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ABSTRACT. A new formalism is proposed to study the dynamics of mechanical systems composed of N
connected rigid bodies, by introducing the concept of 6/N-dimensional composed vectors. The approach is
based on previous works by the authors where a complete formalism was developed by means of differential
geometry, linear algebra, and dynamical systems usual concepts. This new formalism is a method for the
description of mechanical systems as a whole and not as each separate part. Euler-Lagrange’s Equations are
easily obtained by means of this formalism.
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1 INTRODUCTION

Works by Cortizo and Giacaglia [2], Kottke [8], and Giacaglia and Kottke [5] have described in
details the formalism, which is the theoretical background of this work, by the introduction of
virtual linear velocities and angular velocities and force-torque composed vectors representing
kinematical and dynamical quantities of all links involved.

In the present work we show a compact and straightforward method to obtain Euler-Lagrange’s
Equations for such a mechanical system by simply writing down the Newton-Euler dynamical
equations condensed into composed vectors and then multiplying such equations by a properly
chosen composed kinematical vector.

The links are considered to be connected by rotational joints and acted on by arbitrary forces
and torques, including torques resulting from frictional forces arising in the joints. The final
differential equations are transformed by simple scalar products and it is shown that the resulting
differential equations are completely equivalent to the differential equations obtained from the
Lagrangian of the system. The method is applicable to connected rigid multi body systems in the
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presence of holonomic and nonholonomic constraints, a possibility available by the methodology
used in the present work [6]. Figure 1 shows an example of a simple system composed by two
connected joints, and torque and forces applied.

B

Figure 1: System with two constrained plane links.

Figure 2 gives the geometry of this system, showing the position and orientation of each torque
and forces applied.

The first of Figure 2 is the link OA and the second is the link AB. We have set the lengths to be
2L, and 2L, for simplicity of the geometry and mechanics involved.

Classical work by Roberson [11], Wittenburg [15], and Shabana [14] on multi-bodies systems
use classical approaches to this matter, treating each body as a separate entity of these systems.
Schiehlen [12] presents a substantial collection of the most efficient algorithms for calculating
rigid-body dynamics, but as we understand no composed vectors, suggested here, are used. This
is also observed in revised work of this author Schiehlen [13].

A more elaborate algorithm is given by Featherstone [3] where the author informs that rigid body
dynamics algorithms presented are the subject of computational rigid-body dynamics through the
medium of spatial 6D vector notation.

In the present article we actually use an algorithm with 6N-dimensional vectors, where N is the
number of connected bodies involved.
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Figure 2: Links geometry and applied forces and torques.

2 DYNAMICS OF THE SYSTEM

We consider a mechanical system constituted by N rigid links connected by rotational joints. The
position and orientation of each link is represented by the coordinates of its centre of mass and
by a set of three Euler angles each. The number of degrees of freedom of the system, using a set
of generalised coordinates, for instance the Denawitt-Hartenberg parameters [7], is represented
by n < N generalised coordinates g = (q',¢%,...,q"), associated to ¢ = (¢',...,4") generalised
velocities and = (¢',...,§") generalised accelerations associated to configuration g. The linear
velocities of the centre mass of each link and their angular velocities, represented by vectors

@i(q,9) = Y ¢*@ailq) 2.1)
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Vectors Uy; and @g; defined in Eq. (2.1) are the linear and angular velocities of link i(i = 1,...,n)
in the state where all generalised velocities are zero except the one () which is unitary. The
absolute value of vector Dy, is the distance #; between point C; and a reference joint J;. Vectors
@q; are dimensionless. The linear and angular accelerations are given by

dU, d n . n . n on 95[51
—(@.:4:9) =7 | ¥ “Vailg) | = Y ¢ Bailq) + Pq 2.2)

dt dt agﬁ ¢ OZ’I ¢ ﬁglygl dq"(q)

da)i CoN i g N _ < .0 2 SR a(?)ﬁl

o (4:4:4) = - LZIq wa,(q)] _a;lq Boi(q Z:‘, ;q 7 30 (2.3)

