Transaction B: Mechanical Engineering
Vol. 16, No. 6, pp. 479-495
(© Sharif University of Technology, December 2009

Motion Equations Proper for Forward Dynamics
of Robotic Manipulator with Flexible Links by
Using Recursive Gibbs-Appell Formulation

M.H. Korayem!'* and A.M. Shafei'

Abstract.

In this article, a new systematic method for deriwing the dynamic equations of motion

for flexible robotic manipulators is developed by using the Gibbs-Appell assumed modes method. The
proposed method can be applied to the dynamic simulation and control system design of flexible robotic

manipulators. In the proposed method, the link deflection s described by a truncated modal expansion.

All the mathematical operations are done by only 3 X 3 and 3 x 1 matrices. Also, all dynamic expressions

of a link are expressed in the same link local coordinate system. Based on the developed formulation, an

algorithm s proposed that recursively and systematically derives the equation of motion, then this method

18 compared with the recursive Lagrangian method. As shown, this method is computationally simpler

and more efficient and it reduces a large amount of computational complexity. Finally, a computational

stmulation for a manipulator with two elastic links is presented to verify the proposed method.

Keywords: Manipulator; Flexible link; Recursive; Gibbs-Appell; Complexity.

INTRODUCTION

The derivation of dynamic equations of motion describ-
ing the dynamic behavior of robotic manipulators is
necessary for dynamic simulation and control system
design. Today, many systematic methods can be used
for deriving the dynamic equations of robotic manip-
ulators [1-3]. But, these methods are only suitable
when the individual links of a robotic manipulator are
assumed rigid.

Based on recent advances in robot utilization
and also the demand for faster robots with great
quality, a light robot usage idea is represented. Robots
with elastic links are introduced as a solution for the
deformation phenomena in light robots with heavy
loads. In this case, deformation causes accuracy
reduction and system instability. Therefore, there is an
obvious requirement for a complete dynamical model
for this kind of robot to control light links at high
velocity and in heavy load situations, appropriately.
The two main approaches for the dynamic modeling

1. Department of Mechanical Engineering, Iran University of
Science and Technology, Tehran, P.O. Box 13114-16846,
Iran.

*, Corresponding author. E-mail: Hkorayem@iust.ac.ir

Receiwved 9 September 2008; received in revised form 14 January
2009; accepted 14 April 2009

of flexible robotic manipulators are the finite element
method [4] and the assumed modes method [5-9]. The
finite element method is a general method and can be
applied to manipulators with complex shaped links.
But, this method requires sophisticated software for
performing assembly and the order reduction of the
element equations.

The assumed mode method of modeling flexible
manipulators is mainly presented by Book [5]. He
represented the link deformation and kinematics of rev-
olute joints with a 4 x4 matrix and used modal analysis
for link deformations. This method of formulation had
acceptable efficiency in comparison with other methods
of that time. King applied Walker-Orin’s method,
based on Newton-Euler formulation, to improve Book’s
method [6]. But, his method still suffered from great
computational complexity. Jin and Sankar also have a
systematic approach for elastic links [7]. They obtained
dynamical equations by using Lagrange formulation
and the modes approach assumption. In this method
3 x 3 matrixes are used for computations and the
results are simulated for a robot with one link. The
computations, however, are massive.

Highly efficient multi-flexible-body methods have
been previously presented by Anderson [10] and Baner-
jee [11] based on Kane’s Method with many other com-
parably efficient multi-flexible-body routines developed
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by E. Haug, J. Angeles, R. Singh, R. Schwertassek,
A. Jain, R. Wehage, J. Ambrosio and others [12].
Many of these methods are so-called O(N) routines,
being able to form equations of motion with an overall
cost that increases only linearly with the number of
system degrees of freedom N, (for rigid body systems).
For flexible body systems, this overall cost (equations
formation) is adjusted somewhat, being approximated
as O(n x m?).

Dynamic equations of motion by the Gibbs-
Appell formulation begin with a definition of Gibbs’
function (acceleration energy) [13]. Then, a set of
independent quasi velocities (linear combination of
generalized velocities) should be selected. By taking
the derivative of the Gibbs’ function, with respect to
quasi accelerations (time derivate of quasi velocities),
and equalizing them with generalized forces, these
equations will be obtained. But, this method has been
the least used for resolution of the dynamic problem
of manipulating robots. In the field of robotics,
Popov proposed a method later developed by Vuko-
bratovic and Potkonjak in which the G-A equations
were used to develop a closed form representation of
high computational complexity [14]. This method was
used by Desoyer and Lugner to solve, by means of
a recursive formulation, O(n?), the inverse dynamic
problem, using the Jacobian matrix of the manipulator
with the purpose of avoiding the explicit development
of partial derivatives [15]. Another approach was sug-
gested by Vereshcahagin, which proposed manipulator
motion equations from Gauss’ principle and Gibbg’
function [16]. This approach was used by Rudas
and Toth to solve the inverse dynamic problem of
robots [17]. Recently, Mata et al. presented a formu-
lation of order O(n) which solves the inverse dynamic
problem and establishes recursive relations that involve
a reduced number of algebraic operations [18].

In this article, a new systematic method for
dynamic modeling of flexible robotic manipulators
is developed using the Gibbs-Appell assumed modes
method. In this method, the equation of motion for
flexible robotic manipulators is written in the following
form:

1(©)6 = Re, (1)

where I(0O) is the inertia matrix of the whole system;
© denotes the vector of the generalized coordinate

containing joint and deflection variables; and Re is the
vector composed of the strain, gravitational, Coriolis,
centrifugal forces or torques and also the generalized
forces or torques exerted to the joint and link vari-
ables. Also, a recursive algorithm is proposed that
systematically derives the equation of motion of elastic
robotic manipulators. Then, this method is compared
with the recursive Lagrangian method and, as shown,
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this method is computationally simpler and more
efficient and it reduces a large amount of computational
complexity. Finally, for verification of this method, a
computational simulation for a manipulator with two
elastic links is presented.

