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Abstract. Theory of screws applications are based on the combined representation of angular and linear velocity or,
similarly, force and moment, as one element of a six-dimensional projective vector space. In a variety of areas of robotics,
methods and formalisms based on screw theory have shown advantages over other techniques and have led to significant
advances. These methods include the development of fast and efficient dynamics algorithms, discoveries in the nature
of robot compliance and mechanism singularity, and the invention of numerous parallel mechanisms. One significant
advantage of using screw theory is the possibility to reuse the partial model of the robot. It is possible to model two
or more pieces of the robot independently and then combining these pieces forming a complete model. The standard
approach (D-H) requires to remodel the whole manipulator. This paper presents the development of theory based on
Lagrangian formalism and screw theory. As example of application a two DoF serial robot is employed to move a load
holding it by a passive rotative joint. When the manipulator holds the load, the load and the manipulator form a three DoF
serial robot with one passive joint, so the dynamic model is dramatically changed. The system formed by the manipulator
and the payload becomes a completely new mechanism. Details of the impact in the dynamic model produced by the new
link are presented with emphasis in the fact that the dynamic model doesn’t need to be rebuilt from scrap. The authors
believe this approach consists on a major advance with important applications in reconfigurable robots.
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1. INTRODUCTION

Dynamic analysis plays an important role in predicting the behavior of mechanical systems and achieving their best
performance. In robotics there are two types of dynamical problems (Tsai, 1999): (i) the direct dynamics problem aims
to find the response of a robot as a result of applied torques and/or forces; (ii) the inverse dynamics problem aims to find
the actuator torques and/or forces required to generate a desired trajectory.

There are three main methods for dynamical equations formulation present in several textbooks of robotics: Newton-
Euler’s formulation, the principle of virtual work, and the Lagrangian formulation. The Newton-Euler’s formulation
requires the motion equations to be written for each body of a manipulator. It is an inherently recursive method and,
consequently, it is computationally efficient (Tsai, 1999; Siciliano et al., 2009). However, the disadvantage of this method
is the increase in analysis complexity with the increase in number of joints of the robot (Kelly et al., 2005). Moreover, the
method is not suitable for parallel manipulators. The principle of virtual work method allows eliminating the constraint
forces and moments at the joints from the motion equations (Wittenburg, 2008, p. 30). This method works fine with
parallel manipulators. The Lagrangian formulation is systematic and of easy understanding, it provides the equations of
motion in a compact analytical form advantageous for control design and it is effective if it is desired to include more
complex mechanical effects such as flexible link deformation, suspended payload, etc.

Consider a robot that, during some task, needs to hold a payload by a movable union like a hook. The coupling
between the hook and the payload could be modeled as a new passive joint added to the kinematic chain. So, the robot
dynamic model is dramatically changed and the system formed by the manipulator and the payload becomes a completely
new mechanism. Using the Newton Euler’s formulation or the principle of virtual work, the dynamic model must be
completely recalculated. That’s why in this paper we introduce a new procedure for progressive dynamic analysis of
robotic manipulators based on Lagrangian formulation and screw theory which are more flexible to introduce more com-
plex mechanical effects. With this approach is possible to model several pieces of the robot independently, then combine
the pieces to form a complete model. Using a more standard approach it is just no possible, or at least it not so directly;
it is necessary to remodel the whole manipulator at once. To achieve the objectives, the concept of “‘joint-space inertia
matrix” based on Ball’s six principal screws of inertia is introduced.

2. PROGRESSIVE DYNAMIC ANALYSIS

The aim of this method is to build up a dynamic model of a manipulator in a progressive way. It means that each
link and joint, from the base to the very last link (end-effector or payload), is analyzed at a time. To create the method
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we use concepts such: principal screws of inertia, generalized mass matrix, screw transformation matrix, kinetic energy,
Jacobian, and Lagrangian formulation.

2.1 Joint-Space Inertia Matrix

The inertia matrices are fundamentals to describe the dynamic behavior of a rigid body. There are many text on the
subject, see for example, (Craig, 1989, p. 205), (Tsai, 1999, p. 375), (Siciliano et al., 2009, p. 139), (Featherstone, 2008,
p- 34), and (Kelly et al., 2005, p. 72, 95), but no author ever has approached the problem using screw theory. More details
on screw theory can be found in (Ball, 1900; Hunt, 1978; Davidson and Hunt, 2004).

