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Evaluation of the Variation in Dynamic Performance and
Service Life of a Manipulator after being Gravity Balanced

Student : Cheng, Kuei-Jen Advisors : Dr. Cheng, Pi-Ying

Department of Mechanical Engineering
National Chiao Tung University
ABSTRACT

Manipulators have widely been utilized in industrial field to do
assembly jobs in production lines. There are many different types of
manipulators have been deployed for different applications, but most of
them have a common characteristic, and that is the payload of a
manipulator is much smaller, .than its self-weight. This is because a
manipulator needs stiffistructure to prevent from the excessive deformation
resulted from the «objects—it -holds to ‘keep the positioning accuracy.
However, the stiff-structure results in the 'increase of the self-weigh and
consumes considerable the output of the actuators of the manipulator. This
not only increases ‘the, ‘energy being consumed but also decreases the
dynamic performance of the manipulator.

The dynamic performance of a manipulator is usually presented by
acceleration radius. Acceleration radius is an index which is used to
measure of the acceleration capacity of a manipulator with a certain
configuration and at a specific posture. Dynamic performance will be
influenced by the configuration, the posture, and the output capacity of the
constituent joint actuators of the manipulator under discussion. When it is
represented by acceleration radius, it means that the maximum acceleration
which the end of a manipulator with certain configuration can achieve in all
directions at that specific posture.

Conventionally, there are two approaches can be used to increase the

dynamic performance of a manipulator, and they are: 1. raising the output
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limits of the actuators it uses; 2. reducing the weight of the manipulator
system. Raising the output limits of the actuators means that more energy
needs to be exerted or/and the specification of the actuators needs to be
promoted. However, raising the output limits of the actuators would result
in cost increase, and exerting more energy will increase the cost and reduce
the derating rate. Lowering derating rate usually results in the decline of the
designed service life.

Reducing the weight of a manipulator system usually can be achieved
by using better and stiffer materials or complicated but stiffer structures, or
reducing the materials it uses. Using better materials and structure means
the increase in the fabrication cost. Reducing the materials in use means the
stiffness of the system decreases, and. this will result in the deterioration in
positioning accuracy,which is_caused by the increase of the compliance of
the system. Based on what ‘s stated above, these two conventional
approaches used to.promote the dynamic performance of a manipulator are
not suitable to be implemented in real cases.

In most applications, the output of’actuators of a manipulator spends
on counterbalancing the gravitational force resulted from the stiff but heavy
structure, not on accelerating the object it holds. To redeem this
insufficiency, this study utilizes auxiliary mechanisms which is designed
based on gravity balance theory to eliminate the influence of the
self-weight of a manipulator and the mechanism. However, the auxiliary
mechanism can eliminate the influence of self-weight but also changes the
configuration of the original manipulator. This change may affect the
dynamic performance and the service life of the manipulator. To cope with
this issue, this study utilizes maneuverability ratio to evaluate the influence
of an auxiliary mechanism on the dynamic performance of a manipulator
after being equipped with that mechanism. Besides, this study also utilizes

deterioration rate to investigate the deterioration in dynamic performance



of a manipulator with the errors resulted from the operation and evaluate
the influence on the designed service life.

This study provides an effective methodology to evaluate the
influence of a gravity balance mechanism on the dynamic performance and
the designed service life of a manipulator. With the help of proposed
methodology, designers of manipulators can not only have the ability to
find out the relationship among the energy efficiency, performance, and
designed service life of a manipulator but also have the capability to choose
the best design to match the prescribed service conditions based on the

results of evaluation.

Keywords: gravity balance; maneuverability ratio; acceleration radius
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Glossary

. Mass

: Distance between the center of mass of a link and its

corresponding joint

: Weight of counterweight

: Length between two ends of a link or distance between

two specified points of a link

. Distance between the center of mass of counterweight

and its corresponding joint

. Effective radius of a cam
- Stiffness coefficient of a spring
: Gravitational acceleration

: Angle between two specified objects around z axis (if

applicable)

. Actual radius of'a cam

- Angle between effectiverand actual radiuses of a cam

. External force

. Vertical distance

. Length associates with.an.auxiliary parallelogram

: Position vector.described in world'space

. Acceleration radius-without the effect of errors

. Acceleration radius with the effect of errors

. Distance between two consecutive frames along z axis
- Angle between two consecutive frames around x axis
. Distance between two consecutive frames along x axis

: D-H transformation matrix between two consecutive

frames

: D-H transformation matrix between two non-consecutive

frames

. Rotation part of D-H transformation matrix

. Translation part of D-H transformation matrix
. Linear velocity described in world space

. Angular velocity described in world space

: Jacobian matrix

X1V



. Position vector described in the joint space
. Force or torque vector proposed by actuators

: Torque or force vector resulted from centrifugal and

Coriolis forces

: Torque or force vector resulted from gravitational force
. Inertia matrix

. Actuator output matrix

: Maneuverability ratio

. Angle between two consecutive frames around y axis

: Wear depth

. Relative slide distance

: Wear coefficient

: Contact pressure

XV



l. Introduction

This study investigates the variation in the dynamic performance and
the designed service life of a manipulator after being equipped with a
gravity balance mechanism. Service life means that a product can keep
performing its designed functions without any unacceptable outcome. This
study also proposes a methodology to evaluate the possible service life of a
manipulator. Acceleration radius is usually utilized to be a measure of
evaluating the dynamic performance of a manipulator with a certain
configuration and at a specific posture, and it means that the maximum
achievable acceleration in all directions at that posture. This study utilizes
acceleration radius to evaluate the dynamic performance of a manipulator
and uses maneuverability. ratio to investigate and evaluate the variation in
the dynamic performance of a.manipulator before and after it is equipped
with a gravity balance mechanism: Besides, deterioration rate is used in this
study to evaluate the deterioration in dynamic performance of a
manipulator resulted from theverrors which are produced during the
operation and to investigate how these-€rrors influence the service life of a
manipulator before and ‘after 'being equipped with a gravity balance
mechanism. In the following sections, the motivation and the goals of this

study will be interpreted.

1.1 Motivation

In industrial field, many kinds of manipulators are designed to do the
assembling job in the production line or perform some function in hazard
environments. They indeed improve the productivity and quality of
products and prevent humans getting injure from working environments.
However, many of the manipulators used in industrial field have one
common characteristic which is that the weight of the manipulator system

itself is much greater than the payload at its end-effector. The stiff and



heavy structure is used to assure the stiffness of the manipulator is
sufficient to counter the loading exerting on it to prevent excessive
deformation which will deteriorate its positioning accuracy, especially
when the manipulator is at a fully stretched posture. The stiff and heavy
structure of a manipulator will consume considerable output energy of the
constituent joint actuators to counterbalance the influence of self-weight
even when this manipulator is in static working conditions. For many
applications, manipulators spend most of their time on static or low-speed
applications. However, these manipulators still need to spend considerable
energy on counterbalancing their self-weight [1] even in these static or
low-speed applications, and this will increase the operation cost.