KINEMATICS OF FLEXIBLE LINK

In this section, the kinematics of a chain of n elastic
links is taken into consideration. The coordinate
system of every link is attached according to the rules
developed by Denavit and Hartenberg. XoYypZ, is the
coordinate system that is attached to the base of the
manipulator and can be considered as the reference
coordinate system. Because of the elastic property of
the links, two rotations occurred one of which is in the
joints and the other of which is in the links. It is useful
to separate the transformations due to the joints from
the transformations which are due to the flexible links.
So, we allocate two coordinates system to each link.
x;¥;%; 18 a coordinate system on link ¢ whose origin is
located at the beginning of this link, but z;9,2; is the
coordinate system that is attached to the end of this
link. When link ¢ has no deformation, the axes of Z;9;%;
are parallel to the axes of x;y;z; .

In Figure 1, the arbitrary point, (), is shown.
The position of this point with respect to the ¢th
body’s local reference system is expressed by ‘7o /0, -
To incorporate the deflection of the link, the approach
of modal analysis is used. So:

oo =+ 85075 (n), (2)

where ﬁ = {77 0 O}T and ’I_’;j = {Iij Yij Zij}T. AISO7
1 is the undeformed distance between the origin, O;,
and the point, Q; x;;,v;; and z; are the displacement
components of j mode of the ¢th link; ;; is the time
varying amplitude of mode j of link i; and m; is the
number of modes used to describe the deflection of
link 7.

By using the rotation matrix, / R;, we can express
the arbitrary vector, @, in every coordinate system, j,
in the following form:

1@ =7 R;'a. (3)
As noted above, it is better to separate the rotations,

due to joints from deflections. So, ’R; can be presented
recursively as follows:

IR; =7Ri_1E; 1A, (4)
where A; is the rotation matrix of the ith joint that

shows the orientation of the z;y;z; coordinate system
with respect to Z; 1%;_12;_1. The coeflicients of this
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Figure 1. Manipulator with elastic links.

matrix can be presented by dot products of a pair of
unit vectors as follow:

T Lim1 YiZic1 2T
A= |Tilicr YiBic1 2 Bio1| - (5)
Ti2i—1  Yi-Ri—1  Zi-Ri—1

Also, E; is the ith link rotation matrix that shows the
orientation of #;7; Z; the coordinate system with respect
to z;y;z;. Like A;, this matrix is also composed of dot
products of a pair of unit vectors, but because of the
small angles between these vectors, E; is simplified in
the following form:

1 —0.; Oy
Ei = 921’ 1 _9271 ) (6)

where 6.;,8,; and 6.; are infinitesimal rotations of
T;9:%:, with respect to x;, y; and z; axes, respectively. It
should be noted that all the angles in E; are evaluated
at n = I; , where [; is the length of the 7th link. Now,
we define 1; as follows:

19_; = {exl eyi ezi}T~ (7)

These small angles can be represented by truncated
modal expansion as follows:

f; = Zj:l 6:5(t)0i;, (8)
where 9_;']‘ = {Gm-j Gyij Gm-j}T. By taking the time
derivative of *f;, the angular velocity and acceleration
of Z;7;%; the coordinate system, with respect to x;y;z;,
will be obtained.

SYSTEM’S ACCELERATION ENERGY
(GIBBS FUNCTION)

In this section, the expression for the system’s accelera-
tion energy is developed for use in Gibbs-Appell’s equa-
tions. First, the acceleration energy for a differential
element is written. Then, integration of this differential
acceleration energy over the link gives the link’s total
contribution. Summation over all the links provides
the total acceleration energy. The acceleration energy
of a point on the ith link is:

1
ds; = 5dm(IFQTWQ), (9)
where dm is the differential mass of point @ and i#’Q is
the absolute acceleration of differential element @ that
is expressed in the ¢th body’s local reference system:

117Q —1 ’I.:.’OL +i %Q/O;, + 2%@ Xi ?Q/O;,
+ZC31 XiFQ/Oi + iu_ﬁi X (ZJJ} Xi FQ/O) (10)

In the above expression, i%’ol is the absolute acceler-
ation of the origin of the ith body’s local reference
system, ‘@; and “@; are angular velocity and angular
acceleration of the ¢th link, respectively and iFQ/Oi and
’f’Q /o, are the velocity and acceleration of differential
element @, with respect to the origin of the ith body’s
local reference system which will be obtained by taking
the time derivative of Equation 2 as follows:

/0, = Zj;l b (675 (n), (11)
/0, = Zj; biy (4755 (n).- (12)

By substituting Equation 10 in Equation 9 and inte-
grating over the link, one can obtain the link’s total
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acceleration energy. In this paper, it is assumed that
the links are slender beams. For slender beams, dm =
ndn where p is mass per unit length. So, one can
integrate over 1 from 0 to [;. Only the terms in iFQ/OT.

and its derivatives (’?’Q/O ,iﬁQ/o } are functions of 7
for this link. Thus, the integration can be performed
without knowledge of &;,'@; and 'Tp,. Summing over
all n links, one finds the system’s acceleration energy
to be:

n li’
S = E . dSi
=1 0
S = § _ fM“ Lo, + o By,
— 2770, Byi'@; — 70, Bsi'@; — 70, '@ Bsi'3;
L s TiB ST
t3 4; — 2'w0;” "B + W5 " Bei

i ;e = U PR =
— 1wiTB7fwi + 2’wiTBgfwi + ilwiTBgilwi

+ ich’iTi@iBgiiCu’i + irrelevant terms, (13)
where:

. Ly

ZBli:/ W'TQ 0,dn, (14)
0
Lo

Bm':/ W'TQ 0,dn, (15)
0
l; )

B3i :/ IU/I’IN’Q/OT.dU, (16)
0
l" L oee ..