The kinetic energy' of each link is given by (Featherstone, 2008, p. 65):

1, T o
7225 0,0, Mi$(jﬁci (1)

where $6’ ¢, 1s the twist of the link ¢ center of mass relative to the base and expressed in a frame with axes parallel with

the link frame i, and M is the generalized mass matrix expressed in respect to the center of mass of link 7 in a frame
parallel to frame 3.

The computation of the generalized mass matrix is based on Ball’s six principal screws of inertia that are paired
such that two are aligned with each of the axes, with their pitches equal to the corresponding radii of gyration but
of opposite sense (Ball, 1900; Tischler et al., 2000). The coordinates of the principal screws of inertia in axis-order
(i.e. [P, Q, R; L, M, N)) are:

$1 = [a,0,0; 1,0, 0] 2)
$2 = [-a,0,0;1,0,0] (or[a, 0,0; —1, 0, 0]) 3)
$35 = [0,5,0;0,1,0] @)
$4 = [0,—b,0;0,1,0] (or[0,b,0;0,—1,0]) (5)
$5 = [0,0,¢0,0,1] (6)
$¢ = 10,0, —¢;0,0,1] (or[0,0,c; 0,0, —1]) @)

where a, b and c are the radii of gyration of the body. An interesting property of these screws becomes apparent by
forming a 6 x 6 matrix S¢ with each row taking the coordinates of one of the screws in axis-order, then taking the product
of this matrix and its transpose (Tischler et al., 2000):

a —a 0 0 0 O e 0 0 1 0O a > 0 0 0 0 0

0 0 b —-b 0 O - 0 0 1 0 O 0 b 0 0 0 0

T 10 0 0 0 ¢ —c 0 b 0 0 1 0| 0 0 ¢ 000
Sc So = 11 0 0 0 O 0 b 0 0 1 0| 2 0 0 0 1 00 ®

0 0 1 1 0 O 0 0 ¢ 0 01 0 0 0 0 1 0

o 0 0 0 1 1 0 0 —c 0 01 0 0 0 0 0 1

The resultant matrix contains the usual form of the inertia tensor I in the top-left corner with the exception of the factor
m/2. The 6 x 6 matrix is related to the generalized mass matrix referred to a frame located at the center of mass and
aligned with the principal axes. For a frame located at the center of mass, but not necessarily aligned with the principal
axes, the generalized mass matrix of link ¢ is given by:

Mi:[f 0 ] ©)

where T is the inertia tensor written in respect to a frame with origin coincident with the center of mass of link ¢ and axes
parallel to the link ¢ frame axes, m; is the mass of link ¢, and I3 is the identity Amatrix of order 3. If, and only if, frame

1 axes are parallel with the so called principal inertia axes of the body ¢, then T is diagonal in the same form as Eq. (8)
multiplied by a factor m/2. So, the product of matrices Sg Sc is a tensor and, as a tensor, it can be transformed as

M, = % Ti, S Se TS (10)
where TZC isa 6 x 6 screw transformation matrix given by

;. [ Ry, 0

I Calligraphic typeset is used to avoid confusion with screw transformation matrix.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

where Ra contains the principal moments of inertia axis versors given in respect to frame 7. Note that TZC = (TZCZ ) T.

The confusing thing about twists (velocities) is that they are screws, consequently, their coordinates must be specified
in some reference frame, but they measure the relative velocity of one body (one frame) in respect to another body (another
frame). Hence, there are three frames related with a single screw quantity: the inertial frame in which the time derivatives
are taken; the moving frame of which movement someone is interested in; and the reference frame in which the numbers,
the coordinates, are expressed. Usually, the inertial frame and the reference frame are the same, but this is not mandatory.
Therefore, the twists of the link ¢ center of mass relative to the base and expressed in a frame with axes parallel with the
link frame ¢ is:

i wf i

where wg,i is the angular velocity of frame ¢ in respect to a static frame instantaneously coincident with frame 1, ”6. c, s
the linear velocity of the center of mass, C, of the link 7 in respect to a static frame instantaneously coincident with frame
i.