To cope with this problem, the concept of gravity balance is proposed
decades ago, and it suecessfully eliminates the influence of self-weight of a
manipulator. For decades, gravity balance models and theories have been
studied and investigated in a large volume of literature [2-22], such as the
mathematical models of the‘auxiliary parallelogram approach [22]. In [5], it
also emphasizes that_after a manipulator. has been gravity balanced, the
energy efficiency of the manipulator shall become better, and the quantity
of the energy can be saved by gravity balance mechanisms can be
calculated by following the methodology provided in [1] and [10]. At the
same time, many special designs have been developed and successfully
satisfy the specific requirements of different applications [1, 23-31], such
as an orthosis mechanism which can be used to assist the lower-limb
disable patients to stand up from the sitting posture [33]. Meanwhile, the
required actuator output which is used to perform a specific task before and
after a manipulator is equipped with a gravity balance mechanism has been
investigated in some studies [32]. However, as the author’s best knowledge,
there is no other researcher discusses what the variation in dynamic

performance is before and after a manipulator is equipped with a gravity
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balance mechanism, and they all focus on how to eliminate the influence of
the self-weight or the required actuator output used to perform a specific
task after a gravity balance mechanism is applied. Because manipulators
are not just designed for or dedicated to static or low-speed applications
and definitely not just designed for a specific task, this will lead to
insufficient conclusions. How the gravity balance mechanism influences
the dynamic performance after a manipulator is equipped with it needs to
be considered.

After a gravity balance mechanism equips to a manipulator, the
configuration of a manipulator is changed, and the loading exerting on each
constituent joint and the mass arrangement of the system change too. This
means the wear-out of each [joint, and dynamic performance of the
manipulator will change associatively.~Besides, the equipped gravity
balance mechanism.may make the:dynamic performance of the manipulator
more sensitive to the deviation of the parameters of Denavit—Hartenberg
transformation matrix (D-H parameters) /and may decline the designed
service life which “is.nbased on the/dynamic performance after the
manipulator is equipped ‘with a;gravity balance mechanism. Although the
subject of investigating the designed service life of a product has been
studied for more than 50 years, there is limited literature which discusses
the designed service life of a manipulator based on its functional
performance, and all of the literature only takes the positioning [34-39] or
velocity [36] performance as the functional performance of the
corresponding manipulator. As the author’s best knowledge, there is no
other researcher discusses the designed service life of a manipulator
including its dynamic performance which is represented by acceleration
radius. This makes the study on the designed service life of manipulators
insufficient.

Summarily speaking, the motivation of this study is to evaluate the

3



variation in the dynamic performance and the designed service life of a

manipulator after being equipped with a gravity balance mechanism.
1.2 Literature Review

The concept of gravity balance was proposed decades ago, and its
function is to counterbalance the self-weight of a manipulator to reduce the
loading on the constituent joint actuators of a manipulator and promote the
energy efficiency in static or low-speed applications. General speaking,
there are two approaches can be used to satisfy the requirement of gravity
balance. The first one is using counterweights to counterbalance the
gravitational force resulted from the self-weight [5,8,18,23], and the other
is utilizing springs and auxiliary links which include wires and cams to
keep the summation of the gravitational potential energy of the manipulator
system and the elastic potential energy of the spring system constant
[1,4,12-15,17,19-20,22,24,27-29,31,33]. ~Although there are still other
approaches which” are able ‘to” keep manipulators in gravity balance
[6,21,25-26,30], such asfull spring approach [21], they are rarely used in
practice.

In [5], [8], and [18], they investigate how to apply counterweights to
the parallel mechanisms to eliminate the self-weight influence. In [23], it
studies the torque which is needed to each joint actuator of a PUMA 760
robot arm to perform the motion which follows a prescribed trajectory after
the robot arm is gravity balanced by using the counterweights.

How to use cams and springs to eliminate self-weight is introduced in
[24] and [31]. Using auxiliary links and springs to form the orthosis to
eliminate the self-weight influence is interpreted in [13-14], [17], [19],
[28-29], and [33]. In [1], [4], [12], [15], [20], [22], and [27], using auxiliary
links and springs to form auxiliary parallelograms to eliminate the

self-weight is demonstrated.



[6] and [30] introduce how to only use auxiliary links to fix the center
of mass of the whole system to a inertial position to keep the potential
energy of this system invariant to achieve gravity balance. In [21] and [26],
only using springs to fully or partially eliminate the self-weight influence is
explained. Using strings to hang the weight of each links to eliminate the
self-weight influence is introduced in [25].

In [2], it introduces how to use counterweights or auxiliary links and
springs to eliminate the self-weight influence of planar linkages. [3]
includes the effect of deformation into the discussion of a 2 DOF gravity
balanced mechanism. In [7], it compares the influence of different
transmission structures on the performance of gravity balance. [9] and [10]
introduce how to use countetweights or auxiliary links and springs to
eliminate the self-weightinfluence on“certain postures or in a region. The
performance comparison of-a mechanism'after being gravity balanced by
counterweights and springs on lifting a certain weight is introduced in [11].
The classification of gravity balanced.industrial robots is interpreted in [16].
In [32], it compares the velocity performance of a manipulator after being
gravity balanced by counterweights and springs along a prescribed path.

Acceleration radius was proposed to be the index of measuring the
dynamic performance of a manipulator with a certain configuration and at a
specific posture in the 80’s. In that period, the studying focus was on what
the definition of dynamic performance would be and how to express it
[40-42]. In the 90’s, the dynamic performance of a redundant manipulator
was wildly investigated, and these studies focused on finding the better
expression and calculation methodology [43-48]. After the millennium, the
influence of velocity on the dynamic performance of a manipulator started
to be investigated [49-52]. Recently, the study on this field started to
investigate the influence of the fabrication and assembly errors on the

dynamic performance of a manipulator [53]. These studies really do a great
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contribution on researching the dynamic performance of a manipulator and
greatly progress the development in robotics.

The service life of a product started to be systematically investigated
by the U.S. military in the 50’s. For decades, much literature studied on this
field had been proposed and promoted the quality of industrial products
greatly. However, there are still few studies focus on the service life of a
manipulator based on its functional performance until now [34-39]. All of
these studies which investigate the service life of a manipulator only take
the positioning or velocity performance as the functional performance of

the manipulator, not including its dynamic performance.
1.3 Goal and Contribution

As the author’s_dbest—~knowledge, there is no other researcher
investigates the variation-in-dynamic performance of a manipulator after
being equipped a- gravity balance mechanism, and this leads their
conclusions on the"applicability of gravity balance mechanisms insufficient.
To rectify this insufficiency, this:-study utilizes acceleration radius as the
index to evaluate the’dynamic performance before and after a gravity
balance mechanism equips to a manipulator. For gaining the quantitative
information about how a gravity balance mechanism influences the
dynamic performance of a manipulator, this study utilizes maneuverability
ratio to evaluate whether being equipped with gravity balance mechanisms
would improve or degrade the dynamic performance of a manipulator.

Because manipulators used in industrial field are not just for static or
low-speed applications, the studying on the designed service life of
manipulators should not be limited to the scopes of positioning accuracy
and velocity performance as the functional performance. The evaluation of
the designed service life of a manipulator should include its dynamic

performance to match practical applications. To rectify this insufficiency,



this study utilizes deterioration rate as the dynamic performance
deterioration index to evaluate the deterioration of dynamic performance of
a manipulator and uses this index to investigate the variation in the
designed service life which is based on the dynamic performance before
and after the manipulation is equipped with a gravity balance mechanism.

This study not only discusses the wvariation in the dynamic
performance of a manipulator before and after being equipped with a
gravity balance mechanism, but also is the first one which discusses the
designed service life of a manipulator based on its dynamic performance.
The methodology proposed in this study includes using maneuverability
ratio to evaluate the variation in dynamic performance and introducing the
configuration errors into .the! model of acceleration radius to conduct
deterioration rate to<«verify whether “the. dynamic performance is still
acceptable after certain time in-service. With the help of what is proposed
by this study, the .variation in the dynamic performance and the designed
service life based on the dynamic performanee of a manipulator after being
equipped with a gravity balance mechanism can be found out. This can not
only help designers of manipulators' verify whether installing a gravity
balance mechanism to a manipulator is beneficial to the application but also
help them to choose the best design based on the requirements of the
application.