B4i:/ W'TQ/0,-' T 0,dn, (17)
0

.= L .

ZB5i=/ W'TQ 0,'Tq 0, dn, (18)
0

. lL . L.

ZBGi:/ W'TQ/0,'Tg/0,dn, (19)
0
11 . . e

B?i:/ 1'ig 0, g 0.dn, (20)
0
l7 . ..

Bg; =/ w0, o 0.dn, (21)
0
ll' . .

By, =/ 1'7g 0, g 0.dn. (22)
0

In Equation 13, M; is the total mass of the ith link.
Also*'Tg/0,, TQ/O , TQ/O and *@; are skew-symmetric
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tensors representation of the iFQ/Oi , Z'1;“'Q/Ol , i%Q/O,- and
*&; vectors. For developing an expression for S, these
vector relations, @.b = b.@, @ x b = ab and (@ x b).¢ =
d’.(l_; x €) are frequently used. By interchanging the
integration and summation in Equations 14 to 22, one
obtains:

B?i = Z]_l 5116137 (24)
Bs; = M;r,, + ZJ,;l 0ii€i;, (25)

B4z - Z Zrm 51]61k C'L]lw (26)

"Bsi = n: mﬁ 8ij6:ik s (27)
PIRD D

B = Z; 85015, (28)
Bqi = Z:;l bijBij, (29)
Bsi = Z:;l b1 Bi, (30)
Bg; = ¢; + Z:Zl bijcijt + Z:;1 it Bik, (31)

where:
a5 = Cij + kazl 0ikCikj (32)

m;
iJ :cij+ § b1

By definition, 7 and 7;; are skew-symmetric tensors
associated with 7 and ;; vectors. The expressions of

Oik " Cikj- (33)

€5, Eij> MyT,., *Ciji, Ciji, i, Cijy " Cijk» Ci that appeared
in Equations 23 to 33 can be written in the following
form:

l;

gy = [ wisan (34)
0
l;

gy = / iy, (35)
0

l;
Mr,, =/ pipdn, (36)
0
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l;
Scijk Z/ uﬁjTﬁ'kdn, (37)
0
l;
Cijk Z/ Wi Takdn, (38)
0
l;
Cij = / piTzdn, (39)
0
I;
cij = / pij T Fgdn, (40)
0
l;
" Cijk :/ (i T Fapdn, (41)
0
l;
G = / i i, (42)
0

Now, it should be noted that By; has a unit of inertia
matrix. For example, its first term (¢;) represent rigid-
body-inertia terms. It can also be shown that "c;;, =
"ein; L. The terms defined in Equations 23 to 33 are
easily simplified if one link in the system is considered
rigid (m; = 0). Furthermore, the expression for By;
has a term of order 62, which is small and a candidate
for later elimination [5]. Finally, the integration of the
modal shape products in Equations 34 to 42 can be
done off-line one time for a given link structure.

Derivatives of Acceleration Energy

G-A equations are obtained by taking the derivative of
Gibbs’ function, with respect to generalized accelera-
tions (G, 0;5):

a5 oS

a% ’ 85jf .
In Equation 13, there was a term named an irrelevant
term. In fact, in Gibbs’ function, the terms that are
not functions of ¢; and ¢; can be eliminated, because
they have no role in construction of the derivative of
acceleration energy. B )

In Gibbs’ function, only ‘7o, and *J; are functions

of §;. So, the partial derivative of Gibbs’ function with
respect to ¢; becomes:

n
Zi:j+1

i it iy ia
— 2By;'&; — Bsi'W; — "0 B3; wi)

as

as o'io, T
g,

= (Mii%O,- + By
8qj

n 3z’<i5iT
+ "
Zi:j 6qj

+ 2Bg;'@; + Boi'di + i@iBQiiQi) .

(BSii%O,- + ‘Be;

(43)

483

Here, it should be noted that, in the above expres-
sion, this property of the skew-symmetric matrix, in
which a” = —a is used. The partial derivative of
Gibbs’ function with respect to ;; is more complex,
because in addition to i%o,; and icfz’i, the expressions
of i§1i7B4i,i§5i,i§6i and By; are also functions of

deflection variables. So, the expression of O%S can be
if

presented as follows:

n
=i

i i i~ i
—2B9;'@; — Bs;'@; — '@ Bsi"&; )

oS

9o s

97 T L
TO' (MilFOi +'By;
065 '

a'as”

! Zi:"“ 08

i I U
+ 2Bg;'WJ; + By;'&; — '@; Boi'd; )

(33/72’@ + "Bg;

mj .. s . T mj . N
+ E b1 6]'10 Cifk — 2 wj E b1 (Sjijfk

1= T ] — iS5 T = P L T >
—7&;" B +T0, " S5y +70; 0 Ay (44)

An additional simplification of % arises, due to the
M
fact that °cjrr = “cjny.

SYSTEM’S POTENTIAL ENERGY

The potential energy of the system arises from two
sources:

1. Potential energy due to gravity,

2. Potential energy due to elastic deformations.

The effect of gravity on manipulators can be
considered simply by putting °7p, = g, where § is the
acceleration of gravity. Under these circumstances, we
can assume that the base of the manipulator has an
acceleration of 1 g to the top. So, the effect of gravity
has been considered without additional computations.

