in obtaining the equations of motion for complex
multi-body systems. We explore the ease and simplicity that suita-
bly used zero-mass particles can provide in formulating and simu-
lating the equations of motion of a rigid, non-homogeneous
sphere rolling under gravity, without slipping, on an arbitrarily pre-
scribed surface. Computational results comparing the difference in
the motion of a homogeneous sphere and a non-homogeneous
sphere rolling down an asymmetric arbitrarily prescribed surface
are obtained, along with measures of the accuracy of the computa-
tions. While the paper shows the usefulness of zero-mass particles
applied to the classical problem of a rolling sphere, the development
given is described in a general enough manner to be applicable to
numerous other problems in analytical and multi-body dynamics.
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A useful approach in the development of the explicit equations of
motion for general, multi-body mechanical systems is to use a
simple three-step procedure. The first step involves the setting
down of the equations of motion of the unconstrained system,
wherein the coordinates that describe the position of the system
are all assumed to be independent of each other; the second step
involves the setting down of the kinematical and dynamical con-
straints; and the third involves obtaining the equations of motion
of the constrained system, using the relations developed in the pre-
vious two steps. This final step, which gives the explicit equations
of motion for the constrained system, can be taken by directly using
the fundamental equation of constrained motion. While this three-
step procedure was first established some time ago [I1-5], the
explicit equation of motion obtained through its use required that
the mass matrix of the unconstrained system be positive
definite—a circumstance that usually occurs in analytical dynamics.
A decade later, this requirement was relaxed, and an explicit equa-
tion of motion for constrained systems whose unconstrained equa-
tions of motion have semi-positive definite mass matrices was
developed [6,7]. The most common way in which such singular
mass matrices can arise in complex multi-body systems is when a
constrained mechanical system is described through the use of
more coordinates than the minimum number needed. The use of
such additional coordinates can greatly simplify the modeling
task, provide clarity and ease of description of the multi-body
dynamics, and yield general formulations for systems that have
often been difficult to obtain. The three-step procedure described
earlier is important in ensuring that a proper description of
complex multi-body systems can be systematically obtained [8].
It provides a framework for the proper use of zero-mass particles
to facilitate the derivation of the equations of motion for such
systems. A further refinement and simplification of the approach
proposed in Ref. [7] that also considerably improves computational
efficiency is provided in Ref. [9].
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This paper uses the abovementioned three-step procedure to
describe the motion of a non-homogeneous, rigid sphere rolling
under gravity, without slipping, on an arbitrarily prescribed
(rough) surface. We make explicit use of one or more zero-mass
particles to formulate its equations of motion. We show that the
use of such zero-mass particles greatly facilitates the mathemati-
cal description of the dynamical system thereby permitting a
simple, general formulation of the problem. While we show the
usefulness of zero-mass particles in this paper for handling the
problem of a sphere rolling on an arbitrarily prescribed surface,
their use is described in a general enough manner so as to be
applicable to numerous other problems in analytical and multi-
body dynamics.

The dynamics of a rigid sphere rolling under gravity without slip-
ping on a surface is one of the classical problems of mechanics in
which nonholonomic constraints play an important role, and in
which the standard Lagrangian formalism is difficult to apply to
readily simulate the dynamical behavior when the surface is arbi-
trarily prescribed. One of the first contributions to this problem
was published by Lindelof in 1895 [10], in which it seemed that
the author had completely solved the problem. Some years later,
Chaplygin analyzed Lindelof’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 [11,12]. In this work, Chaplygin derived the integrals of
motion of the system. Despite these contributions by Chaplygin,
the motion of a sphere was practically unstudied until Kilin in
2001 [13], derived the equations of the motion for a sphere on a
plane in an inertial frame thereby studying the trajectories of the
point of contact between the sphere and the plane. Borisov and
Mamaev [14] studied the motion of a rigid body rolling on a
plane and a sphere. Recently, Borisov et al. have extended their
study to a sphere rolling on the surface of a rotating cone [15].
Ivanov considers the long-time asymptotic motion of a homoge-
neous sphere moving on a horizontal rough plane with friction
[16]. Formulations of the problem and the determination of the
quantitative characteristics of motion for general (arbitrary) surfaces
on which a sphere rolls are not easily available.

The key idea underlying the approach used in this paper is to
develop a suitable unconstrained system [8], which is then con-
strained appropriately to yield the proper system of interest—in
this case, the rigid sphere rolling (under gravity) on a surface
without slipping. To accomplish this, instead of conceiving the
unconstrained system as being made up of a single body—the
sphere—which is then constrained to roll on the surface, we con-
ceive of the unconstrained dynamical system as a multi-body
system made up of two (or three) bodies: the rigid sphere, S, and
one (or more) zero-mass particle(s) located at an arbitrary point in
an inertial coordinate system. For now, let us begin by considering
a single zero-mass particle in addition to the sphere S as comprising
the unconstrained system. Later, we show how we can utilize a
second zero-mass particle to even greater advantage. The proper
dynamical system of interest is then obtained by constraining this
zero-mass particle to lie at all times on the arbitrarily prescribed
surface, I, on which S rolls and to be the point of contact
between this surface and the sphere S at each instant of time. We
show that this then leads to a simple, general formulation of the
problem since the constraints can most easily and conveniently be
expressed in terms of the coordinates and velocities of the point
of contact. The coordinates of the zero-mass particle (which is con-
strained to lie at the point of contact) are thus included in the set of
generalized coordinates that describe the dynamical system. This
causes the unconstrained system to have a singular mass matrix.
Recent developments in our understanding of the constrained beha-
vior of such singular mass systems are then used to directly provide
the explicit equations of motion [6,7,9].

Computational results showing the difference between the
motion of a homogeneous sphere and a non-homogeneous one
rolling on an asymmetrical surface are illustrated, along with mea-
sures of the accuracy of the computed results.
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The paper is organized as follows. In Sec. 2, the problem is for-
mulated as a multi-body system that includes the sphere and one
zero-mass particle; this eases the description of the constraints.
Section 3 expands this idea to form a multi-body system with the
sphere and two zero-mass particles; this further eases the descrip-
tion of the unconstrained system as well as the constraints. Compu-
tational results are presented in Sec. 4. The last section gives our
conclusions relevant to the rolling sphere problem, and some
general remarks on the modeling of complex systems through the
use of zero-mass particles in analytical and multi-body dynamics.