The twist of the link 7 written in respect to the base frame, $J ;, can be transformed in the twist $, ¢, by multiplying

58,1' by a 6 x 6 screw transformation matrix, Tg ¢, such that (Davidson and Hunt, 2004, p. 82), (Tsai, 1999, p. 206):

oo = T5°83, (13)

R
-Ry S (pl,) R

where Rf) is the rotation matrix that describes the axes of frame ¢ in respect to the base frame and depends on configuration,
p&_ is the position vector of the link 4 center of mass” given in respect to the base frame, and S (-) is the skew-symmetric

TS = (14)

operator (Siciliano et al., 2009, p. 81). The superscript C; of Tg ‘ is used to indicate that the point implicated in the
transformation is the link ¢ center of mass. Therefore:

1 ‘ T __ v 1 T T 1 T
T=; (T586,) MG 8y, =580, T MT¢ 86, = 586, M2, 8§ . (15)
—_———
The twist 38,1- can be computed by (Siciliano et al., 2009, p. 80):
0 wy ; 0.
$.; = o0 =J;q (16)
0,i

where J ? is the Jacobian that maps the vector of generalized variables speed, g, to the twist of the link ¢ expressed in the
base frame, $8’ ;- So

1 T 1 AT . 1. T .
T, = =S80, MY S, == (J(q)a) ML JY (@) a=5q4" T, Mg J)q (17)
2 2 29 ¢ G,
M;
1 o
T = B M;q (18)

where M ; is the “joint-space inertia matrix” of the particular link .
It’s worthwhile to note that both J? = .JV (¢) and M; = M, (q) depend on the particular link 7, but § is unique.
Hence, the total kinetic energy is given by:

T - zﬂ;;qTMiq;qT <§;M>q (19)
= 1= 1=
M

1
T = a'TMq (20)

where n is the number of joints.

21t is possible to consider many parts of one link instead of the whole link, e.g. , the structure of the link and the motor rotor. In this case, care should
be taken to consider the transmission gain, if any.
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Each term of the inertia matrix, M, is calculated by:
_ T ___ _
M, = 0 (q)" M2, 10 (q) = 20" 7§ TR TG 90 = (15 00) ' BTG 50 = 3OT R IO en

where J ZC = Tg “J ? is the Jacobian that maps the vector of generalized variables speed, g, to the twists of the link ¢
center of mass relative to base expressed in a frame with axes parallel with the link 4 frame, $;, .

The Jacobians (J 70’ and J ? fori =1, ..., n, where n is the number of joints) have dimension 6 xi. As a consequence,
having in view Eq. (21), each matrix M ; has a different dimension. Hence, the summations symbols on Eq. (19) must be
interpreted as a special kind of matrix sum of different dimension. In this special sum, a suitable number of null rows and
columns are appended to each matrix in order to make all matrices of the same dimension. This is the main reason that
inspired us to build up the manipulators dynamic model in a progressive fashion.

2.2 On Jacobian Calculation

There are three possible approaches to compute the J ,C Jacobians. Assuming rotative joints only? and expressing all
vectors in the base frame:

1. Using a generic Jacobian that maps the vector of generalized variables speed, g, to the twist of the link ¢ expressed
in the base frame, $87 ;» and the screw transformation matrix that remaps to the center of mass twist (Tsai, 1999,

p. 186-206):
. R! 0
Ty = { o i | (22)
0 —Ry S (Pci) R,
- { re pixmi paxze e P and 23)
Do X 20 P1 X221 PyX22 -+ P XZi-1
JG = 1§ g (24)
From Eq. (22) to (24) is obtained:
. [ R! 0 z z A Zi_
Jcl — ; 0 ; :l |: 0 1 i—1 :| 25
‘ | —RyS (pe,) Rp S(po) zo S(p1) z1 -+ S(Pi 1) zie1 )
_ [ . 6z0 4 ézl ‘ R(i)lzi_l ](26)
| Rozo x Ry (pc, —po) Roz1 xRy (e, —p1) -+ Rozioi X Ry (po, —Piz1)
_ [ . RB zZ0 ) R6 zZ1 cee ) RB Zi—1 :| (27)
L R; (ZO X (pci _po)) Ry (Zl X (Pc,- _pl)) - Ry (zi—l X (Pci —pi_1)) .