In order to systematically and comprehensively introduce the
fundamentals, methodology, and the conclusions used or proposed in this
study, this study is arranged as follows: In Chapter II, it reviews the
fundamentals of gravity balance, acceleration radius, maneuverability ratio,
and deterioration rate. Chapter III interprets how to conduct
maneuverability ratio to evaluate the variation in the dynamic performance
of a manipulator before and after being equipped with a certain gravity

balance mechanism. The designed service life evaluation of a manipulator
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before and after being equipped with a certain gravity balance mechanism
is performed in Chapter IV. Chapter V takes a PUMA 560 robot arm as an
example to interpret how to use the proposed methodology and how it

works. In Chapter VI, some conclusions are proposed.



I1. Fundamental Review

In this chapter, it introduces the fundamental theories and approaches
used in this study. For systematically introducing these theories and
approaches, this chapter is arranged as follows: in Section 2.1, it introduces
the fundamentals of each principle category of gravity balance mechanisms.
How to conduct the acceleration radius to measure the dynamic
performance of a manipulator with a certain configuration at a specific
posture is explained in Section 2.2. Section 2.3 introduces how to conduct
maneuverability ratio to evaluate the variation in the dynamic performance
of a manipulator before and after being equipped with a gravity balance
mechanism. In Section 2.4, how to conduct deterioration rate which is used
to evaluate the influence of errors/which is resulted from fabrication or
assembly processes «On' the dynamic ‘performance of a manipulator is

provided.
2.1 Gravity Balance

Gravity balance' means that using ‘a special developed approach
eliminates the influence’of the-self<weight of a manipulator or mechanism.
Generally speaking, there are two approaches which can be applied to a
manipulator or a mechanism to satisfy the definition of gravity balance
without consuming any extra energy. The first one is the counterweight
approach, and the other is the auxiliary link and spring approach. In the
following subsections, the fundamental of each approach will be

introduced.
2.1.1 The Counterweight Approach

The counterweight approach utilizes a counterweight to place the
center of mass of a link and its successive links and their corresponding
counterweights to the corresponding joint. The sequence of applying

counterweights to a manipulator is from its last link to its first link
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progressively. After applying a counterweight to the first link, the
center of mass of the whole manipulator system locates at the joint
which connects the base and the first link. Because the center of mass
of the manipulator system is fixed to an inertial joint, the gravitational
potential energy of the manipulator system will keep in constant from
one posture to another. Since there is no change in the gravitational
potential energy, it is no need to exert any force or work into the
manipulator system to compensate the variation in its gravitational
potential energy. For providing a clearer explanation of the concept
and implementation of the counterweight approach, a two-link
manipulator is taken as the example and shown in Figure 1. In the
counterweight approach,. the'weight of each counterweight is unknown
and needs to be calculated because it depends on the dimensions,
configuration and’ weight arrangement of the manipulator. For this
two-link example, the weights of €ach counterweight in use are shown
in (1) and (2), respectively. For.a general case, the weight of each
counterweight can be ealculated from.(3) [33].
_myc; + (emy +my)k

em, = (1)
WCl

m,c
cm, =—=2%

2)

wce,

m;-c; +1; - i (cm;+m))
cm. = Jj=i+l (3)

i
WC;

Where n is the number of links; ¢m; and cm; are the weight of

counterweight of link i and link j respectively; m; is the weight of

is the weight of link j ; ¢, is the distance between the

1

link 5 m,

center of mass of link 7 and joint 7 ; [/ 1is the length of link i ;
we; 1s the distance between the center of mass of the counterweight of
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link i tojoint i.

i<}
3
X
e
-

.{ Joint 1

Figure 1: The counterweight approach — a two-link example

2.1.2 The Auxiliary Link and Spring Approach

In this approach, it utilizes springs /to. store or release the elastic
potential energy to‘ compensate~the. variation in the gravitational
potential energy of a manipulator system. After appropriately adjusting
and arranging the spring system, the sum of the gravitational potential
energy of the manipulator system and the elastic potential energy of the
spring system will be invariant when the manipulator moves from one
posture to another. This means there is no need to exert any force or
work into the manipulator system to compensate the variation in the
gravitational potential energy when this manipulator moves from one
posture to another. Generally speaking, the auxiliary link and spring
approach includes three sub-approaches, and they are: the cam and the
spring approach, the orthosis approach, and the auxiliary parallelogram

approach. In the following subsections, the fundamental of each of the
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three approaches will be introduced.
2.1.2.1 The Cam and Spring Approach

In the cam and spring approach, the contours of the cams are
specialized according to the dimensions, configuration and weight
arrangement of the manipulator they will be applied to. When in
application, a spring will be dragged along with the contour of the
corresponding cam to store or release its elastic potential energy to
compensate the variation in gravitational potential energy of the
corresponding link of the manipulator system. To explain this approach
more clearly, a single link system is taken as the example and is shown
in Figure 2. The contour of the cam of this example is depicted in
Figure 3. When the diameter of'the Wwire connecting the spring and the
cam is negligible, the' contour of the cam for this single link system can

be conducted by following (4), (5); and.(6)[24].

mel P
Y - (sin . cos ) 4)
\/ M2l 5 3sind) (5)

5= tan_l[—%(cscﬁ +tan )] (6)

Where r i1s the effective radius of the cam; k 1is the stiffness
coefficient of the spring; mg is the effective gravitational force of the
self-weight; [ is the distance from the joint axis to the location of the
effective weight; 6 is the angle between the link and the horizontal
plane; ¢ represents the real leave point of the wire to the cam; 7, 1is
the actual radius following the cam shape; ¢ 1is the angle deviation

between r and r..
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cam

Figure 2: The cam and spring approach — a single link example

dr

E

Tospring

7/2-9 ,ﬁ

Figure 3: The contour of the cam

2.1.2.2 The Orthosis Approach

In the orthosis approach, it utilizes auxiliary links to create one or
several parallelograms among the constituent links of a manipulator to
identify or point to the center of mass of the manipulator system. Then
a zero free length spring is used to connect the joint which identifies or
points to the center of mass of the manipulator system to a certain
inertial place. Then use other zero free length springs to connect each
parallelogram to a certain place which depends on the dimensions, link

number, configuration, and weight arrangement of the manipulator. In
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this approach, the length of auxiliary link and the stiffness coefficient
are the parameters need to be conducted. Figure 4 shows a two-link
example which can be used to lift up heavy weight and external force
in the gravitational direction with relative small input force, and the

lengths of the auxiliary links (/, —s, and s,) are expressed in (5) and
(6) respectively, and the stiffness coefficients of the springs (&, and

k,) can be calculated by (7) and (8) respectively [33].

s, (m,gc, + m,gl, +
I —s, =1, — 2 (myge, +mygl, + /1) (5)
m,gc, + fl,
0<s,</,,and s, mustsatisfy 0<s, </ (6)
k = s,(myg¢, + 1) )
hs, (1, = 5)
m,gc, +
k2 — 286 ﬂz (8)
hs,