To express the strain potential energy stored in
the ith link, let us assume that the assumptions of
the classical beam (Euler-Bernoulli) hold. So, the
strain potential energy will be expressed in terms of
deflections and rotations as follows:

1 [k Au; \ 2 02w, 2
EA[ 2 EI | =
2 /0 ( o ) T8 ( on? )
9%v;\° 96,;\°
EI : GI, | £
" (3772) " ( an )

where EI, and EI. are the bending stiffness in the OY
and OZ directions, respectively; EA is the extensional

Vei =

dn, (45)
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stiffness; GI, is the torsional stiffness; w;,v; and w;
are the deflections in the OX,0Y and OZ directions,
respectively; and #,; is the rotation in the O X direction
as shown in Figure 2.

It is easy to show that the following relations
between the component of deflections and rotations
exist:

81}@- mi ayij
v = = =2 4
mi Oz
=G = - Y (47)

where 0,; and 0.; are the rotations in OY and OZ
directions, respectively.

By substituting Equations 46 and 47 in Equa-
tion 45 and ignoring the strain potential energy due
to axial deformation, in comparison with the strain
potential energy due to bending and torsion [5], the
expression for V,; is simplified as follows:

1 [k 90, \° 90..\ >
== EI yi EIL [ £
v 2/0{ y(an)+ (377)
90,:\°
I, . 4
LG (an) ]dn (48)

As noted previously, angles 60,;,0,; and 8.; can be
presented with a truncated modal approximation. For
example the rotation about the OX axis is presented
as follows:

Oui(n) =D bir()in (), (49)

k=1

where 6 is the angle corresponding to the kth mode
of link 7 at point 5. By substituting the achieved
expressions of 6;;,8,; and 8.; in Equation 48, the strain
potential energy for the whole system will be obtained
as follows:

- % ijl ZZ; Z:l ik bt Kkt (50)

where:

K = Koint + Kyin + K- (51)

Figure 2. Deflections and rotations of a link.
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Also, Kyiki, Kyiri and K1, are defined as follows:

l.

. i 90.i1(n) 08, (n)
K g = I 2
\ zikl /0 G T 377 an dna (5 )

904ik(n)
; EI, 96yia(m) 9yix (m) v dn, 53
Kyir = / an an (53)

Zl aezﬂ»( )
K.; EI 1( . 4
ikl = / an ———dn (54)

It should be noted that K,z = K. For deriving the
dynamic equation of motion, the partial derivatives of
strain potential energy with respect to the generalized
coordinate is needed. Upon taking the partial deriva-
tive with respect to g;, one obtains:

Ve
aq]‘

= 0. (55)

But taking partial derivatives with respect to o;f
results in:

Ve =™ -
86, Do kg (56)

where K can analytically or numerically be deter-
mined.

DERIVATION OF DYNAMIC EQUATIONS
OF MOTION USING G-A’S FORMULATION

The components of the complete equations of motion
in G-A’s formulation, except for the external forcing
terms, have been evaluated in Equations 43 and 55
for the joint equations and in Equations 44 and 56
for deflection equations. The generalized force in joint
equations is the torque, 7;, that applies to joints.
But, in deflection equations, the corresponding gener-
alized force will be zero, if the corresponding modal
deflections or rotations have no displacement at those
locations where external forces are applied [5]. So, with
this assumption, the dynamic equation of motion in G-
A’s formulation will be completed as follows:

1. The joint equations of motion:

o8

D 57

aq] T] ( )
2. The deflection equations of motion:

95 LV (58)

c%jf a(ij

The above equations are in the form of inverse dynamic.
In this type of dynamic, the forces exerted by the
actuators are obtained algebraically for certain con-
figurations of the manipulator (position, velocity and
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acceleration). On the other hand, the forward dynamic
problem computes the acceleration of the joints of the
manipulator, once the forces exerted by the actuators
are given. This problem is part of the process that must
be followed to perform the simulation of the dynamic
behavior of the manipulator. This process is completed
after it calculates the velocity and position of the
joints by means of a process of numerical integration
in which the acceleration of the joints and the initial
configuration are data input to the problem [15].

FORWARD DYNAMIC EQUATIONS OF
MOTION

In this section, the first step will extend the equations
of 'fp, and also ;. These equations are used to
separate the second derivatives of joint variables and
deflection variables from the dynamic equations of
motion.

The absolute acceleration of the origin of the ith
body’s local reference system in recursive form can be
presented as follows:

= ) i—1 = i—1 = —1 —
‘To, = "Ri1 ( Toiy +'7 T0,/0,0 + 27 &
i1 15 i1
x* T0,/0;-1 + i X T0;/0; 1

+ i_lﬁi—l X (i_lﬁi—l X i_lfoi/oi—l)) ) (59)

where:
L Z]m:l b ()75 (L), (60)
F0i41/0; = Z;nzl b (£)75 (1), (61)
Fonjo =3 B0 (L), (62)
and also I; = {I; 0 0}7. Before developing an

expression for angular acceleration, we should present
angular velocity, because by taking its time derivative,
angular acceleration will be obtained. The angular
velocity of the ith link is the same as the ¢ — 1th link
plus two new components, one of which (*Z¢;), comes
from the angular velocity of the uth link and the other

(*=1f;_1) is produced due to the elasticity of the i — 1th
link. So, the expression of angular velocity can be
presented as follows:

‘G ="Ri_4 (z Yo+ 91'—1(11'—1)) + %, (63)

where:

i) =3 b0 (), (64)
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and °Z; = {0 0 1}7. By taking the time derivative of
Equation 63, the expression of angular acceleration will
be obtained:

iz —ip . (i-13 iflé‘.’_ i1~ 1;19:’_
Wi = 1—1 W1—1+ 1—1+ Wwi—1 X i—1

+'Ri (l 'S+ 9—;71) X "Zig; + ' Zidi;. (65)