In this case it is necessary to employ one screw transformation matrix per body (link structure, motor rotor, etc.)
and only one Jacobian per link. This approach is advantageous when the principal inertia axes are not parallel with
link frame axes. Then Ry, can compensate the alignment difference.

2. Building up each Jacobian directly:

Jon_ [ . Rz . Rz - Rz, o8

' Ry (20 % (pc, —Po)) Ry (21 % (P, —=p1)) -+ Ry (zio1 % (Pe, —Pi1))
In this case it is necessary to use one Jacobian per body.
3. Applying a Jacobian as presented by (Siciliano et al., 2009, p. 84-85):

=Ci R, 0

T i _ 0 . 2
0 { 0 R } : (29)
0 20 21 22 Zi—1
J, = 30

Z [ 20 % (e, —p0) 21 % (e, —p1) 2% (be,—p2) o 2% (pe,—pi) | O
JG = TST. G1)

It is necessary to use a single screw transformation per link and one Jacobian per body (link structure, motor rotor,
etc.) The Jacobian of Eq. (30) is also important to compute the gravitational vectors (see Eq. (36)).

3The adaptation for prismatic joints is straight forward.
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Note that all vectors are given in base frame coordinates. So the position vector of the mass center of each body (link,
motor, etc.), P¢,, are expressed in the base coordinated frame. The vector (Pc,i — pi) is the relative position of the mass
center in respect to the link ¢ frame (its magnitude is the distance from the mass center to the origin of frame %), but the
coordinates are expressed in the base frame.

2.3 Lagrange’s Equations of Motion Using the Joint-Space Inertia Matrix

The Lagrangian formulation of dynamic of robot is found in several textbooks of robotic (Kelly et al., 2005; Tsai,
1999; Siciliano et al., 2009) and it is presented here in a few lines for completeness. Lagrange’s equations of motion is
given by (Kelly et al., 2005, p. 95):

M(q) §+C(q.q) q+9g(q) =T (32)
where
N . . 10 (.p .
C(q,q)sz(q)q—§% 4" M (q) ¢ (33)
and
ou
g(q) = aflq) (34)

Equation (32) is the dynamic equation for open chain robots of n-DoF. Observe that C' (g, q) ¢, in Eq. (32) and (33),
is a vector of dimension n called the vector of centrifugal and Coriolis forces, g (q), in Eq. (32) and (34), is a vector
of dimension n of gravitational forces or torques and 7 is a vector of dimension n called the vector of external forces,
which in general corresponds to the torques and forces applied by the actuators at the joints (Kelly et al., 2005). Usually,
C (q, q) is calculated by (Kelly et al., 2005; Siciliano et al., 2009):

cij =3 k;( 5a o Be )qk (35)

where the terms between parentheses are called Christoffel symbols of the first kind. There are many other ways to
compute matrix C (q, ¢), but this form makes easy the proof of some usable proprieties (Kelly et al., 2005; Siciliano
et al., 2009).

Gravitational forces or torques due each link are:

_oT
g;=-m;J; $g (36)

— T
where J ? is the Jacobian given by Eq. (30) and $, = [ o” ggT } is acceleration screw in which g is the acceleration
due gravity expressed in the base frame. Note that each vector g, has size 4, so care should be taken in adding then.

2.4 Method Systematization

Each term of joint-space inertia matrix, M ;, is given by Eq. (21) and the Jacobian has dimension 6 x %. So, each M;
matrix has different dimension. Thus, the inertia matrix, M, in Eq. (32) is given by:

M(qg) =M i1Msyt---1M,

where the symbol 1 is used to denote a special kind of matrix/vector addition in which a suitable number of null rows and
columns are appended to make the matrices dimension compatible for addition. It could be considered 6 x n Jacobians
instead of 6 x ¢ and then all matrices M ; would have the same n x n dimension, but the purpose of this work is to
consider the cumulative effects created by the addition of new link to the kinematic chain. So, n is not known a priori
in this method because it can change during the task execution. Examples of this kind of application are found in liquid
transportation tasks where it is possible to find a payload with passive joints used to allow the correct orientation of the
recipient.