2 Formulation of Problem

2.1 Description of the Unconstrained System. We begin
with an unconstrained system [8] described by a rigid non-
homogeneous sphere S of radius » and mass m whose center, O,
is located at (x,, y,, Zo) and whose center of mass, C, is located at
(X, Yo» zc) in the XYZ inertial frame of reference (see Fig. 1).
The vector from the center of the sphere, O, to the point C is
denoted by p. The principal axes of inertia of the sphere that go
through the point C are denoted by X, $, and z, as shown; they
form a body-fixed right-handed coordinate frame of reference.
The moments of inertia of the sphere about these respective body-
fixed principal axes of inertia are denoted by Ji, J», and J3, and
the 3x3 moment of inertia matrix is denoted by J= Diag(Jy, J>,
J3). In order to get away from singularities while describing the
rotational motion of the sphere S, we shall use the quaternion
4-vector (4x 1 column vector) u: = [ug, uy, uz, us)* to describe its
orientation [17]. Hence, the position and orientation of the sphere
are described by the seven-component column vector of coordinates
qs: = [Xo, Yo Zo» o, U1, ty, u3]" = [wl, u”]", where wo:=[Xo, Yor
ZO]T. The reason we choose the coordinates of O in our description
of the system is that the coordinates of O and those of the point of
contact between S and I" are most convenient for writing the con-
straints that the sphere is subjected to when it rolls without slipping
on/l.

Though we are interested primarily in the dynamics of the sphere
S, we begin by conceiving the unconstrained system as being com-
posed of two members: the sphere S and a particle P that has zero
mass located at an arbitrary point (a;, oz, @3) (see Fig. 1).

Thus, the 10-vector (10x 1 column vector)

. T. T T T
q: = [Xo, Yos Zos U0, U1, U, U3, 1, 2, 03] 1= [wy, u' a1 (1)

describes the position (configuration) of the ‘unconstrained’ system
consisting of the sphere S and the zero-mass particle P, where we
have denoted a=[a;, a», a3]T. By unconstrained we mean that
the components of the configuration vector g are assumed to be
independent of one another. The components of the column
vectors w, and «a are measured in the inertial frame of reference
XYZ.

Fig.1 The two-component unconstrained system composed of
(1) the rigid sphere S of radius r, whose center is located at (x,, o,
Z,) and (2) a zero-mass particle P located at (a1, a2, a3), sub-
jected to gravity
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The equations of motion of this unconstrained system subjected
to the downward force of gravity can now be easily written
down. Since the sphere S and the particle P are not connected in
any way, their equations of motion can be separately written. The
potential energy of the sphere S is given by V=mgzc; its kinetic
energy of translation is given by Thgus: = (m/ 2)(5c2c + )')ZC + ZZC),
and its kinetic energy of rotation is given by T,,,=(1/2)o"Jw,
where the 3-vector w: = [w;, w;, wz]T is the absolute angular velo-
city of the sphere S whose components along the body-fixed coor-
dinate frame %yZ are, respectively, wz, ;, and .

We note that since the 3-vector @ is given by

Wi —up U us —up
w:=| wy | =2Ei: =2| —up —uz U u; (2
sz —uz U —up U

the kinetic energy of rotation can also be written as
T.or = 24" ETJEii. Furthermore, the coordinates of the center of
mass C expressed in the inertial frame are given by

Xc Xo P1
wei=|yc |=]|Yo | +S| P |:=wo+Sp 3)
zc Zo P3

where the components of the column vector p shown in Fig. 1 are
P1, P2, P3, Which are constants in the body frame %yz. Since the
active orthogonal rotation matrix S in relation (3) is given by

2(uyuy — uouz)

2,02 2 2
uy +uy —uy; — u3z 2(uyuz + uguy)

using relations (2) and (3), the kinetic energy of the unconstrained
sphere S is obtained as

TG, tt, ) = Tipans + Tror = WV, + 2w Sp + p"S™ Sp]

+ 20" ETJEi ©)
and its potential energy is given by
V(Wo, 1) = mgze = mglzo + S3p] ©)

where S is the third row of the rotation matrix S.

The Lagrangian L = T'(W,, u, it) — V(w,, u) for the unconstrained
sphere S can be used to obtain its equation of motion using the usual
Lagrange equation

d (0L oL
E(az) Toq ) @

under the assumption that all the components of the seven-vector g
are independent of one another.
Using the expression for the kinetic energy in Eq. (5), we obtain

S= 2(uyuy + uous) u% - uf + u% - u% 2(upus — uguy)
2(uiuz — uguy) 2upusz + uouy)  ug —ug —u3 +u3
— =mWwy + mSp =mw, + mCiit = mw, + mCyu 8)
S] 6w0
=15 4
S3 since Sp = C it and
Uopy —uspy tiap3  wpy Py tuzpy —uapy tuipy tuops —uzpy — Uopy +uips
Ci=2| uap) +uopy —ur1p3  Uzpy —u1py —Uopy  U1py +uapy +uspy  Uopy — uzpy + uzp3 )
—wppy tuipy tuops  uzpy tUopy — 1Pz —Uepy T UsPy — Uaps Uiyt Uapy t+Usps
with T(W,, u, 1ir) given in Eq. (5), we obtain

G =C 10)

Thus, we obtain using the second equality in Eq. (8),

d (0T . .. . oT
E((a—w()) =mw, + mCiit + mCit, BWOZO’ and
\%
=mgl[0, 0, 117 (11)
ow,

We note that the term pTSTSp in Eq. (5) can be expressed as
pTSTSp = pTSTSSTSp =pT &’ (STSp)
= (@p) (@p) = Ppo) (pw) = &' p’ pw (12)

where the skew-symmetric matrices @ and p are obtained from their
respective components (see Eqs. (2) and (3)) and are given by