Where f is the external force exerted on the end point of link 2
in the gravitational direction; 'm; ‘and s, are the masses of link 1 and
link 2 respectively; "¢, and..c,-are the distance from the center of

mass of link 1 to joint 1 and the distance from the center of mass of

link 2 to joint 2 respectively; /, and [, are the lengths of link 1 and

link 2 respectively; /4 1is the vertical distance from one end of spring 2

to the base; 6, and 6@, are the angles from the base to link 1 and the

angle from link 1 to link 2 respectively.
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link 2, 1,

% "Q m

g
spring 2
l kg. X2
h g
51
5,
0

Y]

link 1, I

Figure 4+ Two-link example ofithe orthosis approach

2.1.2.3 The;Auxiliary Parallelogram Approach

Similar as the, orthosis. approach, .the auxiliary parallelogram
approach also uses auxiliary links.tocreate one or more parallelograms.
Differ from the orthosis one, these parallelograms are not used to find
out or point to the center of mass of the manipulator system but create
an environment which can make and treat each constituent link of the
manipulator as an independent one. To explain this approach more
clearly, a two-link manipulator is taken as the example and shown in
Figure 5. In this approach, the masses of the auxiliary links may or
may not be negligible. It depends on the weight of the auxiliary link
and how the accuracy of the result it needs. If the weight of the
auxiliary link is relative small when it compares with the one of the
corresponding link of the manipulator or the required accuracy is not

too high, the weight of the auxiliary link can be neglected to simplify
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the calculation and evaluation. When the masses of the auxiliary links
are negligible in this example, the stiffness coefficients of the springs
can be expressed as (9) and (10), respectively. When the masses of the
auxiliary links are not negligible, the general form of calculating the
stiffness coefficient of each spring can be expressed as (11) [20].

/:o O
link 1p1, 11)1

1c2

(O) link 2 Q

joint 0 1y, l | jomnt 1 Lo l
1
mpg

7
7

e 4+—

I

Figure 5: Two-link-example of the parallelogram approach

k = mg -l +mg -l 9)
ch 'lpl
kz — mg 'ZZc (10)
ch 'ZpZ
(ml +milic +l,)- g+ '_z'ﬂ(mj%jmj)z,. g
= =i (11)
Zpi 'lci

Where £k is the stiffness coefficient of the spring i; m; and
m; are the masses of link 7/ and link ; respectively; m; and m;
are the masses of auxiliary link 7 and auxiliary link ; which are
parallel to link i and link j respectively; m; and m; are the
masses of auxiliary link i and auxiliary link j which are parallel to

the gravitational direction respectively; /.. is the distance between

ic

joint i—1 and the center of mass of link i; /i, is the distance
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along link i and between joint i—1 and the center of mass of

N

auxiliary link i which is parallel to the gravitational direction; /; is

the distance from the joint which connects one end of auxiliary link i
which is parallel to the gravitational direction and link i to joint i—1;

[, 1s the height which is from the one end of spring i to the

connecting joint of link /, and link i in the gravitational direction;

[ . 1s the distance which is along link i and between the one end of

Cl

spring i to the connecting joint of link /,, and link i.

2.2 Acceleration Radius

Acceleration radius is the index which is mostly used to measure the
dynamic performance of a -manipulator with a certain configuration at a
specific posture under known-output limits of the constituent joint actuators.
Acceleration radius isvdefined as the maximum achievable acceleration in
all directions of the end-effector of a maniptlator at a specific posture. In
Figure 6, it demonstrates a two degree of. freedoms (DOF) example for
providing a visual and‘clearer_explanation of the definition of acceleration

radius.

©

QA

Acceleration Ellipsoid

Figure 6: Definition of the acceleration radius with a 2 DOF example
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Before introducing acceleration radius, Denavit-Hartenberg
transformation matrix (D-H transformation matrix) must be interpreted first
[54-55]. Conventionally, D-H transformation matrix is composed of 4
parameters to represent the transformation relationship between two

consecutive links (frames or coordinates). These 4 parameters are: 6, is
the rotation angle between the two consecutive frames around z, axis; d,
is the distance between the two consecutive frames along z, axis; a, is
the distance between the two consecutive frames along x; axis; «; is the
rotation angle between the two consecutive frames around x; axis. In this

study, these four parameters are called as D-H parameters. In Figure 7, it
shows the diagrammatic definitions of these 4 parameters.

Zi-1 Zi

Joint1

Joint i+1

Figure 7. Diagrammatic definitions of D-H parameters

Based on the definitions of D-H parameters and their diagrammatic
explanation shown in Figure 7, D-H transformation matrix from link i

frame to link i—1 frame can be expressed as (12).
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[CO, -SOCa, SOSa, a,CH,]
- S0 COCa; -COSa; aSo, (12)
Sa. Ca; d;
| 0 0 0 1

Where 4, is the D-H transformation matrix from link i frame to

link i—1 frame; S represents the sine function; C represents cosine
function.
When a manipulator is composed of # links, the D-H transformation

matrix from the frame which locates at the end-effector to the base or

reference frame, 7, , can be expressed as (13).

n R, P
T =11""4 =|"" " 13
nl_HIAI{O 1} (13)

Where R, is the rotation pertion of“7 ; P, is the translate portion
of T,.

n

After introduCing the total transformation matrix of a manipulator,
how to conduct Jacobian. matrix will /be explained in the following
discussion. Jacobian mattix..is_usedto" transform the constituent joint
velocities of a manipulator in the joint space to the velocity of the
end-effector in the world space. For a non-redundant manipulator, Jacobian

matrix can be expressed as (14).

w

n
Where n is the number of the constituent joints; v, is the linear
velocity vector of the end-effector in the reference frame (world space); w,
is the angular velocity vector of the end-effector in the world space; J,,

is the nxn Jacobian matrix; ¢, is the constituent joint velocity vector in

the joint space. v, and w,can be expressed as (15) and (16) respectively.
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Vn = i[éi(zi—l xp,)+ Zi—ldi:| (15)
i=1

w, =20z, (16)
i=1

Where z_, 1s the z axis direction of the i—1 frame which 1is
described in the reference frame and equivalent to the 3rd column vector of

R_; p, 1s the position vector from end-effector to the origin of the i -1

i—1°

frame and is also described in the reference frame; 6, is the angular

velocity of the ith revolute joint; d.

1

is the linear velocity of the
ith prismatic joint.
From (15) and (16), the general form of Jacobian matrix can be

expressed as (17).
J =y Ty, ] (17)

|:Zl-1 s llpn:l J = {le}
Where Ci-d is for a reyolution joint, and | is
for a prismatic joint.

After interpreting Jacobian' ‘matrix, the acceleration radius of a
non-redundant manipulator will be introduced in the following. The first
and second order differential kinematic equations of the end-effector of a

non-redundant manipulator can be expressed as (18) and (19) respectively.
xn :Jnxn (Q)Qn (18)
%,=J (@), +, @), (19)

Where ¢ is the joint variable vector or angular position vector of the

nxn

constituent joints described in the joint space; x is the position variable
vector of the end-effector which is described in the reference frame.

The dynamic equation of a manipulator can be presented as (20).
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T=M(q)§+c(q,9)+g(q) (20)

Where 7€ R" is the vector of the constituent joint forces, torques, or

both; M(g)e R"" is the symmetric, positive definite inertial matrix;
c(q,q) € R" is the vector of the forces, torques, or both resulted from

centrifugal and Coriolis forces; g(g)e R" is the vector of the force, torque,

or both caused by external forces, torques, or both exerting on the
manipulator.