In the above expression, *19_;,1(11-,1) is the angular
acceleration that is produced because of the elasticity
of the ¢ — 1th link:

="

J=1

6ij (t) 0ij (Li)- (66)
Now, by having °7,, and ‘@; in recursive form, we can

convert them in summation form as follows:

1—1

7o, = Zk:l iRkk%OkJrl/Ok

+ Z: ‘Ry, ( G X To;+1/ok) + i}_}om, (67)
"W = 21:1 Ry, ik

+Y

where:

i Zi’l i ko ok
To,; = 2 K1 Ry, ( W X r0k+1/0k)

Rk Hk l}c)-i- w@“ (68)

i1 - ~
+ Zk:l Ry (kajk x (kwk x kroh-+1/oh->> , (69)

L. 7—1 . .
i _ i k— i k+1 > .
Gyi = E - By G X "Rpq1™™" Zrgp1Grt

i—1
+ ch:l

In fact, '7,, , and ‘&, ; are those constructive terms of

"RiF0, X R " B g (70)

ii", and ‘QJ; that do not contain the second derivatives
of joint variables and deflection variables. By having
ir,. and ‘J; in summation form, the calculation of par-
tial derivatives that appeared in the dynamic equations
of motion can be done as follows:

IS
— ="RJ7Z;, 71
aqj J ~J ( )
oL
— ="R:0,:(1,), 72
35jf J ]f(j) ( )
Do,
L ='RJ7Z: X "To. /0. 73
a4, 7% X T0;/0;> (73)
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ai%o 7 7 o 1,7
= ="R;T(l;) + "R;8;5(l;) X 'T0,/0,,,,  (T4)
00; ¢

where iﬁ,i/o], is a position vector drawn from the jth
body’s local reference system to the ith body’s local
reference system (5 < 7).

Inertia Coefficients

For construction of the inertia coefficients that multiply
the second derivatives, we substltute Equations 71 to
74 and also the summation form of *7,, and *‘&; (Equa-
tions 67 to 68) into the relevant parts of Equations 43
and 44. By collecting the terms that contain §; and
5jf and by arranging them, we obtain expressions that
should be written in matrix form. By assembling these
matrixes, the inertia matrix of the whole system will
be obtained. In continuation the details of the above
steps are brought.

Inertia Coefficients of Joint Variable in Joint
Equations

All occurrences of ¢; in Equation 43 are in the ex-
pressions of ‘dJ; and ‘7, ; by isolating these terms and
interchanging the order of summations as follows:

n . n—1
)IDDNIED SD I
k=1 i=max(k+1,j ’
Py P (k+1,5)

Z Zk 1 ZZI nnx(k,]+1)

1=75+1

n—1

ZZk 1 ZZI max(k+1, ])

Z Zk 1 ZZZ max(k+1 j+1)

1=j5+1

n—1

DI zz;‘i

the below expression for the terms that contain ¢; is
obtained:

n . . . n—1 . .
]—a‘T 7 J k = ]—»‘T] k = .
(g oy B Con=")" 2 = E oy Z Uk Zk) G,

(75)

where:

n

igy = E:

i=max(k,j)

IR;By;' Ry, (76)

M.H. Korayem and A.M. Shafei

n

TS

i=max(k,j+1)

70,/0,” RiBsi' Ry, (77)

n—1
jUk = Z(]’yt + j€t+)t/’701+1/0tt‘Rk’ (78)
t=k

Also 7, and 7€+ are defined as follows:

n

j% = Z jfoi/o, Mint, (79)
i=max(t+1,5+1)
i+ = > JRiB3'R,. (80)

i=max(t+1,5)

In the next section, Expression 75 will be written in
matrix form that makes the inertia matrix of the joint
variable in the joint equations. As will be shown, this
matrix is symmetric and this fact reduces the necessary
computations. Also, the expressions appeared in sum-
mation form (Y&,+,77;,7 Uy, 101, o)) can be calculated
recursively. This is an important issue that causes
the reduction of necessary computations and will be
considered in detail in the next section.

Inertia Coefficients of Deflection Variables in
Joint Equations

In consideration of Equation 43, we observe that the
deflection variables & jf appear not only in 7o, and *&;,

but also in th and Bgl. By 1solat1ng“these terms, the
expression for the terms that contain 0; is obtained as
below:

n—1 my
DINED D
n—1
DD D
k=1
n—2
DD DS
Iz J
2T R;&y
5 SRD DAL LR Y

n mE . g . -
+ Zk:] Zt:l ]ZjT]Rkakt> 6kt’ (81)

where:

Tope —IPpe) O

P&+ + 7)) Tt

2T U e

n

Jope = Y IRiBy'Ry, (82)
i=max(k+1,5)
Ipps = Z 70, /0,” RiBs;' Ry, (83)

i=max(k+1,j+1)
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n—1

Wee = D (n+76+) Fo,,,0, Ri- (84)
t=k+1

By writing Expression 81 in matrix form, the inertia
coeflicients of deflection variables in the joint equations
will be obtained.

It can be shown that the inertia coefficients for
joint variables in the deflection equations are the same
as the coefficients of deflection variables in the joint
equations. This issue implies the symmetry of the
inertia matrix of the whole system and can be used
for reduction of necessary computations.

Inertia Coefficients of Deflection Variables in
Deflection Equations

In a manner much the same as the previous two steps,
the below expression is obtained by isolating the terms
that contain ;5 in deflection equations:

(S e ( )
DD
DY
_ZZ iZm‘ 7T e B
- Z ka & Wil
DI
3 ZZI BT (7 e+ ) T
LD DD DN TV
DI I

Z: i1 Zt Tir " Ridie
OIS DT
D 2 O

T3 Ut B

jV;ﬂu

]Riﬁkt + Z Scift

79 Ry,

Tok./oHlijEm

ijakt) Okt (85)

where:

n

o+
e = E

i=max(k+1,5+1)

IR;By;' Ry, (86)
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e = Z 'R;Bs;' Ry, (87)
i=max(k+1,5+1)
n—1
Z j/\ttfotJrl/oftRkv (88>
t=k+1

n

T = >

i=max(k+1,54+2)

IR;Bs;i' Ry, (89)

jN
Toi/oj41

n

4 . .