0 —ws3 (2 0 —pP3 P2
d=| w: 0 —w;|andp=|-p; 0 —p; (13)
—oy w0y 0 - 0

In Eq. (12), we have made use of the fact that@ = S”S. Using rela-
tions (12) and (2) in the expression for the Kkinetic energy
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T(Wo, u, it) = % WV, + 2W! Cyit) + 20" ETJEir

- % 00Ty + 207 Coul + 2u"E'TEu — (14)
where the symmetric matrix J = J + mp’ p.
Using the first equality in relation (14), we obtain
oT -
——=mC]w, +4E"JEu (15)
ot
so that
d (0T . - 7o .
0 (T) =mClivg + mC| Voo + 4ET JEii + 4E" TEit + 4E" TEil
it
=mCTyvy + 4ET TEii + mClv, + 4E" TEil (16)

since Eit = 0. Also, using the second equality in relation (14), we
obtain

oT e e
22 = mClog + 4E" TEu = mClv, — 4E" TEi

P 17)

since Ei = —Eu and
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—Uzpy + Upy + Uops
g uzpy + Uopy — U1P3

—Uopy T Uzpy — Uzps

u1py + uzpy + u3zps

oV _ S _
ou & ou

:=2mgp (18)

where S3, as before, is the third row of the matrix S given in Eq. (4).
Thus, the equations of motion of the unconstrained sphere S
become

Me i = ml mCy Wo
SO = meT 4ETIE | | i

_ | =mCait — mgl0, 0, 177 = 0o o ) (19)
T | —8E"TEL - 2mgp T
where My is a 7x 7 symmetric matrix. We note from Eq. (19) that
the translational motion is coupled to the rotational motion and
that the matrix 4ETJE is singular.

The equation of motion of the zero-mass particle P is trivial to
write down. Its mass being zero, no force can be applied to it,
and hence, its equation of motion is simply

where Mp is a 3 X 3 zero matrix.
Using Eqgs. (19) and (20), we obtain the unconstrained equation
of motion of the system composed of the sphere S and the particle P

ml mC 0 Wo
Myg:=| mcl 4E'JE 0 it
K 0 Mp | | @

[ —mCyit — mg[0, 0, 117
= | —8E"JEi - 2mgp
0

:=0u(q, ) (21)

where My is a 10x 10 block diagonal matrix. The subscript U
denotes quantities related to the so-called unconstrained equation
of motion of the system described in Fig. 1. We note that the
matrix Mp is zero and that the matrix My, is singular.

2.2 Description of the Constraints. Having obtained the
unconstrained equations of motion, we now constrain the sphere
S to roll without slipping on the surface I, and we constrain
the zero-mass particle P to lie on I” and always be co-located with
the point of contact between the surface I" and the sphere S (see
Fig. 2). The surface I'(X, Y, Z) =0 is described in terms of the iner-
tial coordinates X, Y, Z. It is because these constraints are most
easily expressible in terms of the coordinates of the point of
contact that lies on I" that we add the coordinates of the zero-
mass particle P to our dynamical system, thereby facilitating the
development of the equations of motion of the desired dynamical
system [1-5], which we shall obtain in explicit form in the follow-
ing step in Sec. 2.3. We begin by listing out all the constraints.

(a) Surface Constraint: We begin by binding the zero-mass
particle P, which so far is located at an arbitrary point
(a1, a2, a3)1in space, to lie on the surface /" that is described
by the equation

@1 =T (1), o), az())=0 (22)
We shall denote the components (in the XYZ frame) of the

gradient of I” by the three-vector (3 x 1 column vector) k so
that

T
[61" or él“] 23)

da;” day” day

and we shall henceforth assume that the sign of the expres-
sion I" in the equation I'=0 (see Eq. (22)) is so chosen
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(b)

©)

that the third component of the gradient vector is positive
and points in the (upward) Z-direction. Taking the second
derivative with respect to time of the equation I"=0 that is
on the right-hand side of Eq. (22) yields the relation

Ka+ik"a=0 (24)
which can be immediately recast, noting our definition of the
column vector ¢ in Eq. (1), as

A §=h (25)

where

. ok
Ay =[017 1K1, and by = -k =—a" [—

5ai| a (26)

It should be noted that the coordinates (a;, a, a3) of the
zero-mass particle, P, that moves on the surface I" change
with time, 7, as the sphere S rolls on it. Hence, the unit
normal to the surface I" at (a(z), ax(t), a5(7)) is given by
the three-component column vector

r  k
VIl VkTk
Tangency Constraint: This constraint that binds the particle P

to the point of contact between the sphere S and the surface I
is simply given by

n(ai (1), (1), a3(1)) = 27

Pr=a+m—w,=0 (28)

where the column vector 7 is given in Eq. (27). Differentiat-
ing the equation on the right-hand side of Eq. (28) twice with
respect to time yields the relation

a+rit—w,=0 (29)
which can similarly be expressed as
Arg=Dbs (30)

Finding the second derivative of n with respect to time is
tedious and the Appendix gives the explicit expressions for
the 3 x 10 matrix A, and the 3 x 1 column vector b,.
Rolling No-Slip Constraint: This constraint requires that
there is no slip between the sphere S and the surface I” as
the sphere rolls over the surface. Hence, the velocity of the
center of the sphere in the inertial frame of reference is
given by the relation

@3:=Wo +riiSw =0 3D

where the rotation matrix S given in Eq. (4) is used to trans-
form the components of the vector r x @ from the body frame
to the inertial frame, and 7 is the 3x3 skew-symmetric
matrix obtained, as before, from the components of the
column vector n in Eq. (27). Differentiating the equation
on the right-hand side of Eq. (31) once with respect to time
and noting Eq. (2), we obtain

Vo + 2riiS Eit = —2riiSEi — 2ritSEiu = —2riSEi (32)

The first term on the right-hand side of the first equality in
Eq. (32) can be shown to be zero since we have
2riSEi = 2riSSTSEi1 = 2riiS@Ei = riiSw = 0. These equ-
alities follow from the relations SS” =1, S78 = @, 2Ei = w,
and @w = 0. Equation (32) can again be easily expressed as

Azg = bs (33)
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where

A3 = [ng3 | 2riSE | ngz] and bg = —2FI7LSEM (34)