Since C depends on M, in Eq. (35), in a linear fashion, it is possible to compute one matrix C'; per link applying
Eq. (35) for each matrix M ;. This allows us to build up a complete dynamic model of each sub-chain of the manipulator,
from the base to the end-effector. So, the analysis is progressive in the meaning that it advances progressively from the
base to the end-effector. The matrices C; will be add up in the very same way than matrices M ; and so will be the vectors

g;-
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3. EXAMPLE

As case study is developed the dynamic model of a two-link planar arm, sometimes called pelican manipulator (Kelly
et al., 2005, p. 113), in a progressive way. First the robot model is derived, then the payload is included. The payload
is a crucible attached to the last link by a passive rotative joint in order to allow the crucible being kept in a horizontal
orientation during the movement. Hence, the robot has two different models corresponding to two configurations: without
the payload it is a two-link planar arm (see Fig. 1-a); and with the payload it is a three-link planar arm with one passive
joint (see Fig. 1-b). These models are helpful to develope an anti-swing controller.

Joint 3
(Passive)

Crucible

asz

Joint 2

Yo

Joint 1 ( -

(b)

Figure 1. (a) The manipulator without the payload and (b) the manipulator with payload (crucible)

3.1 Model of 2-DoF Manipulator

The link lengths are a; and a9, and the masses are mq and mo for links 1 and 2, respectively. The distance from the
rotating axes to the centers of mass are denoted by [; and [, for links 1 and 2, respectively. Finally, I, I,,, and I,,
and I,,, I,,, and I, denote the moments of inertia* of the links with respect to the axes that pass through the respective
center of mass and are parallel the respective link frame axes. The products of inertia are neglected, but their inclusion is
straight forward. Table 1 brings the arm parameters according to Denavit-Hartenberg convention (Siciliano et al., 2009,

p- 42). The last row, ¢ = 2, is respective to the payload. The joint variables are ¢ = [ 0, 0 ]T for the manipulator
only (without the payload). Joints 1 and 2 are actives and two actuators apply torques 7; and 7, to the respective joints.
Therefore, the external torque vectoris 7= [ 71 72 ]T

The joint-space inertia matrices, given by Eq. (9), are:

I, 0 0 O 0 0 I.,, 0 0 O 0 0
o I, 0 0 0 0 o I, 0 0 0 0
~— 0 0 I, O 0 0 ~— 0 0 I, O 0 0
Mi=1 9 0 0 m o o ["™M2=) 4 o o m o o 37)
0 0O 0 0 m O 0 0 0 0 mg O
0 0 0 O 0 my 0 0o 0 O 0 me
Using the first two rows of Tab. 1 it is possible to build the homogeneous transformations:
[ CiT —8 0 ai Cq Coy — 89 0 a9 Co
0 si; ¢ 0 agst 1| s2 ¢ 0 axsy
A= 109 o0 1 0o "™ |0 0o 1 o |8 (38)
| 0 0 0 1 0 0 O 1
[c12 —s12 0 a1 ¢1+az ¢
0 _ 40 41 _ si2 Ci2 0 a1 s1+4az si2
Ag=agal = |2 20 ) (39)
0 0 0 1

where ¢; = cosb;, s; = sin#;, ¢;; = cos (6; + 0,), s;; = sin (6; + 6;).
The positions of the centers of mass in respect to the base frame are calculated multiplying the respective homogeneous
transformation by the position vector of the centers of mass in respect to the link frame. So, po, = A9 plcl and po, =

4The moments of inertia I, , T, y1»lzo, and I, are unimportant because all axes are parallel the axis z and, consequently, they should be neglected.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

Table 1. Arm parameters including the last link (payload)

) A;:* Yoa | oy | di | 6;
0| A |a| 0|06
1| A} Jaz| O |0 |6
2| A% a3 | 0| 0 |63

A pQC2 where the vector on both side of the equation were augmented be appending a 1 to the column matrices.