From (20), the ¢ can be expressed as (21).
=M '(t—c-g) 21)

Take (21) into (19), X can be expressed as (22).
szM—l(r—c—g)gq' )
= JIM 1+ (=IM e JG)+(—IMT'g)

Where X is ‘thevaccelerationvector of the end-effector which is
described in the reference frame; JM 'z is-the acceleration vector which
is contributed by the 'constituent joint/actuators; (—JM 'c+Jg) is the
acceleration vector caused: by -the " centrifugal and Coriolis forces;

(-JM'g) is the acceleration vector resulted from the gravitational force
and external forces, torques, or both.

The output of an actuator used in industrial field usually has
symmetric upper and lower limits. Thereof, the output range of each
actuator used in a manipulator can be expressed as (23).
™ < <M i=1~np (23)

After normalizing (23), the normalized output vector of the constituent
joint actuators, 7, can be expressed as (24).
t=L"7 (24)

Where L is the diagonal matrix which the value of each diagonal
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element is equal to the output limit of the corresponding actuator and can

be expressed as (25).
Tllimit 0 O
L= 0 . 0 (25)
0 0 Tlimit

Because 7 is a normalized matrix, it has the characteristic which can
be expressed as (26).
't <1 (26)
Through (22) and (24), ¥ and 7 can be expressed as (27) and (28)
respectively after appropriate arrangement.
¥=JM'LE+(-IM e+ J§)+(-IM ' g) (27)
F=L'MJ'Gi+IM el Jg+IM "g) (28)
Take (28) into.(26), the equation.of the acceleration ellipsoid can be

conducted and expressed as (29).

G+IM 'e—Jg+IM ') T MI L MY G+ IM e - Jg+ IM g) <1

After taking Q=J7" M EEMJ™" and substitute it into (29), a
compact form of acceleration ellipsoid can be expressed as (30)
G+IM 'e—Jg+IM ') OGi+IM e —Jg+IM 'g)<1 (30)
The value of acceleration radius is equal to the value of the radius of
the smallest inner tangent sphere of the acceleration ellipsoid which is
centered in the origin of the reference frame. When a manipulator is at a
standing posture, the acceleration radius will be equal to the reciprocal of

the square root of the maximum eigenvalue of Q.

2.3 Maneuverability Ratio

After a manipulator is equipped with a gravity balance mechanism, its

configuration changes, and its dynamic performance may vary and would
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not be the same as the original one. To evaluate this variation,
maneuverability ratio is developed and used to evaluate the variation in
dynamic performance of a manipulator before and after being equipped
with a gravity balance mechanism or a mechanism used for other purposes.
Maneuverability ratio at a specific posture can be defined as (31), and this
ratio in a specific workspace can be expressed as (32). With the help of this
ratio, it is easy to quantitatively evaluate how much the dynamic
performance of a manipulator improves or deteriorates after being equipped
with a gravity balance mechanism or a mechanism used for other purposes.

r,—r
MR, =5

(1)

rO

Where MR, is the maneuverability ratio at this specific posture; r,
and r, are the acceleration radiuses-after and before being equipped with a

gravity balance mechanism respectively.

(MR)dw

MRW:I an (32)

Where MR, 1sthe maneuverability ratio in a prescribed workspace;
[, (MR)dw is the integral of the maneuverability ratio over the workspace;
[,dw presents the workspace; MR is the maneuverability ratio at dw;
dw presents the differential area of the workspace.

If MR, or MRj 1is positive, this means that equipping with this
gravity balance mechanism can improve the dynamic performance of the

manipulator and eliminate the influence of self-weight. If MR, or MR,

1s negative, this means that being equipped with this gravity balance
mechanism will sacrifice the dynamic performance of the manipulator
though it eliminates the influence of self-weight. With the help of
maneuverability ratio, designers of manipulators can get the information of

how to adjust the setup of the controllers which will be used to perform the
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trajectory planning automatically.
2.4 Deterioration Rate

Deterioration rate is an index of measuring the variation in the
dynamic performance of a manipulator before and after including the
influence of the errors which are resulted from the manufacturing,
assembling, and operating processes. Deterioration rate is defined as the
ratio of the deviation between the acceleration radius without and with the
influence of the errors resulted from the manufacturing, assembling, and
operating processes to the acceleration radius without these errors. The
acceleration radius without the influence of these errors can be found out
by using the processes provided in Section 2.2. However, finding out the
acceleration radius withy the-influence of these errors which is due to the
manufacturing, assembling,-and operating. processes is more complicated
than finding the radius without the influence of these errors. How to
conduct the acceleration radius with the influence of the errors resulted
from the manufacturing, assembling, and. operating processes will be
explained in the following.

The first step of conducting the acceleration radius with the influence
of the errors resulted from the manufacturing, assembling, and operating
processes is to include the effect of these errors into the D-H parameters.
The conventional D-H transformation matrix which has four D-H
parameters is not sufficient to fully include the influence of these errors

because it cannot include the angular error which is about the y axis. To

cope with this insufficiency, an improved D-H transformation matrix which
composes of five D-H parameters was proposed [56-58] and successfully
includes all the effect of the errors resulted from the manufacturing,
assembling, and operating processes into the transformation matrix. This

kind of D-H transformation matrix which owns five D-H parameters is
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called modified D-H transformation matrix hereafter. In the modified D-H

transformation matrix, the extra parameter, £, is the rotation angle of the

two consecutive frames about y, axis and is shown in Figure 8. The
modified D-H transformation matrix, "4, can be conducted by
post-multiplying the conventional D-H transformation matrix, HAI. , with

the rotation homogeneous matrix of S as shown in (33).

Zi Zi

\

III J - l -

'\,H ot Joint i+1
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)",\\-:'_'_'_-: A -/\E"— _ ,}{
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\ | / /
| | / /
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N -/
I.I "". Yi
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- Hi './ o ".Idl
~ Xi-l

Figure 8: Diagrammatic definitions of modified D-H parameters

i—lAi' — i‘1,47. AWy, B;)

(CO, —SO.Co.  SO.Sa, aCO,|CB O —SB O]
|86, CoCo; —COSo; @S| O 1 0 0
10 Sa Ca, d ||sg 0 Cg 0 (33)
0 0 0 1 o o o 1]
[ CO.CP. —SOSa,Sp, —SO,Ca,  CO,SB, +S0.50.CB,  a.CO, |
| S6.CB, +COSa,SB,  COCa, SO, —COSa,Ch. S0,
- —Ca,SP, So. Co,.CP, d,
0 0 0 1]
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Where A(y,,p;) is the rotation homogeneous matrix of f.. When
B; 1s equal to zero, (33) is fully equivalent to the conventional D-H

transformation matrix as shown in (12). In fact, the purpose of existence of

B; 1s to include the rotation error about the y, axis which is resulted from
the manufacturing, assembling, and operating processes. Because f, is
used to introduce the influence of the angular error about the y, axis, Ag.,
into the modified D-H transformation matrix, S itself has no intended

function and is always assigned to be zero in practical applications. When
the errors resulted from the manufacturing, assembling, and operating
processes exist in the modified D-H parameters, the corrective modified
D-H transformation matrix which includes the influence of these errors can
be expressed as the sum~of the original modified D-H transformation
matrix and the differential-change matrix. The corrective modified D-H
transformation matrix can be expressed as (34).

