mulate the overall system that includes the
arm and actuator, the friction force was in-
corporated into the system dynamics. These
effects have not been considered previously
by most researchers in the field. To validate
simulation results, a flexible model is com-
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Table | Numerical values for simulation

Parameter Value Unit
Spring Constant K =k, =55 N/m
Area Moment of Inertia L =1,=99x 10712 m*
Link Length Ly=1, =105 m
Link Linear Mass Density | uy=, = 0405 kg/m
Actuator Constants k= 0.63 & K; = 0.18 | N-m & N-m /rad

respectively

Stall Torque T¢= 0.63 N-1n
No Load Speed W, =3.5 rad/sec
Initial Joint q,(0)=0&q, (0) =90 degree
Angles
Mass of End m = 0.1 kg
Effector

Solving the above equations as described
in the previous section, we can find gener-
alised coordinate in the presence of friction.
Figure 5 shows profiles of the joint one and
two without effect of frictional forces for
the model. For an actuator torque pattern
given in Fig. 5, the responses of the joint
angle in the presence of frictional forces are
shown in Fig. 5. Figure 5 shows the re-
sponses of the system with small damping
coefficients; v, = v, = 0.01. Figure 5 is to
investigate the effect of increased damping.
Thus, the increased damping is effective to
suppress the vibrations in comparison with
Figure 3. The computation algorithm was
implemented on a Quadra Macintosh/700
computer.
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6 - Conclusion

In this paper, the effect of friction on the
solution of the dynamics problem is exam-
ined for flexible joint manipulators. To for-
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DHQ1+D12(‘]2-Cq%-2cql(:]2+K(Q1—Q3)+b1=0

(12)
D2 Ga+Di2qi+C di +K(qa-qe) +by=0 (13)
Jgs+K(g3-q) =T (14)
J3:+K(qs-q) =1 (15)

where

D11=m1 1%1+I;+m2[1f+ }Zz+211 102008((12)]4-124—

me [ 13+ 13+21, 1,008 (q2)] + I (16)

Dyp=myts+h+my1? +1, a7

Di=m;1;1ncos{qgy) + my 132+Iz+mL11 12cos{qz)

+mp 13+ 1; (18)
C=ma1; lgsin(qs) +me 1, 1,sin(qs) (19)
br=viq:+kisgn(q) (20)
bo =V, Ga+ ko520 () 21

The numerical values used in the simula-
tion are listed in Table L.

5.2. Results and Discussions

This work used MATHEMATICA® for
symbolic derivation, numerical solution
[12- 14]. It was chosen mainly because of
its versatile symbolic manipulation capabil-
ities, such as, symbolic simplification of
polynomials and rational expressions, line-
arization of trigonometric functions, auto-
mated evaluation of the relative signifi-
cance of terms and subsequently, neglecting
the less significant terms, and symbolic in-
tegration and differentiation [15]. It was
used also because of the Macintosh® plat-
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form it runs on, its user friendliness and its
integrated graphics environment. It can also
communicate at a high level with other pro-
grams using the Mathlink communication
standard.

In order to initially check the validity of
the model, the following test was per-
formed. Figure 3 shows the response of the
flexible joint arm when the torque com-
mands shown in Fig. 4. are applied. To ver-
ify the model, the results are also compared
with that of rigid links shown in Fig. 3. The
responses of the system with large spring
constant are in good agreement with the
motion of an rigid joint manipulator as
shown in Fig. 3. As shown in Fig. 4, the
flexible joint results in a large oscillation
due to joint flexibility while the rigid joint
model does not yield a large oscillation.
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Fig. 3. Comparison of the joint responses of flexible Joint
manipulator with rigid case
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4. Dynamic Model of Robots With
Joint Elasticity

The elasticity at the ith joint can be mod-
elled as a linear torsional spring having the
spring constant K, as shown in Fig.2 [11].
a ={q. s .-}, as the link angle and
@ = {Qs qs ...} as the rotor angles are de-
fined for the multi-link flexible joint manip-
ulator. The dynamic equations of motion in-
cluding friction are obtained using a
Lagrangian approach as follows:

D(a)a+c{qr, a0 ai+G(a) +K(qi-g2) +b(q)=0
3)

T@+K(q-q)=1 4)

Equivalent

Joint

stiffness Xy
AN

wig. 2. schematies of a flexible joint model A
a} a representative motor-link transmission mechanism
b) a flexible joint represented as an equivalent spring,

where D(q,) is the inertia matrix for the
associated rigid system, C(q,, q,) is the vec-
tor of damping, coriolis and centripetal
forces, G(q,) is the vector of forces due to
gravity, k=diag [k, ..., k,] is a diagonal ma-
trix of restoring force constants modelling
the joint elasticity, b(q,) is the vector of
friction terms, J = diag [J,, ..., J,] is diago-
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nal matrix representing rotor inertia, and <t
is the generalised force delivered by the ac-
tuator.