Iy —aq ly —as ly ¢ ay ¢1 +la C12
pe, = 0 ) Doy = 0 , = pe, = | hsi | po,= | arsiHlasia | . (40)
0 0 0 0

Remember that the origin of each link frame is located over the next axis (distal joint, see Fig. 1).
Using Eq. (14) with the rotation matrices obtained from the matrices of Eq. (38) and (39) and the position vectors of
Eq. (40), the screw transformation matrices are written as:

[ o s1 0O 0 0 0
— 81 C1 0 0 0 0
cr 0 0 1 0 0 O
o' = 0 0 0 ¢ sp 0|7 “h
0 0 ll —S1 C1 0
L ll S1 —l]_ Cq 0 0 0 1
I C12 S12 0 0 0 0
— 812 C12 0 0 0 0
cy 0 0 1 0 0 O
TO o 0 0 ai So Ci2 S19 0 (42)
0 0 ZQ 4+ a1 Co —S12 Cio 0
L al S1 +ZQ S12 —aq Cq 712 C12 0 0 0 1
The z axis unit vector and the position vector of origin of the base frame in respect to base frame are:
0 0
2zo0=|0|,andp,=| 0 | . (43)
1 0

The z axis unit vector and the position vector of origin of the frame 1 in respect to base frame are obtained from the matrix
AY given by Eq. (38) and leads to:

0 ai C1
z1=1| 0| ,andp, = | a1 81 . (44)
1 0
Equations (43) and (44) are used to calculated the Jacobians by Eq. (23) as:
0 0 0
0 0 0
o |1 o |1 1
Ji=|, | andJy=| a1 s (45)
0 0 —a1c
0 0 0
which, together with the screw transformation of Eq. (22), leads to
0 0 0
0 0 0
JO =15 g9 = (1) , and J§? = T§> J9 = a1182 (1) (46)
I lo+aico Iy
0 0 0
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by the Eq. (24).
The joint-space inertia matrix for each link is given by Eq. (21), which takes the form M, = J flT M,J 101 and
Ms=J 202T My J 202 for links 1 and 2, respectively, as:

_ 2 | me (a12—|—122+2a1 ly co) + 1., maly (la+ a1 ca) + I,
M, = [ml L™+ IZJ , and M, = [ mo sy (12 + aq 02) + Izz mo l22 + 122 “7)
Applying Eq. (35) for matrix M ; and M 5 leads to:
Cl _ [O] ’ and 02 _ —Mma9 a1 lQ S9 '6‘2 —mao a1 12 S9 (91 + 92) (48)
mo a1 lg So (91 0

The dynamic model is completed by the gravitational vector, g, calculated term by term using Eq. (36) in with $, =
[0 0 0 0 —g 0] andEq. (30) by:

[0 0
0 0
—0 1 0
Jl B —ll S1 0 (49)
ll Cq 0
| 0 0
[ 0 0
0 0
—0 1 1
J, = 50
2 —a1 S1 —l2 S12 —lg S19 ( )
ay ¢1 +la 12 Iy 2
0 0
ioT
g4 = —ma J1 $g = [m1 gll Cl] (51)
=0T | mag (a1 ¢ +l2 Cr2)
92 = —m2Jy $= mz gla C12 (52)

where g is the acceleration due to gravity.

The progressive model is obtained summing the matrices and vectors as: M = M, I Ms, C = C; 1 Cs, and
g = g, I g, that must be applied in Eq. (32). The symbol 1 is used to denote a special kind of matrix/vector addition (see
Section 2.

3.2 Payload Inclusion

The effects due the payload are taken into account considering a new link attached to the last link by a passive rotative
joint. Note that the model of the manipulator (two axes) is completed and now a extra like will be attached to the model.

Therefore, the joint variables are g = [ 61 62 03 ]T. The external torque vectorisT = [ 71 72 0 ]T since joint 3
is passive; no external torque is applied to it. The link mass is mg and center of mass is located at a distance /3 from
the joint 3 axis (see Fig. 1). The moments of inertia of the links with respect to the axes that pass through the respective
center of mass and are parallel the respective link frame axes are denoted by I, I,,, and I, and the products of inertia
are neglected. Equation (53) brings the homogeneous transformations computed with the data available in Tab. 1 and,
together with Eq. (39), gives the transformations in Eq. (54).

cg —s3 0 azcg
A2 = Sg’ Cd”’ (1) a3083 and (53)

0 0 0 1

€123 —s123 0 a1 ¢ +az C12+as Cia3
Ag _ Ag A% _ 8123 Ci23 0 ag 81 +az si12+as S123 (54)
0 0 1 0
| 0 0 0 1
The position vector of the center of mass of payload is given by p, = A p%g where
I3 — a3 aj €1 +az c12 +l3 €123
P, = 0 , Po, = | a1 81+az s12+l3 s123 |, (55)