TAS =14+ dA, (34)

Where 'AS is‘the. corrective modified D-H transformation matrix;

14 is the modified D-H ‘transformation matrix with nominal modified
D-H parameters; dA, is the differential change matrix resulted from the
influence of the errors caused by the manufacturing, assembling, and
operating processes. Because S, is always zero, then 4 =""4 ,

CB. =1, and S =0. To stress on the configuration errors have been

introduced into the D-H transformation matrix, ~'4; will still be used in
the following discussion. Assuming A6, Ad;, Aq;, Ac;,and AP, are the

errors of 6., d;, a., «a., and f. respectively. Because these errors are

i1°

always much smaller than the corresponding nominal modified D-H

parameters, dA; can be presented as the linear combination of these errors
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without significantly losing the representativeness, and it can be expressed

as (35).

dA,— ’A@l R DN DV WL P (35)
od, da, o, 8@
0A, 0A, . 04; =
Set —L=p,"" =D,"'4 , L=p "4, —=D," 4, an
06, 4 d, oa, ¢ 4 o, &
o4 D,
B
0 -1 00 [0 0 0 O]
Where - 1 000 ; D, = 0000 ;
=10 0 0 0 710 0 0 1
0 0 00 00 0 0]
0 0 SO .+dSO] 0 0 0 C6]
0 0 -C§ dcé : 0 0 0 S6 :
Da: ’ D = ! °
-S6, CO, 20 0 “ 1000 0
0 0 =0 0 | 00 0 0|
0 ~Se, (.COCa;. . aS0Sa~dCOCa, |
D. = Sa,; 0 §0Ca,~ —a,ClSca, —d.SO.Ca,
P l-COCa, -SO,Ca 0 a,Ca,
0 0 0 0 |
From (35),
dA; = (DyAG, + D,Ad; + D,Aa, + D,Aa; + D,AB) ™ 4, (36)

Set 574, = D,AO, + D,Ad; + D,Aa, + D,Aa; + D,AB,, then the corrective
modified D-H transformation matrix can be expressed as (37).
AT =T d T A=A+ (57 4) T 4, (37)
Where
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5i_1Ai

0 ~A0,  SOAa, COAa,—d.SOAa, ]
AG, 0 —COAa; SOAa; +d.COAa,
| -S6Aa, COAa, O Ad,
0 0 0 0 i
0 -Sa,AB,  COCaAB (aSOSa,—d,COCa)AB ]
N So,AB. 0 SOCaAB,  (—a,COSa; —d.SO.Ca,)APB.
—COCa A, —SOCaAP; 0 a.Ca,ApB,
i 0 0 0 0 |

After conducting the corrected modified D-H transformation matrix,
the total corrected modified D-H transformation matrix can be shown as

(38).
7€ :ﬁi—lAiC :ﬁ(1+5i—1Ai)z—1Alj (38)
=1 i1

Where n is the link-number; / isa mxn identity matrix.
Because the Kinematic deviation resulted.from the error items, o HAI. ,

is relatively small, the, influence' of the second and higher order terms can
be omitted without any significant influeénce on the result. In the following
discussion, only the first order ‘approximation of (38) will be utilized, and it

can be presented as (39).
TE =T, + 37,67 4T, =(I + 5T, 6 4T )T,
i=1 i=1

'R¢  p€
_01}

R, + (zn: R_61RZ)R, P+ [i (R_161,R_)IP, - i (R_SRLP ~R_Sp)
l:l l:1 l=1

0 1

[1+ (éRi—15’?Ri:11 IR, [1+ ﬁ‘i(Ri—lé‘riRi_—ll B, — ﬁ‘i(Ri—lé‘r}Ri_—IIB—l —R_6p;)

0 1

(39)
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Where RS is the rotation portion of 7°; P° is the position portion
of T; or, is the rotation part of 5 '4,; Jp, is the position part of
574

When the corrected modified D-H transformation matrix and the total
corrected modified D-H transformation matrix have been conducted, what
should be done next is conducting the Jacobian matrix and acceleration
ellipsoid which includes the influence of the errors which are resulted from
the manufacturing, assembling, and operating processes. Because the
process of conducting the Jacobian matrix and acceleration ellipsoid with
the influence of the errors is similar with the one explained in Section 2.2,
the following just shows and_gives brief interpretations of some important

concluded equations. The“same as (14); v, and w, can be expressed as

(40) and (41) respectively:

V, = i[é’l(zzc—l X Hpnc) + Zic—ldi] (40)
-1

w, =625, 41)
i-1

Where zC, is the direction of z axis of the i—1 frame which is
described in the reference frame and equivalent to the 3rd column vector of
RE,, "' pS is the corrective position vector from end-effecter to the origin
of the i—1 frame and is also described in the reference frame, 6, is the
angular velocity value of the ith revolute joint, and d’l. is the linear
velocity value of the ith prismatic joint.

From the conduction shown in (39), z-, and "' p$ can be presented

as (42) and (43) respectively.

i1
Zzgl =z +[( '21 R, or jR;—ll)Ri—l]z (42)
=
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B =R [T+ RdTT, ]+ dR [T, ], + dR [T, ],

. n . . . . i-1 .
=B+ RIS T 0 4 )T (S R SRR T, ()
J=i j=
i—1 no. . il \ i
+[(ZlRf—larij—ll)Ri—l][(Z.l T84T T,
J= J=i

Where z; , is the direction of z axis of the i—1 frame presented in

the reference frame which is equivalent to the 3rd column vector of R._;;

a p, 1s the position vector from end-effecter to the origin of the i—1

frame and also is described in the reference frame. The subscript “P” means
the translation part of the bracketed transformation matrix and the subscript
“Z” means the direction of z axis of the bracketed rotation matrix
equivalent to the 3rd column vector.

From (40) and (4 1), thecorrective Jacobian matrix can be expressed as
(44).
JE = I TS k] (44)

AR Vo c
AN . L Ziy | .
Where JS :{ 5 J p”} is-for-a revolution joint, and J —{ 61} is
N\

for a prismatic joint.

Substitute (42) and (43) into (44) and eliminate the second order term,

J¢ can be presented as (45).

JE=J, +dJ, (45)
Where J; is the ith column of the nominal Jacobian matrix without

the influence of the errors resulted from the manufacturing, assembling,

and operating processes, and dJ, is the differential change Jacobian matrix

resulted from the influence of these errors.

In (46) and (47), they show J; and the first order dJ; of a revolute

1

joint respectively.
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Ziq

i-1
J = {Zm X Pn} (46)

d.]- — |:Zi1 X Pe + Zge X ian:| (47)

l
Zde

Similarly, in (48) and (49), they represent J, and dJ; of a prismatic

1 1

joint, respectively.

J, = {0} (48)
dJ, = ﬁﬂ (49)

i-1
Where z, =[(X Rj_15rjR]7_11)Ri_1]Z is the error in the direction of z
j=1

axis of the sy frame, and

j—

n . | : . i—1 .
Fo= RO U(X T8l AR T e+ R, 16, R 2R,
J=i 73 :
1s the

-

i-1 /A : . |
+I(Z R, 10 R DRI ET56 15, 24T ) T,
J= e,

position error resulted from the 1nfluence of the configuration errors which
are from the end-effecter to the i —1 link.

When the D-H transformation matrix and Jacobian matrix with and
without the effect of the errors caused by the manufacturing, assembling,
and operating processes are known, the acceleration radius with and
without the effect of these errors can be conducted through the method
proposed in Section 2.2. When the acceleration radiuses with and without
the effect of these errors are known, deterioration rate can be defined as (50)
[53].

v,—r,

DR, =-—¢ (50)

]/;.