The distributions of actions on each link is the pair <E7]_\7j> and corresponds to all actions (forces

and torques) acting on link 7, using as pole their centres of mass C;(i = 1,...,n). Euler equations
for any particular link i are given by

non 0 i_‘i . .
+) Zqﬁq'y{{ %Z’f )(q)] + [@pi(a)] x 1 [wyi(q)}} 24)

Newton’s Equation for the force acting on the centre of mass C; of link i is given by

. dz n n 81),
E(q7q7q)ml< v>ml[2q val +qu q aqg ]

=1y=1

4 k)
=Y % [miui(q)] + Z Zq q [ 0% (q)] 2.5)

a=1 =17=1

The results of the above evaluations corresponding to the 3n set (q,q,¢) is represented by
Fi(q.4,q) and N; (q,4,q) fori=1,..

The composed vector represented by V@ is given by the

—

VO = (V1,@1,V2,@, .. ., Vn, ) (2.6)

and from the above expressions for the linear and angular velocities it is found that
n
0= Y ¢V (2.7)
o=1
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where

—

V0y = (Va1, O, Va2, B2, - - -, Van: Dan) (2.8)
with components defined as above. The 6n-dimensional vector V@ is the vector of virtual
velocities associated to the state (g, ) of the system.

The pair force-torque is represented by (ﬁ,,ﬁ,) (¢,4, ) where the components vectors are given
by F;(g,4,4) and Ni(g,q,§) with (i = 1,...,n) and corresponding to the 3n-dimensional set
(4:9.9)-

Newton-Euler equations give the resulting forces F(q,§,¢) and torques N;(q, ¢, §) acting on link
i(i=1,...,N) corresponding to the 3n-dimensional set (g, 4, §).

These 2n three dimensional vectors can be composed in only one 6n-dimensional vector
FN(g,4,4), given by

Fﬁ(qaqaq) = (ﬁl (qvc}7é].)vﬁl (qquq)v cee aFn(qquq)vﬁn(qquq)) (29)
The dynamical equations for the mechanical system considered are obtained as follows. The

expressions derived above (Egs. (2.4) and Egs. (2.5)) for Fi(%q,c’j) and N,-(q,q,q) can be
condensed in a unique composed 6n-dimensional vector

N(4.4.9) Z §"PLa(q Z Z q"XYg,(q) (2.10)
where
ﬁza: (ﬁal7zalaﬁa27za25"'7ﬁanazan> (2.11)
and
XVpy = (Bt Tyt Kpros Vo Kps o) (0,7 =1,.0m) 2.12)

are given by

ﬁtxi(Q) = miﬁai(Q)
Lai(q) = I [@ai(q)] (2.13)

Vectors Py; and L, above defined represent the linear and angular momenta of link 7 in the state
of the system where only the & velocity is different from zero and unitary, all other being zero.

We also have that

ﬂ v , 9B, ) .
Xpyila) = ;;y() Vgyi(a) =1 [;;‘; (q)}ﬂwﬁ,-(q)]xli [@i(q)] 2.14)

fori=1,...,n

It should be noted that the scalar product of two composed vectors must satisfy the physical
meaning of such product. As an example, consider the power associated to the composed vector

FN(q..9) = (Fi (0:4.0) 1 (0:4.4), - F (4,4.0) . N (4,0.9)) 2.15)
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The scalar product of this force-torque action by the linear-angular velocity composed vector
Vo = (Vy, @1,V, @, . .., Vy, @) is given by

n
FN(q,4,4)0v0(q.) = Y. [FroTi+ N0 @, (2.16)

i=1

The differential equations of motion of the composed system derived by simple vector algebra
give an equivalent result as that given by the explicit form of Euler-Lagrange’s Equations [4, 10].
In fact, consider the composed vectors, for ¢ = 1,2,...,n,

Va)a = (‘7&1)&’)(11;"'7‘7&}17&3&}1) (2~17)
where vectors Vy;, @q; have been defined by Eq. (2.1),

131'((],(2): Zc:lqaﬁai(q) 2.18
{ 1 (9.4) = T dGu(9) 1

Consider Eq. (2.11) and the scalar product
PLa(q) 0Vady(q) = Z (ﬁai oVy; +Lgio a’yi) =
i=1