J Tk = Z ]To,;/o]'+1Mi]Rk7 (90)
i=max(k+1,54+2)
-1

W= 8 R o
t=k+1

. n—1 + +

J Uk+ = Z (] Yt +] ft+>t7§o,+1/ottRk7 (92)
t=k+1

n

j/\k: Z

i=max(k+1,j+1)

M/ Ry,. (93)

Like the previous two steps, the above expression is
written in matrix form. The symmetry of this matrix
can be shown by expanding its coefficients. On the
other hand, all the expressions in summation form can
be calculated recursively.

Final Form of Forward Dynamic Equations

The complete simulation equations have now been
derived. It remains to assemble them in final form
and point out some remaining recursions that can be
used to reduce the number of calculations. The second
derivatives of the joint and deflection are desired on
the “left hand side” of the equation as unknowns,
and the remaining dynamic effects and the inputs are
desired on the “right hand side”. To carry out this
process completely, one would take the inverse of the
inertia matrix, I(#) , and premultiply the vector of

other dynamic effects, Re. Because of its complexity,
this inverse can only be evaluated numerically. Thus,
for the purpose of this paper, the equations will be
considered in the following form:

1(0)6 = Re, (94)

I(©) The inertia matrix consisting of coeflicients
will be obtained in the next section;
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€] The vector of generalized coordinate;
© {@n 011 b2 O1my, @2 621
627712 o gk 6/01 6Icmk, 6nmn T;
qk The joint variable for the kth joint;

Okt The deflection variable (amplitude) of
the tth mode of link %;

Re Vectors of remaining dynamics and external
forcing terms, { Re;  Req Reym,
RGQ R621 Rezm2 s Rej Rejl
. Re]‘mj Renm" }T;
Re; Dynamics from the joint equations j

(Equation 43), excluding second derivatives
of the generalized coordinate;

Re;;  Dynamics from the deflection equations j f
(Equation 44), excluding second
derivatives of the generalized coordinate.

At first, consider Re;. In joint equations, by collecting
the terms that do not contain ¢; and 6, , the
expression is obtained as below:

n 87’0 . n alwl o
Re;=7,— 3 558 -3 i
Y i=j+1 ag;

=7

(95)

Bs;'@,; — "@; Bsi"d;,
(96)

id _ aris i
i = M;"To,, — 2B'd; —

Zj_—‘; = B3ii7‘;0 + 2381 wl + BQ'L wb ) + wlBgl wl

(97)

.t

By substituting Equations 71 and 73 in Equation 95
and changing it to a recursive expression, a new
equation for Re; is obtained:

Rej :’Tj—jijj)_('j, (98)
where:
X =T +770,.,, /0, 16+ R X, (99)
and:
78, =7 Ry (j+1§j+1 +j+15j+1) : (100)

Now, consider Re;s. If in the defection equation the
terms that do not contain §; and 6, are collected, the
following expression will be obtained:

m; . n ai’;_}OiT i3
Re;; = — Zkﬂ 8Ky — Zifj+1 0 S;
a a 3f

5T
—Zl o c%f T+ Qs (101)

M.H. Korayem and A.M. Shafei

where:

Qjr = 2JWJT Z

iz Tz _ i3 T, =
To,; -Ejf Wy,j Q- (102)

kcjf’»"’ WJ 5]}” @j

Like the previous step, the following recursive equation
for Re; ¢ is obtained:

Re]'f = - Z;n:]l

— 7515 = 05 R T R (103)

Ojkdjky + Qi

Equations 98 and 103 are used to construct the right
hand side equations of motion.

PROPOSED ALGORITHM

Now, we shall present an algorithm that results from
the expressions developed in previous sections. In
this algorithm, all cross products are done in tensor
notation. And, also, each specific algorithmic ex-
pression is accompanied by information that indicates
the number of algebraic operations that are involved,
showing separately products M and A sums. The
calculations are done in a step by step process, as
follows:

Step 1: The rotation matrix will be calculated by this
algorithm.

fori=2:1:n
iilRi = Ei_lAi & iRi_l = iilRiT; 15M6A

Step 2: The vectors of '&;, ‘@, and ‘7o, , can be

calculated recursively, as follows.

Initialize:

1(,31 = 151@1; & 1&}‘@’1 = {0 0 O}T; &

Yo, = A g g9y 917

fori=2:1:n

Equation 63 9M10A

i 4 i1~ i1 i1lp iz .
Wy = "Ri_q (( Wi—1 + 91'—1) R'Ziq;

)

+ H@,i,1> . 18M184
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i iR, (2171@_11‘717’?&/0’_71 and, also, the inertia matrix of the whole system.
FiTlG, iR ) Step 7: Calculation of the compound rotation matrix,
UV, — 0;/0;—1

fory=1:1:n

i—1~ i—1 i—1>
+ Wi—1 ( Wi—1 To,;/o,-_1>

. IR; = I3xs;

4R ) 33M2TA I

. . g forj=1:1:n—2k=j5+2:1:n

Step 3: In this step, the vectors of *S; and 'T; are

calculated. iR, = R *'Ri: &
for 1=2:1:n )