(d) Quaternion Constraint: For the four-vector u(z) to represent a
physical rotation at each instant of time, we need the ensure
that its norm is unity, so that

pp=u'u—1=0 (35)

Differentiating the right-hand equation in Eq. (35) twice
with respect to time yields the relation
Asg=1by (36)

where

Ay =[0153 | u" |01x3], and by = —it" it = —(i} + i} + it5 + it3)

37
The abovementioned four sets of constraints ¢;, i=1, 2, 3,
4, can thus be collectively expressed as
A by
A2 | D2 _
Ag: = As g= by =b (38)
Ay by

where A is now an 8 x 10 matrix and b is an 8-vector (8 x 1) with
the A; and b; explicitly obtained earlier. We note in passing
that these constraints are not all independent of one another
and that the matrix A does not have full rank. Also, the elements
of the matrix A and the vector b are relatively easy to obtain,
since all that needs to be done is to differentiate with respect
to time the sets of constraint equations ¢;, i=1, 2, 3, 4.

(e) Additional Consistent Constraints: One of the advantages of
using the three-step conceptual approach to obtain the equa-
tions of motion of the constrained system—here, the sphere
S rolling without slipping on the surface I—is that if one
knows a priori any integrals of motion of the system then
they can be included in the constraints. In this instance, we
know that the total energy of the sphere is conserved.
Using Egs. (6) and (14), we then find that the energy, E(t),
at any time 7 is given by

E(t) = T(vo, 1, it) + V(wo, 4) = % [ Vo + 207 Cyi]

+ 20" ETJEi + mglz, + S3p] = E(0) (39)

which upon differentiation once with respect to time yields
the relation
Apq=Dbg (40)

where

Ap = [mw! +mi” CT |mw!Cy + 44"E"JE | 053], and
bg = —[mW({Cﬂ:l + mgz, + mgSsp]
(41)

We could, if we wanted to, add this additional constraint as an
additional row to the set of constraints given in Eq. (38) to obtain
the description of the constrained system, as we will show in Sec. 2.3.

2.3 Description of the Constrained System. Having obtained
Eq. (21) for the unconstrained system and the constraint equations
(38), the equation of motion of the constrained system is given
explicitly by [6]

(42)

. [u—-aramy 1T ou
1= 4 b

Journal of Applied Mechanics

Fig. 2 The constrained system in which (a) the sphere, S, is in
contact with the surface I' and (b) the zero-mass particle, P,
moves on the surface and is always located at the point of
contact between the sphere S and the surface I" (X,Y,Z)=0. The
sign of I' is so chosen that the unit normal vector, n, to the
surface at the point P has a positive Z component.

where X denotes the Moore—Penrose (MP) inverse of the matrix X
[3,18]. We note that for the acceleration to be unique—and this
must be the case for a physical system described by classical
mechanics—a necessary and sufficient condition is that [6]

Rank([My | AT1) = Number of components in column vector g
(43)

This (full) rank condition on the matrix on the left-hand side of
relation (43) serves as a check on whether the constrained system
has been modeled appropriately [6]. Equation (42) is true even
when the constraints are not functionally independent and the
matrix A does not have full rank. The addition of constraints that
are consistent with those described therefore does not limit the
use of these relations. This aspect of the general approach described
here in modeling the dynamics of the rolling sphere becomes useful
when dealing with more complex dynamical systems [8].

When relation (43) is satisfied, an alternate way of obtaining the
acceleration g of the constrained system is to consider an equivalent
dynamical system with the augmented mass matrix M, given by

My=My +*ATA>0 (44)

where « is any real non-zero number [7,9]. The acceleration of the

constrained system (when relation (43) is satisfied) is then given

explicitly by the fundamental equation [3,9] as
G=M;'Qu+ My 'ATAM'ATY (b — AMG' Qu)  (45)

As before, Eq. (45) is true even when the constraints are not func-
tionally independent and the matrix A does not have full rank.

It should be noted that Egs. (42) and (45) are the explicit equa-
tions of motion for the same sphere constrained to roll without slip-
ping on an arbitrarily prescribed surface, I'(X, Y, Z) =0, and they
each yield the same acceleration §.

3 An Alternative Formulation of the Problem Using
Two Zero-Mass Particles

We notice that a major amount of effort is expended in the devel-
opment of the unconstrained equations of motion. The complexity
in getting them is principally caused by the fact that while the
translational kinetic energy of the sphere S is simply
Tyrans: = (m/2)(G% + 32 + 22), we want to use the coordinates of
the center of the sphere O instead of those of its center of mass C
in our formulation, since the constraints are most easily expressed
in terms of the location of the sphere’s center O. This leads to
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Fig. 3 The unconstrained system is conceived of as a multi-
body system made up of three components—the sphere S sub-
jected to gravity and the two zero-mass particles P and Q.
Through the use of constraints, the particle P in the next step
will be made to coincide, as before, with the point on the
surface I" that is in contact with the sphere S, and now the parti-
cle Q will be made to coincide with the center O of the sphere S.

considerable algebra (see Eqs. (7)—(19)) resulting finally in the
coupled set of equations for the unconstrained sphere S obtained
in Eq. (19).

In retrospect then, one could greatly simplify the task of writing
the unconstrained equations of motion of the sphere S, by including
the coordinates of its center of mass C in its dynamical description.
However, in order to conveniently express the constraints, we also
need the coordinates of O to be included in the dynamical descrip-
tion. To accomplish this with some ease, we use an additional zero-
mass particle Q located at an arbitrary point in space, which we will
later constrain to be always coincident with the center O of the
sphere. Our three-step procedure for obtaining the equations of
motion then appears as follows.