= Z [m,- (Vai O‘_”yi) +1; (G)ai) o CT)yi] = ayoc(‘]) (2.19)

The coefficients ayq (g) are the coefficients of the quadratic terms ¢7¢% in the total kinetic energy

of the system, that is
1
=3 Y'Y agpi®dP (2.20)
a B

The first part of Eq. (2.19) on the right hand side is the linear kinetic energy (except for a fac-
tor @) of link i because the velocity of the centre of mass C; of this link associated to the
generalised coordinate (angle) g% is precisely V; except for a factor g%. The second part is the
rotational kinetic energy of this same link except for the same factor #

The same scalar product is now applied to the second term on the right-hand side of Eq. (2.11),
giving

T 0 TE( ) — Lo Vai . e [0L(Bai) . Ly
aﬁova(‘I)—ZmiWO"yi+Z W‘i‘waixh(wﬁi) O(Dyi—a,ga(CI) (2.21)
i=1 i=1

The coefficients a}; «(q) correspond to the Christoffel Brackets ﬁ}:X resulting from the

quadratic part of Euler-Lagrange’s Equations when the constraints are time independent and
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considering unitary linear and angular velocities. Taking into account the definition of the co-
efficients ayq(g) given by Eq. (2.21) and comparing Eq. (2.22) with the classical definition
[1,4]

i B aai(x 8a,~,3 8aaﬁ
l Ba ] “ 9 9% g 22

it is seen that there is an exact correspondence between the two definitions.

The same scalar product applied to the force-torque composed vector given by Eq. (2.16), gives

- =

FN(q,4,4)ov@y(q) = Y Fiovyi+ Y Nio®y = Qy (2.23)

1 i

™=
M:

i 1

Quantities Q are the generalised forces and give a direct physical interpretation of these quanti-
ties. From Eq. (2.23) the dimension of the generalised forces associated to an angular generalised
coordinate g% shows that it corresponds to the torque of the applied force with respect to joint J;.

With the above definitions, the equations of motion for the generalised coordinates assume the
known form

):ayaq”‘JrZZ[ [;:x ] %P = 0, (2.24)
o o ﬁ

From Eq. (2.24) we obtain the explicit form of Euler-Lagrange’s Equations for a system with
time independent constraints given by

q+;§< Bsa ) %3P =0’ (2.25)

where we have used the usual Christoffel Parentheses [9] and the generalised forces Q°
corresponding to the action on the generalised coordinate g°.

The above development shows how the use of composed vectors leads to Euler-Lagrange’s Equa-
tions of motion of a system composed of connected rigid bodies. The computation of all quanti-
ties involved in Eq. (2.19) is straightforward from the computation of forces and torques acting
on the system.

3 APPLICATION: TWO-LINK ARTICULATED ARM

A simple example will be used in order to follow the mathematical formalism without com-
plicating the physical system. We consider the simple two-link system shown in Figure 1 and
representing two articulated links on a fixed base.

The rotational joint J; is articulated to a fixed support. The rotational joint J; is connecting links
OA and AB whose lengths are L; and 2L,. The system moves on a fixed vertical plane. The
generalised coordinates are the angles 8; = ¢! e 6, = ¢?, that links OA and AB make with a fixed
horizontal line, so that its time derivatives are the absolute angular velocities of each link. This
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is done instead of defining the angle 6 = 6, — 0; between links OB and AO, as it is done in usual
robots’ kinematics. For the purpose of this example there is no point in adopting this notation.
The positions of points C; and C; are given by

Ci—-0=L (C1§1+S1§2) 3.1
C—0=2L; ((,’151 —I—Slf) + 1L, (Czé'l —I—Szf) 3.2)
where (€},é,) is an inertial base and c¢| = cosq', s1 = sing', ¢y = cosq® and s, = sing®.
The linear velocities of these points are
1 = ¢V +¢*
Vi1 = L1 (—s1€1 +c162)
21 =0
S 2
Vo =4q V21 +q4 V2
Vig = 2L (—s1€1 +c1€2)

Vo2 = Lo (—5281 4 2€3) (3.3)

The angular velocities of each link are

@1 = ¢' &y

@ = ¢* B (3.4)
where

@] = M = €3 (3.5)

since angles have been chosen to be with respect to an inertial line.