Where DR, is the deterioration rate of a manipulator with a certain
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configuration at a specific posture; », and r, are the acceleration radius of

a manipulator with a certain configuration at a specific posture with and
without the influence of the errors resulted from the manufacturing,
assembling, and operating processes respectively.

For a certain workspace or region, the deterioration rate over this
workspace or region can be defined as (51), and it can be taken as a
representative index of derating margin of the manipulation over this
workspace or region [53].

Ldrydw

DRW=J [ dw (51)

Where DR, is the deterioration rate over a prescribed workspace or
region, [ (dr)dw is the integral-of the deterioration rate which is over this
workspace or region , [ dw ppresents” the workspace or region in
discussion, dr 1is the.differential function of deterioration rate, and dw
presents the differential area of the workspace-or region.

With the help”of deterioration tate, designers of manipulators can
estimate the degradation on_the dymamic performance of a manipulator
which is caused by configuration errors and handle the specification of the

dynamic performance of a manipulator more correctly.
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I11. Evaluate the Variation in Dynamic Performance of a Manipulator
after being Equipped with a Gravity Balance Mechanism

Using cams and springs to achieve gravity balance of a manipulator is
feasible but not practical because accurately fabricating the contours of the
cams is usually very difficult due to the requirements on highly non-linear
contour surface. Besides, a rope or wire would not fully be along with the
contour of a cam in most of occasions because of its stiffness. Applying the
orthosis approach to a manipulator to reach gravity balance is feasible and
practical, but its application is usually limited on a manipulator with less
constituent links. This is because in the orthosis approach, the arrangement
of the spring system highly depends on the dimensions, configuration and
weight arrangement of the manipulator which it would be applied, and it is
not easy to find a feasible one when-the link number is more than two.
Besides this, in the orthosis| approach, ‘the interference usually occurs
between the auxiliary links, spring and the objects which locate inside the
region of the workspace because of the complicated layout.

For the majority of manipulators used.in industrial field, they usually
have three or more links to-assure-that they can reach any point in their
three dimensional workspace. Therefore, only the counterweight and
auxiliary parallelogram approaches are practical and suitable to be applied
to a manipulator used in industrial field to eliminate the influence of the
self-weight of a manipulator.

Based on the reasons stated above, this study will only discuss how a
gravity balance mechanism based on the counterweight or auxiliary
parallelogram approach influences the dynamic performance of a
manipulator after being equipped with it. In the following sections, they
will explain how to conduct the dynamic performance of a manipulator
after it is equipped with a gravity balance mechanism based on each of

these two approaches.
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3.1 The Dynamic Performance of a Manipulator after being Equipped
with a Gravity Balance Mechanism Based on Counterweight

Approach

When a manipulator uses the counterweight approach to achieve
gravity balance, a counterweight needs to be applied to each link to
eliminate the influence of the self-weight of this link and its successive
links with their corresponding counterweights. This will result in the
increase of the mass and moment of inertia of each link and the
manipulator system. However, the applied counterweights can also
eliminate the influence of the self-weight of each constituent link of the
manipulator system. For this approach, the mass of the counterweight of

n
m;-¢; - X (em;+m;)

each link can be conducted by (3); <cm, = LAl . If the
we,

1

counterweight of link i can be taken as a point mass, the moment of
inertia of this link ‘with its corresponding counterweight to joint i, can be
expressed as (52) where the effect of thesuecessive links is excluded.

m;

Loper, =1 +(1+—5) -mc; (52)

cm;

1

Where [z~ 1s the moment of inertia of link i with its

corresponding counterweight respecting to joint i when excluding the

effect of the successive links of link i; 7. is the moment of inertia of link

i which respects to the center of mass of link i.
When including the effect of the successive links, the moment of
inertia of link i can be expressed as (53).

m;

)-mc2 413 (em,+m) (53)
cm. j=i+l

1

IGBCi =1 +(1+

Where [z is the moment of inertia of link 7 with its
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corresponding counterweight respecting to joint i when including the
effect of its successive links and their corresponding counterweights.
Because the counterweights eliminate the influence of self-weight of
each constituent link of the manipulator, the gravitational force will not
affect the dynamic performance of the manipulator any more. After the
moment of inertia of each constituent link is conducted, the acceleration
ellipsoid of a manipulator system which is equipped with counterweights
can be expressed as (54).
G+JIM e —Ji) Q. (i+JIM ] c. —Jj)<1 (54)

-1 -1
ewCew ewCew

Where M, 1s the inertial matrix of the manipulator which includes
the effect of the counterweights; c.  is the vector of the torque caused by
the centrifugal and Cofiolis forces-after the counterweights are applied;
Q.,=J "M LTLIM, J~

The acceleration radius of a manipulator after being equipped with a
gravity balance m€chanism based on the /counterweight approach can be
conducted by followingthe processes provided in Section 2.2.

After conducting the'aceeleration radiuses of a manipulator before and
after being gravity balanced by using the counterweight approach, the
dynamic performance variation resulted from the installation of the
counterweights can be expressed by maneuverability ratio which is

interpreted in Section 2.3.

3.2 The Dynamic Performance of a Manipulator after being Equipped
with a Gravity Balance Mechanism Based on the Auxiliary

Parallelogram Approach

When auxiliary parallelograms equip to a manipulator to achieve
gravity balance, extra links are added to each constituent link of the

manipulator and would result in the increase of the mass and moment of

35



inertia of the manipulator system, though this phenomenon is not
significant in most of practical applications. For the auxiliary parallelogram
approach, the auxiliary links are built to be parallel to the original
corresponding link of the manipulator or vertical to the ground. The
moment of inertia resulted from the auxiliary links can be expressed as
(55).

Ly =1, +I, +m,c, +m,c, (55)

Where 7, is the moment of inertia resulted from the auxiliary links

oflink 7; 7, 1isthe moment of inertia of link p, respecting to the center

l

of mass of link p;; I, is the moment of inertia of link #; respecting to

the center of mass of link! kA jdink p, is the link parallel to the
gravitational direction and connects link\ i »and link 4, ; link 4, is the link

parallel to link i ;and connects link\p: and link #_, or an inert joint;

m, and m, are the masses’ of link p,/and link % respectively; c

pi pi

and ¢, are the distance from the center of mass of link p. to joint i
and the distance from"/‘thejecenter: of mass of link 4 to joint i

respectively.

For the auxiliary parallelogram approach, the auxiliary links are used
to create an environment to compress or stretch the spring system to store
or release elastic potential energy to compensate the variation in
gravitational potential energy resulted from the posture change of the
manipulator without considering the effect of the deformation of the
auxiliary links on positioning accuracy. This means the auxiliary links do
not need a stiff structure or strength so the mass of the each auxiliary link is
relative small when comparing it with the one of the corresponding link of
the manipulator in most of the practical applications. Based on this,

eliminating the mass of auxiliary links would not result in significant
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deviation when conducting the inertial matrix and dynamic performance of
the manipulator system. The moment of inertia of link i with its
corresponding auxiliary links and its successive links with their

corresponding auxiliary links can be expressed as (56).

I,

1

_ 2 2 2
=L+1, +1, +mc; +m,c, +m,c,

n 5 5 5 (56)
j=i+1 . . . . .

Where 7, is the moment of inertia of link i which includes the

effect of the auxiliary and successive links; /. 1is the distance between the
J

center of mass of the successive link ;j and joint i; ZPC/_ is the distance

between the center of mass of the successive auxiliary link p; and joint i;
[ e, is the distance between the center.of mass of the successive auxiliary
link %, and joint .