0 0
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Using, again, Eq. (14) with the rotation matrices obtained from the matrices of Eq. (54) and the position vectors of
Eq. (55), the screw transformation matrix is written as:

Cs _
T:® =

Extracting z2 and p, from Eq. (39) and applying the Eq. (23) and (22), gives

5§ =T a8 =

C123 5123
— 5123 C123
0 0
0 0
0 0

ay $1+az s12 413 8123 —aq €1 —ag €12 —I3 Cio3

0 0 0

0 0 0

1 1 1

a2 S3 +ai S23 as S3 0
I3+ az c3+ay caz3 Ilz+azcy I3
0 0 0

from which Eq. (21) leads to

M3

m3y,
m3y,
m3ys
m3,,
ULEP
M3y
M3z,
M35,

M335

and using Eq

Cs

31,
C315
€313
€351

C332

C323
C331

C33;

C333

The gravitational vector is calculated by Eq. (36) and the Jacobian of Eq. (30):

T o M3, M3y, M3y,
J? MsJ3® = | ms,, mas,, ms,, | , where
M3y, M35,  M3gg
m3 (I3 + az c3 +a; 023)2 +ms3 (az s3+a; 523)2 m3 + I,
ms (a22 4132 +aray ¢y +2ayl3 c3+ay l3 023) + 1.,
Isms (I3 + a2 c3+ay co3) + Iy
ms (a2 +13% + a1 az ¢2 +2a2l3 c3+ay I3 c23) + L,
ms (a22 + 152+ 2asls C3) + I,
msls (I3 + a2 c3) + I,
Izmg (I3 + az c3+ay c23) + I,
mals (I3 4+ ag c3) + I,
msls® + I,

. (35), gives:

€311 €315 €343
C357 €355 €345 y where

C35, C335 C3ss
—ms <a1 (a2 sa+13 S23) 0 + I3 (a2 83 +ay s23) 93)
—ms3 ((a2 So +13 S23) (91 + 92) +13 (a2 s3 +ay sa3) 93)
—mgzl3 (az s3+ay s23) (91 + 0, + 93)

m3 (al (a2 so+13 S23) 61 — azl3 s3 93)

—m3l3as s3 03

—mgl3as S3 (91 + 6y + 93)
mgl3 (a2 S3 (91 + 92) + aq So3 91>

msl3as S3 (91 + 92)
0

Gz 83 +ay Sa3
I3+ az c3+aq Co3

0

0

0
5123

C123
0

_ O O o oo

(56)

(57)

(58)

(59)
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0 0 0
0 0 0
—0 1 1 1
Js = (60)

—ay 81 —ag S12 —l3 S123  —a2 S12 —I3 S123  —I3 S123
ay €1 +ag €12 +l3 C23 az €13 +l3 €123 I3 C123
0 0 0

T m3 g (a1 ¢ +az c12 +l3 c123)
gs = —-m3Js; $§;= ms3 g (a2 c12 +l3 Ci23) . (61)
mg3gls Cia3

The final and complete model is given by Eq. (32) in which matrices M and C and the vector g are given by the
summations:

M = M;iMyiMs; (62)
C = Ci1C1C3 (63)
g = g:119,19; (64)

where, again, the symbol 1 is used to denote a special kind of matrix/vector addition (see Section 2. Matrices M1, Mo,
M3, C4, Cs, and C; are given by Eq. (47), (58), (48), and (59), respectively. Vectors g;, g,, and g5, are given by
Eq. (51), (52), and (61), respectively.

4. CONCLUSIONS

This work presented some advances in the theory applied to the field of computational dynamics of multibody systems.
Particularly, it shows how the dynamics effect of a serial kinematic chain, or more generally a tree like kinematic chain,
can be summed. The Jacobians employed in the M, computations are simpler than the counterpart employed in the
literature (Siciliano et al., 2009, p. 150). Screw approach can be used to reduce the efforts in computation if the dimension
of the screw system, J, is less than 6. If instead of 6, it was considered in the example that A = 3, the Jacobians would
be reduced to dimension 3 x 7 and that could save some manipulation effort. The presented approach is quite helpful
in the growing field reconfigurable robots. In futures works, closed kinematic chains should be addressed. The changes
necessary to apply the method in kinematic chains with prismatic joint and to model joint motor and transmission are
really straight forward.
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