The accelerations of these points are also easily found

dvi o= 1.1=

— =g V1] + a

dt q vVil1Tt4q qam

di1 = —Li(c1€1 +5162)

dvp, . e 1o Py
P §'12+ 0 +4' ¢ dn + ¢ ¢an

dip = —2L; (c1€) +5182)
dy = —Ly (c2€) + 5262)
@ =g'e;
) = §°&3 (3.6)
For the example of Figure 1 it is found that
Fi(q.4,4) = —migé>
F3(q,4.G) = —magé;
Ni(q.4,4) = N
N2 (q,4,4) = N 3.7
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In the equation

2 2 2
FN(9.4:9) = Y. ®PLla(@)+ Y. ¥ ¢P4"X¥ 3, (q) (3.8)
a=1 p=1y=1

we find that

— S . -
XY (q) = [0,0,mzazz (@) ,o} 3.9)
and all other composed vectors being zero.
The differential equation of motion is
—= o o oo — =
FN (Fi M BN ) = §'PLy+ PPLa+4'4' XV 1 + 4KV (3.10)

with the above definitions for the coefficients of this equation.

We now consider the composed vectors

Vo) = [1711 (ql) 163,712 (611) 76}

Ve, = [\721 (¢"),0,72 (¢") 753} (3.11)
It is easily found that

H
FNov®, = — (m142my) glic1 +Ny = Q1
FN oG = —maghes +No = 05 (.12)

It is also easily found that
PLyovay; = (my +4my) B+ 1y = ay (q)
PLy 0v®, = 21 mycr
Ci2 = COs (CIl - 612) =asi
ﬁz 0V® = 2malibery = ap
PLyov®y = mol2 + b = ax (3.13)

From the definition of the Christoffel Brackets, in this particular example it is found that the only
non-zero bracket is

aéz = 2m21112s12
s12 =sin (¢' —¢?) (3.14)
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The differential equations are given by
[(m1+4mo) F + 1] G + [2moli1re12] G + [2mal1 bs12] 76 = (my +2m2) glici + Ny (3.15)
20 lmycya) Gt + [mzl% +1)] §* = —maglcay+Na (3.16)
Collecting constant coefficients
A1G' +Bicos (¢' —¢*) ¢ +Cisin(¢' — ¢%) ¢°¢* = D1 cosg' Ny (3.17)
Azcos (¢' — ¢%) §' + Bag* = Co + Dy cosg® + N» (3.18)

In order to have explicit equations for ' and for ¢ it is a simple matter of solving the above
system for these two quantities. In this simple example, expressing §' in terms of all other terms
in Eq. (3.18) and substituting into Eq. (3.17) we obtain a differential equation containing only
the first and second derivatives of ¢> and the first derivative of ¢! with coefficients functions of
both variables ¢' and ¢>. Obviously, this is the well-known problem of a double pendulum with
the additional complication of the presence of torques applied to the two arms of the pendulum.

4 CONCLUSION

It has been shown that the use of composed linear-angular velocities and force-torque vectors, a
new method of representing kinematical and dynamical quantities, is a very efficient and compact
form to derive the dynamical equations of multi-body, as compared with classical approaches.
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RESUMO. Um novo formalismo é proposto para estudar a dindmica de sistemas
mecanicos compostos por N corpos rigidos conectados, introduzindo o conceito de ve-
tores compostos 6N-dimensionais. A abordagem ¢ baseada em trabalhos anteriores dos au-
tores, nos quais um formalismo completo foi desenvolvido por meio dos conceitos usuais
de geometria diferencial, dlgebra linear e sistemas dindmicos. Esse novo formalismo é um
método para a descri¢@o de sistemas mecanicos como um todo e ndo como cada parte sep-
arada. As equacdes de Euler-Lagrange sdo facilmente obtidas por meio desse formalismo.

Palavras-chave: vetores compostos, corpos rigidos conectados, dindmica.
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