3.1 Description of the Modified Unconstrained System. We
take our unconstrained system to consist of three components:
(1) the sphere S, whose configuration is described by the coordi-
nates we = [x¢, Yo, zcl and quaternion 4-vector u; (2) the zero-mass
particle P at an arbitrary location a in the XYZ frame, and (3) a
second zero-mass particle Q located at an arbitrary location w, =
(81, P2, B51T (see Fig. 3). The description of this three-component,
multi-body dynamical system, in which the three bodies are taken
to be totally unconnected is given, at each instant of time, by the
augmented 13 component configuration vector

. T.
qa: =B, Po, B, uo, ur, Uz, u3, i, az, a3, xc, yc, 2cl’ -

! (40)

= [wg, u, aT, thj]T

Besides the additional coordinates w, added to the vector ¢,, the
crucial difference between the vector ¢ in Eq. (1) and the vector g,
in relation (46) is that whereas the first three coordinates x,, Yo, Z, in
the vector g refer to those of the center O of the sphere S, the first
three coordinates /3, f3,, ff5 of the augmented vector g, refer to the
coordinates of a zero-mass particle located at an arbitrary point w,
in space.

The unconstrained equations of motion for this three-component
system, in which we assume that each of the generalized coordi-
nates are independent of one another, are now trivial to write
down. Since the kinetic energy and the potential energy of the
sphere S are given by

T ..
mweWwe

T, it, we) = Toans + Tror = 5 +20"ETJER  (47)
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and

Viwe)=mgzc (48)

respectively, its unconstrained equation of motion is given by the
following simple set of equations:

5 .- T . o T .
wc 0 ml || we -mglO0, 0, 1]
in which the translational and rotational motions, unlike in Eq. (19),
are now uncoupled.

The equations of motion of the zero-mass particles P and Q, as
before, are simply

Mpi=0 and Myiv, =0 (50)

respectively, where Mpand My, are each 3 x 3, zero matrices, since
no force can be applied to them. Thus, the equation of motion of this
three-component, multi-body, unconstrained system is then

My 0 0 0 i
. 0 4ETJE 0 0 ii
MU‘Za: = o
0 0 Mp 0 i
[0 o 0 mi] L
0
—8E" JEi N ,
=10 1= 0u(qas 9,) (51)
| —mgl0, 0, 11"

The augmented configuration 13-vector that now includes the
coordinates of the zero-mass particle Q is denoted by ¢,, and the
13 x 13 augmented mass matrix is denoted by M.

A comparison of Egs. (5)—(19) with Egs. (47)—(50) shows the
ease with which the unconstrained equations of motion of the
system are now obtained. As seen, the addition of a second zero-
mass particle makes the unconstrained equations of motion of the
system trivial to write. The matrix My of the unconstrained
system is now block diagonal and Eq. (51) is uncoupled. It is
much easier to write, and simpler, than Eq. (21) that was obtained
earlier. The mass matrix My is singular though, since the matrices
Mp, My, and AETJE are singular matrices.

3.2 Description of the Constraints. Since the constraints, as
we saw earlier, can be easily expressed in terms of the coordinates
of the center O of the sphere and the point of contact, our intention
in adding the zero-mass particles P and Q to the unconstrained
description of the dynamical system, is, in this step, to now:

(1) constrain the particle P, as before, so that it lies on /" and is
always the point of contact between the sphere S and I, and

(2) constrain the particle Q so that it always coincides with the
center O of the sphere, thereby forcing the particle Q
located at wo=[B, B>, fs]° to be co-located (coincide)
with O (see Fig. 4).

In addition to these two sets of constraints, we may add any other
constraints that the dynamical system may be known to satisty.

To model the sphere S rolling without slipping on the surface I,
we therefore need the same four sets of constraints ¢;, i=1, 2, 3, 4,
that we obtained in Sec. 2.2. These eight constraints can be
expressed in terms of our new description of the system using the
vector g, as (the subscript “a” stands for the augmented configura-
tion vector)

Ar by
Az | Ogx3 | .. by
Az | e b3 (52)
Ay by
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Fig.4 The zero-mass particle P is constrained to lie at the point
of contact between the sphere S and the surface I', and the zero-
mass particle Q is constrained to lie at the center of the sphere S
located at O

where the explicit expressions for the Als and b)s are provided in
Sec. 2.2. In addition, we need to add constraints that cause the zero-
mass particle Q to coincide with the point O. This can be done by
simply requiring that relation (3) be true so that

@s5:=wo+Sp—wc=0 (53)
which upon differentiation twice with respect to time yields
Vo + Sp — Ve =0 (54)

Noting that Sp = Ciit where C is given in Eq. (9), Eq. (54) sim-
plifies to

Wo + Ciit —We + Gt =0 (55)
which can be expressed as
Asq, = bs (56)
where
As=[I1Ci|033| =11 and bs=-Cout (57)

The five sets of constraints ¢;, i=1, 2, 3, 4, 5, thus yield the aug-
mented relation

Aa% = ba (58)

in which the matrices A;, i=1,2,3,4,5, are stacked one below the
other as are the elements b;, i=1,2,3,4,5 in the column vector b,.

The matrix A, that specifies all these constraints is now 11 x 13.
We note that we could add as many more constraints as we wish,
as long as they are all consistent; they need not be independent. For
example, we can add the constraint that the distance between the
center O of the sphere and the point C is a constant / equal to the
magnitude of the vector p. This would yield the relation
P6:=wo —we) (wo —we) =1 (59

which upon differentiation twice with respect to time would yield

(Wo = we)! (o —0e) = —(bo — W) (W —We)  (60)
so that
Ao =[Wo =we)" |01xa | 0153 | — (Wo —we)'] and
bg = —(Wo — We) (o —e) (61)

In modeling complex systems, the facility of listing as many con-
straints as one can think of without worrying about which of them
may be functionally dependent is an important convenience
afforded by the three-step approach used here; this is especially
useful when there are several nonholonomic constraints.
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As before, one could also add the constraint that the energy, E(¢),
at any time 7, equals E(0), to the stack of constraints given in
Eq. (58). Noting that the energy is given by a much simpler expres-
sion than before as

. T .
E@) =T, it, we) + V(we) = % + 2i"ETJEi+ mg zc

(62)
and differentiating it once with respect to time, we get the relation
Apq,=bg (63)

where
Ap =[01x3 | 44" E"JE | O1x3 |mvl] and bp=-mgic (64)

Comparing Eqgs. (39)—(41) with Egs. (62)—(64), we note the con-
siderable simplicity that accrues with the additional zero-mass par-
ticle Q in our formulation of the problem.

The third and final step of our procedure calls for obtaining the
constrained equations of motion.