5. Simulation Results and Discus-
sions

The direct dynamics problem is to solve
joint positions, velocities, and accelerations
for a given actuator torque/force. Efficient
solution of this problem is necessary for
model-based control. By using direct dy-
namic, the velocities and accelerations of
the links are successively computed.

5.1. Simulation Conditions

A simulation study was carried out to
further investigate the validity and effec-
tiveness of the frictional forces presented
above. computing the effect of frictional
forces is presented for a two-link flexible
joint manipulator. Only joint flexibilities
are considered while link compliances are
neglected. It is assumed that end effector
deflection is primarily caused by joint de-
flection or oscillation at higher speeds, and
the elasticity at the joint can be modelled as
a linear torsional spring. The following sys-
tem of equations can be assembled

i) Kinematic Equations

Jrllfh'i'lrzzfiz'—‘Rn (6)

I +J2@2=Re (7)

where the expressions of rigid body Ja-
cobian J, are given.

Jur=-1;sin(q))-1osin (qi +q2) (3)
Tp=-1osin (qi+2) ©)
Jor=-1;cos (qi) +12¢0s (g1 +q2) 10)
Joa=15c0s (qi+a2) (11)

ii) Dynamic equations based on Euler-
Lagrange method are
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‘magnitude as well as lubricant viscosity and
flow [9]. Thus friction modelling and pa-
rameter identification are not unattainable
goals.

Three kinds of frictional effects are im-
portant in joint operation such as viscous
friction, static Coulomb friction, and dy-
namic Coulomb friction. Since rotary joints
are the kind most commonly used in assem-
bly robots, these effects are discussed with
friction induced torques, rather than forces.

3. Modelling of Friction Forces

Some researchers and manufacturers
have developed theoretical and experimen-
tal friction models for machine elements
and complete systems as well as typical val-
ues of the model parameters. The values of
these parameters provide only rough esti-
mates of the behaviour of a particular sys-
tem. While it is possible to use them to
identify the dominant sources of friction in
a system, the actual parameter values
should be identified.

The effect of friction can be modelled as
a generalised force applied to the joints of
the arm. Friction has a significant effect on
robot arm dynamics and three distinct com-
ponents of friction using the following fric-
tional force acting on the kth joint can be
examined [10]:

bi (@) =bi G+ sgn (G |bic+ (b - b exp -ng‘—l] 1<k<n
(D

where, b',, b, b’, are the coefficients of
viscous friction, static friction and dynamic
friction, respectively. The first term in Eq
(1) represents viscous friction, while the
second and third terms represent dynamic
friction and static friction or Coulomb fric-
tion, respectively. e is a small positive pa-
rameter and the signum function is defined
as follows:

+1  O<x
sgn(x)={ g O0=x 2)
-1 x<0
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From Eq (1), it is evident that as the ve-
locity approaches zero, the frictional force
approaches tb'. As a result, b’ can be inter-
preted as the torque force required to over-
come friction when motion is initiated. It is
clear that viscous friction is a linear func-
tion of ¢, whereas dynamic and static fric-
tion are discontinuous nonlinear functions.
The model of frictional forces acting on the
kth joint is summarised in graphical form in
Fig. 1.