R; =IR,T; 27TM 184

Equation 96; 27M 21A
Step 8: The following algorithm evaluates the vector

fori=1:1:n of '7o,/0,:
Equation 97; 39M 33A fory=2:1:n—-1;5=9—-1:-1:1
Step 4: The vectors of i(;i and 'y; can be calculated jfoﬂrl/oi = jRj+1j+1FOi+1/0i; 9M 6A

by the following algorithm:
fori=1:1:n—-2;5=i+2:1:n
Initialize:
R '70,/0. = 'T0,_1 /0, +'T0;/0,-15  OM 34
" ={0 0 0} & "Xu="T,
Step 9: In this step, the variables that have been
forj=n—-1:-1:1 appeared in summation form in the inertia matrix are
evaluated.
FEquation 100; 9M 9A .
quation ’ o Calculation of 7oy:

Equation 99; 15M 15A for k=mn:—1:1:j=Fk:—1:1
Step 5: Calculation of @y,
forg=1:1:n;f=1:1:m;

Equation 102; 21M 17A

else

Step 6: In this step, Equations 98 and 103 are used

to calculate Re; and Re; ;. For = Bop + *op 1" Ry 2TM 27A
forj=1:1:n else
Equation 98; 0M 1A igy=IRis ) ow; & ko_j:jo_kT; 27M 184
for f=1:1:my A recursive algorithm, like the one mentioned

- above, for calculation of 7¢;, can be used. However,

Re,s = — Zk_nl OnkKnks + Qns; OM 1A it should be noticed that, instead of By; , we have

Bs; and, also, at the last line, we have:
forj=1:1:n—-1;f=1:1:m;, : )
! M =167,

FEquation 103; 15M 134 ]
quation 103; e Calculation of 7¢y:

At the end of this step, the right hand side of )
the equations of motion is completely evaluated. In forj=n-1:-1:1
continuation, a recursive algorithm is presented that

evaluates the left hand side of the equations of motion "n =770,/0,7 & 18M 94
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fory=n—-1:-1:1;k=n—-1:-1:1
it (k> 37)

I =7Pp41" ™ Ry, + 7F0, j0,” Rk Bsk; 63M 454
else Iy =Iehp  "TIRy; 27TM 184

e Calculation of 7\:

fork=n—-1:-1:1;j=%k:-1:1

if (k=17)
if (k=n—1)"""\,_1 = M,I3x3; 3M 0A
else

MMk = Mypilsxs + " Ap; 3M 34
else
INe="Rjp" M A & FAj=70T; 27TM 184
o Calculation of Jr;:
fory=n—-1:-1:1
Iyt =770, 0,7 An—1;  18M 9A
fory=n—-1:-1:1;k=n—-2:-1:1
if(k < j) v =9y "Ry 27TM 184
else
T =Tt T R+ Mi17 70,0 /0, Rics 51M 364
e Calculation of 7U,:
forj=1:1:n
WUpoy = (j’Yn—l +jfn—1+> n_lf’on/o,,,,ﬁ
18M 18A
fory=1:1:nk=n—-2:-1:1
Uk = (e + 78+ ) o4 04

+ U "Ry 45M 454
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e Calculation of 7Vj:
forj=1:1:n-1

Waca =7 A1 Y0, /0, " 'Ru—a; 18M 9A

forj=1:1:n—1;k=n—-3:-1:1

jvk = j)‘k+1k+17:0k+2/0k+1k+1Rk
+ Vi " Ry 45M 364

e Calculation of 7o+
fork=1:1:n—-1;j=1:1:n

I+ = jakaHRk; 27TM 184

e Calculation of j+ak+:
fory=1:1:n—-1;k=1:1:n-1

M ope =R 1 oye;  2TM 184

For calculation of 7¢,+,7¢,+ and U+ we use the
algorithm like the one that was used for calculation
of Jo,+. Also, j+§k+j+d1k+j+7k and j+Uk+ can be
calculated by the algorithm like the one that was

. i+
used for calculation of 7 o+ .

Step 10: Finally, calculation of the inertia matrix for
the whole system is considered.

e Calculation of the inertia matrix for joint variables
in joint equations:

fory=1:1:n—-1Lk=j5:1:n—-1
Ly =727 (Top — Iy, —1U;) F 24 &
Iij = ILy; OM 184

forj=1:1:n

if (j#n) Ln="%" (0. —7¢n) "2 &
0M 9A

Inj = Ijn;

else  In, ="2,"0,"2;

0M 0A
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e Calculation of the inertia matrix for deflection vari-
ables in joint equations:

forj=2:1:n; k=1:1:5—-1;t=1:1:my

L =727 (<j0k+ — Ty = Upt) O
+ (P& +79k) Tt )y 18M 424

for j=1:1:n—-1;k=yj;t=1:1:my

Line =727 (<j0k+ — T = Ujt) O
+ (&t +T) Toe + dre ); 18M 454

forj=1:1:n—-2;k=75+1:1:n—-1;t=1:1:my

Line =727 ((j0k+ — It = Up+) O
+ P&+ +7 ) Tt +7 Rypalke
+ 770, j0,” Riée ) ; 42M 63A
forj=1:1:n—-1;k=n;t=1:1:my
Line =727 ( Ry + 770, j0," RiEii) 5 24M 18A
for j=k=n;t=1:1:my

T

Ijkt:]zk 0M 0A

~ .
QL

e Calculation of deflection variables in deflection equa-
tions:

for j=1:1:n—1;k=y;t=1:1:my; f=1:1:m;
Lo = 055" <j+% +j+§k+) Tt
+ (j+0k+ T _j+Uk+) Ot
— 7t ((ij +j+§k~+) Ot —j/\kﬂct)
+%¢cip;  42M T2A
for j=1:1:n-2k=5+1:1:n—1;t=1:1:my;

f=1:1:m;
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g = 0557 ((j+7k +j+€k+) Tht
+ (j+<7k+ —j+¢k+ _j+Uk+) Ore
+ Ri@ri + 7 Rjs1" 00,407 T Ridht )
_ﬂfT((ij +j+£k+)g_’kt
— I NeThe = Ry )i 84M 1074
for j=1:1:n-1k=n;t=1:1:my; f=1:1;m;
Linpe= gjfT(ij&kt + Rt o, 0,017 T Riéa)

+75 1T Ryéhe;  48M 354

forj=nik=nt=1:1:mp; f=1:1:m;

ijlct = Sijt; 0M 0A

The required mathematical operations for calculating
the above steps are listed in Table 1, where n is the
total number of links; ny is the number of flexible links
and m is the number of modes describing each flexible
link, the same for all flexible links.