3.3 Description of the Constrained System. The explicit
equations of motion of the constrained system are obtained, as we
did in Sec. 2, by using Eq. (42) or (44) and (45), but now with
My and Qy given in Eq. (51) and A, and b, given in Eq. (58),
instead of My, Qu, A, and b.

4 Numerical Example

Consider a solid sphere of radius r=6 cm. The sphere is placed
on an unsymmetrical surface whose equation is given by the poly-
nomial

i=4 g

FX.Y.2y=2-Y ~X'=0
i=1

- (65)
1

in which the coefficients #; =0.65, h,= —3, h3= — 6.7, and hy =
20.5. The shape of the surface is shown in Fig. 5.

At the initial time, the sphere is located touching the surface I”
with @;(0)= —0.65 m, a,(0)=0.1 m; it has no angular velocity
(spin) about an axis normal to the surface. The initial velocity com-
ponents of the point O located at the center of sphere are taken to be
X, =0.2 m/s and y, = —0.3 m/s. The origin of the body-fixed XyZ
coordinate frame is at the center of the uniform sphere. At time
t =0, these body-fixed %, J, and Z axes are taken to be along the
X, Y, and Z directions, respectively, of the inertial frame XYZ
axes. Hence, the quaternion u(r=0)=[1, 0, 0, or”. Using these
initial conditions, the other initial conditions are all determined
using the constraint equations.

For illustrating our numerical results, the model developed in
Sec. 2 with one zero-mass particle P is used. In addition to the
four sets of constraints given Eq. (38), we have added the energy
conservation constraint given in Eqs. (40) and (41). Similar

0.6
0.4

€ 02 —r /

N o \

0.2

-0.4
-0.8-0.6-0.4-0.2 0 0.20.40.6 0.8
X, m

Fig.5 Asymmetrical cross section of the surface I" on which the
sphere S rolls without slipping
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Fig. 6 A uniform sphere rolling without slipping on the unsym-
metrical surface whose cross section is shown in Fig. 5. The
motion is along the negative Y direction. The final position of
the sphere at the end of 10 s is shown.

numerical results are obtained when using the augmented model of
Sec. 3 which uses the two zero-mass particles P and Q. The results
for this case are not shown here for brevity.

Figure 6 shows the motion of a uniform density titanium sphere
with density d = 4500 kg/m>. The value of g is taken to be 9.81 m/s.
The matrix My and the vector Qy are explicitly obtained from
Eq. (21), and the matrix A and the vector b are explicitly obtained
by using Eqgs. (26), (30), (34), (37), and (41). Using a value of
k>=0.02 in the numerical procedure, we obtain My from
Eq. (44). The explicit equations of motion of the sphere rolling
on the surface are then obtained by substituting MU, Oy, A, and b
into Eq. (45).

The computations are done on the MATLAB platform, and a modi-
fied variable-step (4,5)-Runge—Kutta integrator is used with a rela-
tive error tolerance of 10™"" and an absolute error tolerance of 10™"°.

That the matrix [My | AT] has full rank is numerically checked
throughout the integration, which is carried out for a duration of
10 s. The solid blue line shows the motion of the center of the

x10™%  surtace constraint 9 X 10'@

Tangency Constraint

—Xx comp.
—y comp.
==z.comp;

2

Error in ¢
o

2 | | | |
0 2 4 6 8 10
Time, s Time, s
3% 10™"® Roiing No.stip Constraint 10" quaternion Norm Constraint
|=——x comp. I
2 —y comp.
I I | —2z comp.
1
0

Error in ¢3
=
Error in @y

0 2 4 6 8 10 0 2 4 6 8 10
Time, s Time, s

Fig. 7 Time history of errors in the satisfaction of the four con-
straints for the uniform sphere
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sphere. The dashed red line shows the motion of the point of
contact between the sphere and the surface I". Since the coordinates
of the point of contact are contained in the generalized coordinates
that describe the system’s configuration at each instant of time, inte-
gration of the equations of motion of the dynamical system directly
yields the motion of this point as the sphere rolls on the surface I".

Errors in the satisfaction of the constraints ¢;=0, i=1, 2, 3, 4,
given in Egs. ((22)), (28), (31), and (35) are shown in Fig. 7. We
observe that these errors are all of the same order of magnitude as
the error tolerances used in the numerical integration of the equa-
tions of motion.

More generally, one could, as we did for the point of contact
between the sphere and the surface,

(1) “paste” a zero-mass particle at any point on the sphere (or a
dynamical system),

include its coordinates as part of the configuration vector
that describes the dynamical system,

provide the appropriate constraints for the system, including
those on the zero-mass particle,

use the equations of constrained motion for singular mass
matrices [6-9], and

thereby directly obtain the motion at that point.

(i)
(iii)
@iv)

)

We next consider the motion of the same solid sphere (radius
6 cm) to be non-uniform in its density with half of it made from tita-
nium (density d; =4500kg/m?*) and half made of vanadium
(density d»> = 5494 kg/m>). The origin of the body-fixed 9% coordi-
nate system is now at the center of mass of the non-uniform sphere
and not at its center. The body-fixed x-axis is chosen to lie along the
line of axisymmetry of the non-uniform sphere, its positive direc-
tion pointing away from the lighter hemisphere. The center of
mass therefore lies on this axis. Being a line of axisymmetry, a prin-
cipal axis of moment of inertia of the sphere (with the origin at the
center of mass of the sphere) also lies along this axis. The other two
principal axes of moment of inertia lie in a plane perpendicular to
the % axis; they are chosen initially to be along the inertial Y- and
Z-axis forming a right-handed triad. Thus, at time =0, as before,
the quaternion u(r=0)=[1, 0, O, O]T. The same initial conditions
are provided to the non-uniform sphere as were provided to the
uniform sphere, and the numerical procedures and error tolerances

Fig. 8 The motion of the non-uniform sphere showing its trace
on the surface (dashed line) and the motion of its center (solid
line)
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Fig. 9 Time history of the errors ¢;,i =1, 2, 3, 4, in the satisfac-
tion of the four constraints for the non-uniform density sphere
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Fig. 10 Time history of the change in energy of the sphere
showing that the numerical integration preserves the constraint
that the energy is a constant

are kept as before. Again, no initial spin is given to the sphere along
the axis normal to the surface 7.