Stope: by

¥ig., 1. Friction model for meochanical manipulater acting on
joint k

For a well-designed robotic arm, particu-
larly a direct drive arm, the coefficients of
friction will be small. Note that Eq (1) is
only a rough model of the frictional forces.
A more comprehensive representation of
friction might employ a term of the form b
(@i, q;) which depends on joint position as
well as joint velocity. This would be neces-
sary, for example, if the shafts about which
the links rotate or translate were not per-
fectly round and uniform. The frictional
forces influence the dynamic equation and
oppose the motion generated by the actua-
tors. It is also possible to add a third term to
the generalised force vector, the joint
torques induced by an end of arm force and
moment vector. However, to keep the dy-
namic model simple, it is assumed that the
arm is moving freely in its workspace and
the carrying payload is implicitly included
in the physical description of the last link.
Under these circumstances, the end of arm
force and moment vector is equal to zero.
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k, stiffness of jointi

L; length of link i

m,; total mass of the beam i

m, mass of end effector (planar case)
n  number of links

q, joint variable of the jth joint asso
ciated with link

q, joint variable of the jth joint asso
ciated with joint flexibility

w, link density

1t is the generalised force delivered
by the actuator

v; is damping coefficient

1. Introduction

In many cases, the elasticity of a robot
structure considerably influences the preci-
sion of operational task execution and
needs to be taken into account in the dy-
namic analysis of industrial robots. While
the elastic compliance is mainly concentrat-
ed in joints and harmonic drives [1]. There-
fore, there is growing interest in the area of
modelling of flexible joint manipulator.

One major problem associated with
many commercial manipulators is the use
of gears, which amplify the limited torque
capabilities of most electric motors. Gears
create joint friction and backlash which
provide nonlinearities. These nonlinear ef-
fects are due to preloading, tooth, misalign-
ment, and gear eccentricity. They are ex-
tremely difficult to be modelled, although
parametric models of friction have been at-
tempted [2]. It is more appropriate to mini-
mise backlash and friction by mechanical
tuning techniques rather than modelling [3].
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To realise fully the potential of flexible
manipulators, new and more complete tech-
niques for predicting their behaviour must
be developed. Of the methods developed to
date, some of the most remarkable are those
of [4-8]. One limitation of these studies is
that they are only applicable to robots with
revolute joints by neglecting friction forces.
Some efforts have been made to develop
techniques for dealing with friction force in
robots. However, these either have been
general formulatoins, which have not ad-
dressed the detailed problems of implemen-
tation, or have focused on a particular type
of robot containing only a single joint. The
lack of attention given to elastic manipula-
tors with friction force is primarily due to
eliminating gearing in which joint friction
is minimised.

This study examines the friction problem
for elastic joint manipulators. Recent exper-
imental work [4] provides convincing evi-
dence that joint elasticity is the dominant
source of compliance in most current ma-
nipulator designs. In addition to joint elas-
ticity, the problem of friction forces in a
wide range of configurations calls for accu-
rate modelling of the significant nonlineari-
ties. The purpose in this paper is to demon-
strate the effect of friction forces such as
viscous damping and coulomb forces on the
formulation and numerical solution of elas-
tic manipulators. To illustrate these con-
cepts, a detailed study of a two-link manip-
ulator with joint elasticity is presented. To
evaluate the performance of the proposed
method simulation test is carried out with
joint flexibility including frictional forces.

2. The Effect of Friction on the
Model

Friction plays an important role in power
transmission elements such as gears and
screws as well as in bearings, seals, hy-
draulic components, and electric motors.
Friction function in each case is a complex
phenomenon. For example, friction in rol-
lig-element bearings is a function of bear-
ing size, type, and design. Additional fac-
tors include speed, load type, and
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Abstract
[ o o -
! The purpose of this investigation is to study the effect of friction on the formu- 1
| lation and numerical solution of elastic joint mechanical manipulators. To this
; end, friction forces that act on a flexible manipulator as the results of the finite
| rotation are categorised into two classes. These are the Coulomb friction and
| viscous friction. The effect of the Coulomb friction of a driven system is recog-
! nised in the presence of contact between parts. While the viscous friction forces
! of such systems are understood from the drag imposed on moving parts by the
lubrzcants used on them. The behaviour of the friction when they are subjected
| to driving constraints (specified torque) is examined. Simulation tests are per-
! formed and the results show that the friction in a two-joint SCARA type robot in
| which both joints are flexible is quite zmportant

e o o o o o o o o e e o o o o o o e e 4
Nomenclature

by, bi, bi are the coefficients of viscous friction, static friction and dynamic friction

b(qy is the vector of friction terms

Cla, q) is the vector of damping, Coriolis and centripetal forces

D(q) is the inertia matrix for the associated rigid system

I, , is a area moment of inertia of element i

J is diagonal matrix representing rotor inertia

G(qy) is the vector of forces due to gravity

K a diagonal matrix of joint stiffness
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