In Table 2, the computational complexity of this
method compared with the ones of [5], are shown. Also,
Table 2 shows the number of operations for two typical
cases.

As a general comparison, the number of mathe-
matical operations of the method proposed in this ar-
ticle for the dynamic modeling of flexible manipulators
is less than the recursive Lagrangian method in [5].

COMPUTATIONAL SIMULATION

In this section, we verify the proposed method for
the dynamic modeling of flexible robotic manipulators
in the preceding sections by means of computational
simulation for a manipulator with two elastic links.
The first mode shape of clamped-free beams is used to
model the elastic deformation of each link. All neces-
sary parameters of flexible links for this computational
simulation are shown in Table 3. These parameters are
the same as in [4].

To clearly explain computational procedures for
the simulation, we rewrite Equation 94 in state form.

(;_jl = 627

(;32 = 171(91)].:;)6.

The initial conditions are also the same as in [4] as
shown in Figure 3.



492 M.H. Korayem and A.M. Shafei
Table 1. The required mathematical operation for deriving the equation of motion in G-A’s formulation.
Sums Products Step
6n —6 15n — 15 1
55n — 55 60n — 60 2
54n — 21 66n — 27 3
24n — 24 24n — 24 4
1Tnym 2Inym 5
n —12m + 13mn; 15mny — 15m 6
In® — 27n + 18 13.5n% — 40.5n + 27 7
4.5n” —13.5n 49 4.5n> —13.5n 49 8
276 — 652.5n + 328.5n2 390 — 901.5n + 457.5n> 9
In® — 9 +52.5mn% — 79.5mns + 18m— | 30mn3 — 30mny — 60m’ns+ 10
89.5m’ny 4+ 18m” + 53.5m”n7 18m” + 42m’n}
Table 2. The comparison of computational complexity.
Sums Products Principle | Authors
329n + 115.5mn% + 19m’ny 279n + 118mn} + 17.5m’ny
+123mny + 85n2 + 68nnym +137.5mny + 84n? + T4nnym L-E Book
+6.5mn% — 91 + 80nny + 111ns | +6m°nf — 57 + 86nny + 1261
6m — 553n — 49.5mny —15m — 790.5n + 6mny
+351n? 4+ 18m? + 53.5m2n% +475.5n% + 18m? + 42m2nfc G-A This work
+52.5mn% — 89.5m’ny + 188 +30mn} — 60m’ny + 300
n=6,ny=6m=23 n=3ny=2m=2
24569 A 25251 M 4851 A 4922 M Book
183324 19557 M 2134 M 2706 M This work
0 = —90 deg, 6; =5 deg, ures 4 to 15 represent the flexural responses of the

91 (O) :92(0) = 611 (O) - 612(0) - 621 (0) - 521 (0) =0.

Then, by using a numerical method, such as Runge-
Kutta, a set of differential equations will be solved.
By solving this set of differential equations, the
time response of the system will be obtained,
(q17 (jl y 611, 611, q2, QQ, 621, 621). In [4], which uses FEM
for simulation, the results of flexural displacement and
angular displacement in the middle and at the end of
each link are shown. So, for comparison, we present
the same results in Figures 4 to 15.

Variables us, uq, us, ug, ws, wq, ws and wg in Fig-

Table 3. The necessary parameters for simulation.

Value Unit
Li=L,=1 m

E; = By = 2.0 x 10! |[N/m?
I.=I,=50x10"° m*

kg/m

Parameters
The length of the links
Module of elasticity

Moment of inertia

Mass per unit length pL=p2=>5

system. The response of these variables portrays
the vibration modes of the system response and their
influence on the quality of the system response. Sim-
ulations results show that the response of the flexible
manipulator is highly undesirable and, in order to get

<V

05(0) = o—T

Figure 3. Initial condition for simulation.
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Figure 9. Flexural displacement at the end of the first

link.
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Figure 6. X position of end effector.
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Figure 13. Flexural displacement at the end of the

second link.

Figure 10. Angular displacement in the middle of the

first link.
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Figure 14. Angular displacement in the middle of the

second link.

Figure 11. Angular displacement at the end of the first

link.
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Figure 15. Angular displacement at the end of the

second link.

Figure 12. Flexural displacement in the middle of the

second link.
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the dynamics of the system to be acceptable for most
practical purposes, very effective controls are needed
to control the vibration modes. On the other hand,
as seen, the results are in good concordance with ones
in [4]. It should be noted that the simulation is done
by using only one mode shape. More accurate results
will be obtained by using more mode shapes.

CONCLUSION

This article has presented an efficient and systematic
method for the dynamic modeling of flexible robotic
manipulators. The proposed method can be applied
to the design of control systems and the dynamic
simulation of flexible manipulators. The advantages of
this method in comparison with others are as follows:

1. A reduction in computations by using only 3 x 3
and 3 x 1 matrices.

2. Increase in the speed of generating the equations
of motion by reducing the number of additions and
multiplications, as shown in Table 2.

3. Ease of understanding, as it uses primitive dynamic
concepts.
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