Figure 8 shows the surface I" drawn to the same scale as that in
Fig. 6. The solid blue line shows the motion of the center of the non-
uniform sphere, and the dashed red line shows the motion of the
point of contact between the sphere and the surface. As seen from
Figs. 6 and 8, the trajectory of the uniform and non-uniform
sphere are vastly different though they start with the same initial
conditions. Figure 9 shows the errors in the satisfaction of the
four constraints ¢; =0, i =1, 2, 3, 4, as earlier.

Lastly, in Fig. 10, we show the error in the satisfaction of the
requirement that the energy of the system remains a constant.
These errors are shown for both the uniform and the non-uniform
density sphere. On the vertical axis is plotted [E(f) —E(t=0)]/
E(t=0), where E(r) denotes the energy of the sphere at time t.
This serves as a check on the numerical accuracy of the results,
since we know that the energy of the system is to remain a constant.
The errors are seen to be of the order of the round off errors in the
machine’s computation.

5 Conclusions

This paper shows that zero-mass particles can be useful in
increasing the ease with which models for complex multi-body
systems can be formulated and their explicit equations of motion
obtained. Their use causes the number of coordinates involved in
describing the mechanical system to be greater than the minimum
number needed. Such additional coordinates are not commonly
used in modeling complex systems because they lead to descrip-
tions that have singular mass matrices, and these matrices being
noninvertible, cannot be handled in the standard manner in
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Lagrangian mechanics. However, recent advances in our under-
standing of constrained motion in analytical dynamics allow us to
utilize singular mass matrices when appropriate constraints are
imposed on the additional coordinates. It is this advance in analyt-
ical and multi-body dynamics on which the effective use of these
zero-mass particles hinges.

In modeling of complex multi-body systems and obtaining their
equations of motion, it appears best to follow the three-step strategy
of (a) writing the unconstrained equations of motion of the system;
(b) writing the constraints; and (c) obtaining the explicit constrained
equation of motion [8]. The third step is obtained directly from the
first two by using the explicit fundamental equation of constrained
motion. Hence, it is the first two steps that are usually problematic
in the description of complex multi-body systems. The use of zero-
mass particles can play a significant role in easing the description
of these two steps. This is demonstrated by considering the
problem of a sphere rolling under gravity on an arbitrary surface
without slipping.

For the rolling sphere, in order to be able to write the constraints
in an easy and simple manner, we need the coordinates of two
points—the location of the center of the sphere, and the location
of the point of contact between the sphere and the arbitrarily pre-
scribed surface. While the coordinates of the center of the sphere
can be included in the set of generalized coordinates, those of the
point of contact are usually not. The addition of a zero-mass particle
at the point of contact in the description of our system, which then
naturally expands the set of generalized coordinates, makes writing
down these constraints trivial, as shown. However, this leads to a
singular mass matrix. This zero-mass particle is constrained to coin-
cide with the point of contact between the sphere and the surface,
and the point of contact is thereby included in the dynamical
description of the multi-body system now consisting of the sphere
and the zero-mass particle. Application of the explicit fundamental
equation of constrained motion using an augmented mass matrix
gives the equations of motion of the multi-body system. Upon inte-
gration, the system’s motion is obtained, and the path traced out on
the (arbitrary) surface by the point of contact between the sphere
and the surface, as the sphere rolls over it, is thus obtained simply
and directly though this dynamical formulation. This approach is
further widened in the section that follows by considering the multi-
body system made as up of the sphere and two zero-mass particles.
This further simplifies writing of the unconstrained equations of
motion as well as the constraints.

Zero-mass particles can thus also be useful in easing the descrip-
tion of the unconstrained system. For the rolling sphere, we observe
that the kinetic energy of the unconstrained system can be trivially
written by using the coordinates of the center of mass of the sphere.
In Sec. 3, we therefore additionally include the coordinates of the
center of mass of the sphere in our dynamical description.
However, this then calls for the use of two zero-mass particles in
the description of the unconstrained system, because we also need
the coordinates of the center of the sphere in order to write the con-
straints in a simple manner, as the sphere rolls on the surface. One of
the particles, as before, is later constrained to be the point of contact
between S and I” while the other zero-mass particle is constrained to
coincide with the center of the sphere. Expanding the set of gener-
alized coordinates by including two additional zero-mass points to
describe the dynamical system now permits both the unconstrained
equation of motion of the system and the constraints to be trivially
written down. The unconstrained equations of motion are again sin-
gular. Addition of the constraints, in terms of this expanded set of
generalized coordinates, allows the equations of motion of the con-
strained system—the sphere rolling on the surface without slip—to
be obtained explicitly through application of the fundamental equa-
tion of constrained motion.

More generally, in the dynamics of complex multi-body systems,
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 set that has the minimum
number of generalized coordinates needed to describe the
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configuration of a multi-body system. To use additional coordinates
that can conveniently convey information about the system’s con-
straints, one can “label” such points by placing zero-mass particles
at these locations and including them in the dynamical description
of the system, as shown in the example of a rolling sphere in this
paper. This can greatly ease not only the description of the con-
straints but also the development of the unconstrained equations
of motion, as illustrated.

At other times, one may be interested in simply finding the
motion of one or more specific points (locations) in a complex
mechanical system. Such points can be similarly “labeled” by
placing zero-mass particles, like post-in stickers, at those specific
locations and directly incorporating these points into the description
of the dynamical configuration of the multi-body system. At these
labeled points, one can simply

(i) “paste” zero-mass particles at desired locations in a mechan-
ical system (more generally, in any dynamical system),

(ii) include their coordinates as part of the configuration vector
that describes the dynamical system and write the equations
of motion pertaining to them, which is trivial, but which
leads to a system with a singular mass matrix,

(iii) provide appropriate constraints, including those on the
zero-mas particles, and

(iv) obtain the constrained equations of motion of the dynamical
system using the explicit equations of motion developed in
Refs. [6,7,9].

The resulting equations are easily amenable to computation, and
they directly yield the motion (displacements, velocities, and accel-
erations) at the labeled locations where the zero-mass particles are
placed in the dynamical system.

Appendix

In this appendix, we obtain the matrix A, and the vector b,. The
gradient vector to the surface " has components in the XYZ inertial
frame given by

[ar or arT

day” day” a3

with the sign of I'(a;, ay, a3) chosen so that the last component of k
is positive. The unit normal n to the surface therefore has compo-

nents given by n = k/~/kTk so that
o1 ok, Kk
n= —a— k,
ViTkoa (kTky"?

T
ok d (ok 2k k.

n=A—a+A—|—|a+0k———==k

" oa” + dt <6a)a + kTk)*?
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where

1 k™ S

.T.

A= |- = (222 "k |, and

er[3 kai|, WO | KR , an
ok
=2

6aa

Hence, the constraint & + rit — W, = 0 can be written as A,§ = b,
where

ok
Ay = |:—I3><3 | O3sq | I +7A —], and
Oa

d (ok\ .

2% k

References

[1] Udwadia, F. E., and Kalaba, R. E., 1992, “A New Perspective on Constrained
Motion,” Proc. R. Soc. London, Ser. A, 439, pp. 407-410.

[2] Udwadia, F. E., and Kalaba, R. E., 1996, Analytical Dynamics: A New Approach,
Cambridge University Press, Cambridge, UK.

[3] Udwadia, F. E., and Kalaba, R. E., 2002, “What is the General Form of the
Explicit Equations of Motion for Constrained Mechanical Systems?,” ASME
J. Appl. Mech., 69(3), pp. 335-339.

[4] Udwadia, F. E., 2003, “A New Perspective on the Tracking Control of Nonlinear
Structural and Mechanical Systems,” Proc. R. Soc. London, Ser. A, 459(2035),
pp. 1783-1800.

[5] Udwadia, F. E., 2005, “On Constrained Motion,” Appl. Math. Comput., 164(2),
pp. 313-320.

[6] Udwadia, F. E., and Phohomsiri, P., 2006, “Explicit Equations of Motion for
Constrained Mechanical Systems With Singular Mass Matrices and
Applications to Multi-Body Dynamics,” Proc. R. Soc. London, Ser. A, 462, pp.
2097-2117.

[7] Udwadia, F. E., and Schutte, A. D., 2010, “Equations of Motion for General
Constrained Systems in Lagrangian Mechanics,” Acta Mech., 213(1-2),
pp. 111-129.

[8] Schutte, A. D., and Udwadia, F. E., 2011, “New Approach to the Modeling of
Complex Multi-Body Dynamical Systems,” ASME J. Appl. Mech., 78(2), p. 021018.

[9] Udwadia, F. E., and Wanichanon, T., 2013, “On General Nonlinear Mechanical
Systems, Numerical Algebra,” Control Optim., 3(3), pp. 425-443.

[10] Lindeldf, E., 1895, Sur le mouvement d’un corps de revolution roulant sur un plan
horizontal, Acta Societatis Scientiarum Fennicae, Vol. XX, No. 10.

[11] Chaplygin, S. A., 1948, “On Ball’s Rolling on Horizontal Plane,” Collect. Works,
GITTL, Leningrad, Moscow, vol. 1, pp. 76-101.

[12] Chaplygin, S. A., 1948, “On Motion of Heavy Rigid Body of Revolution on
Horizontal Plane,” Collect. Works, GITTL, Leningrad, Moscow, 1, pp. 57-75.

[13] Kilin, A. A., 2001, “The Dynamics of Chaplygin Ball: The Qualitative and
Computer Analysis,” Regul. Chaotic Dyn., 6(3), pp. 291-306.

[14] Borisov, A. V., and Mamaev, 1. S., 2002, “Rolling of a Rigid Body on a Plane and
Sphere: Hierarchy of Dynamics,” Regul. Chaotic Dyn., 7(2), pp. 177-200.

[15] Borisov, A. V., Ivanova, T. B., Kilin, A. A., and Mamaev, 1. S., 2019,
“Nonholonomic Rolling of a Ball on the Surface of a Rotating Cone,”
Nonlinear Dyn., 97(2), pp. 1635-1648.

[16] Ivanov, A. P., 2016, “On Final Motions of a Chaplygin Ball on a Rough Plane,”
Regul. Chaotic Dyn., 21(7-8), pp. 804-810.

[17] Udwadia, F. E., and Shutte, A. D., 2010, “An Alternative Derivation of the
Quaternion Equations of Motion for Rigid-Body Rotational Dynamics,” ASME
J. Appl. Mech., 77(4), p. 044505.

[18] Udwadia, F. E., and Kalaba, R. E., 1994, “An Alternate Derivation of the Greville
Formula,” J. Optim. Theory Appl., 94(1), pp. 23-28.

Transactions of the ASME


https://dx.doi.org/10.1098/rspa.1992.0158
http://dx.doi.org/10.1115/1.1459071
http://dx.doi.org/10.1115/1.1459071
http://dx.doi.org/10.1098/rspa.2002.1062
http://dx.doi.org/10.1016/j.amc.2004.06.039
https://dx.doi.org/10.1098/rspa.2006.1662
http://dx.doi.org/10.1007/s00707-009-0272-2
http://dx.doi.org/10.1115/1.4002329
http://dx.doi.org/10.3934/naco.2013.3.425
http://dx.doi.org/10.1070/RD2001v006n03ABEH000178
http://dx.doi.org/10.1070/RD2002v007n02ABEH000204
http://dx.doi.org/10.1007/s11071-019-05086-3
http://dx.doi.org/10.1134/S1560354716070030
http://dx.doi.org/10.1115/1.4000917
http://dx.doi.org/10.1115/1.4000917
http://dx.doi.org/10.1023/A:1022699317381

	1  Introduction
	2  Formulation of Problem
	2.1  Description of the Unconstrained System
	2.2  Description of the Constraints
	2.3  Description of the Constrained System

	3  An Alternative Formulation of the Problem Using Two Zero-Mass Particles
	3.1  Description of the Modified Unconstrained System
	3.2  Description of the Constraints
	3.3  Description of the Constrained System

	4  Numerical Example
	5  Conclusions
	 Appendix
	 References