Similar with what has been studied in Section 3.1, the influence of
gravitational force is eliminated through using these auxiliary links. Thus,

the acceleration ellipsoid~of a manipulator which is equipping with

auxiliary parallelograms can be expressed as (57).

(Gi+JIM;,c,, —J9)' O, G+ IM ¢, —J§) <1 (57)
Where M, is the inertial matrix of the manipulator which is

equipped with the auxiliary parallelograms; c,, is the vector of the torque

caused by the centrifugal and Coriolis forces after the auxiliary

parallelograms are applied; O, =J M ;L_T L'M ) -

The acceleration radius of a manipulator after being equipped with a
gravity balance mechanism based on the auxiliary parallelogram approach
can be conducted by following the processes provided in Section 2.2.

After conducting the acceleration radiuses of a manipulator before and
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after being gravity balanced by using the auxiliary parallelogram approach,
the dynamic performance variation resulted from the installation of the
auxiliary parallelograms can be expressed by maneuverability ratio which

is interpreted in Section 2.3.
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V. Evaluate the Service Life of a Manipulator Including its Dynamic
Performance

Manipulators used in industrial field usually have the requirements on
the positioning accuracy, and sometime the requirements on dynamic
performance are also shown in the specifications. To emphasize the
importance of dynamic performance without losing the generality, this
study assumes that the unacceptable outcome of a manipulator is defined as
the positioning accuracy or dynamic performance of a manipulator is out of
what is specified in its specification. Usually the positioning accuracy of a
manipulator is dominated by the capability of its controllers and the
deviation between the nominal dimensions of its constituent components
and the real ones. In the  following discussion, it assumes that the
positioning accuracy is'only affected by the length of each constituent link
and the control accuracy of-actuator controllers. Based on this assumption,
the designed service life of a manipulator before and after being equipped
with a gravity balance mechanism by using the counterweight or auxiliary

parallelogram approach:will be conducted in the following sections.
4.1 Service Life of a Manipulator

For a manipulator used in industrial field, it would have a certain
specification to specify its positioning accuracy and dynamic performance,
and this specification is the guideline for the users to plan how to use this
manipulator. If a manipulator cannot fully satisfy what is specified in its
specification, it means that what users plan to do according to this
specification may not be achieved, and the users would consider that this
manipulator fails. For most of the manipulators used in industrial field, the
positioning accuracy or dynamic performance which is specified in the
specifications is usually lower than what they really can achieve. This is
because there are many factors cannot be fully controlled in the

manufacturing processes and service environments. Meanwhile the
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positioning accuracy and dynamic performance of a manipulator highly
depends on its configuration and posture, and this makes it very difficult to
designers of manipulators to evaluate the positioning accuracy and dynamic
performance at each position and direction of the workspace which this
manipulator can reach. However, users always think the performance
specified in the specification is achievable when the manipulator performs
that function. The difference on positioning accuracy or dynamic
performance between the one specified in the specification and the
designed one is used to be the safety margin of this manipulator. This
margin is used to assure that even an unexpected adverse condition occurs,
the manipulator still can fully satisfy what is specified in the specification.
However, when the effect.resultéd ftom the adverse conditions is greater
than what this safety margin can compensate, the manipulator cannot fully
satisfy what is specified in-its speeification and fails.

However, the.components used in a manipulator will age and wear
with the time in service. After certain service time, the designed safety
margin may not fully eompensate the deteérioration in positioning accuracy
or dynamic performance resulted from these age and wear-out of the
components in service. When this happens, this manipulator would not
fully satisfy what is specified in its specification and makes the users
unsatisfied. Based on the explanation above, this study defines the service
life of a manipulator as: The time that the positioning accuracy and
dynamic performance of a manipulator at certain service conditions is still
under what is specified in its specification. This means the dissatisfaction
or failure of a manipulator occurs when the positioning accuracy or
dynamic performance of the manipulator deteriorates with the service time
and out of what is specified in its specification. In lots of real occasions, the
exact specification in positioning accuracy or dynamic performance of a

manipulator is not known in the design phase, and it is a good practical way
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that utilizes the specification or real performance of an existing
manipulator to be the design specification of a manipulator which is in
developing in the design phase.

Following the definition of the service life of a manipulator stated
above, deterioration rate can be used as the design criterion on the dynamic
performance of the manipulator which is used to verify whether the
dynamic performance of a manipulator in developing is still under the
design specification or still better than the comparative one after a certain
service time. When the deterioration rate exceeds the tolerable deviation
specified in the specification or worse than the worst performance of the
comparative one, this means that this manipulator cannot guarantee that it
can fully satisfy the dynamic!fequirements which are specified in its
specification or be better than _the performance that the users can accept
now. In the above verification or comparison.on dynamic performance of a
manipulator after a certain service time is performed in the design phase,
not the service life.gained.in experiments or gathered from the feedback of
the users. Hence, this_study sometime usés designed service life instead of
service life. In this study, it assumes that if the deterioration rate of a
manipulator is still smaller than the tolerable deviation in dynamic
performance specified in the specification or better than the worst
performance of the comparative one after a certain service time, the
manipulator does not fail or can be accepted on its dynamic performance at
that time.

Similarly, the designed service life of a manipulator on positioning
accuracy can be defined as the time that the deviation between the designed
and the real positioning is still under the design specification or is better
than the comparative one. As what is explained above, only the age of
actuator controllers and the wear-out of the constituent links will affect the

positioning accuracy of a manipulator. This means the failure in the
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positioning accuracy of a manipulator occurs when any error resulted from
the age of controllers or the wear-out of links exceeds what is specified in
the design specification or is worse than the corresponding one of the

comparative manipulator.
4.2 The Failure Model of a Manipulator without Gravity Balance

For a manipulator, any its component or any functional performance
which is out of the specification or worse than its comparative baseline
would result in the whole system cannot fully satisfy what it should achieve
and cause the failure of the manipulator system. Figure 9 shows the failure

block diagram of a manipulator without gravity balance.

Link 1 length Link n length The deterioration in
— deviation or joint 1 —g*— deviation or joint [ d .
ynamic performance
control accuracy n control accuracy

Figure 9: Failure block diagram of the original manipulator

From the above diagram, it is e€asy to find that the length of each link,
the control capability of €ach joint actuator controller, or the dynamic
performance of a manipulatoris-not under the specification or worse than
its comparative baseline will cause the failure of the manipulator system.
The deviation of the length of each constituent link during the operation is
usually resulted from the wear-out of each corresponding joint, and the
deterioration on control capability of each joint actuator controller is
always caused by the age of controller itself. The deviation on the link
length and the degradation on joint control capability will result in the
deterioration of the positioning accuracy and dynamic performance of a
manipulator. Following above explanation, the designed service life of a
manipulator without gravity balance can be defined as the time of the first
occurrence of any link length, any joint control accuracy, or dynamic

performance of the manipulator is out of its design specification or worse
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than the comparative baseline.

4.3 The Failure Model of a Gravity Balanced Manipulator by Utilizing
the Counterweight Approach

Because a manipulator which counterweights equip to has almost the
same configuration as the original one except the counterweights, it has the
same failure block diagram as the one shown in Figure 9. Figure 10 shows

the failure block diagram of a manipulator which is equipped with

counterweights.
Link 1 length Link n length T
— deviation or joint I {— ----— deviation or joint [ ghe deterioration in
ynamic performance
control accuracy n control accuracy

Figure 10: Failure block diagram of asmanipulator which is equipped with
counterweights

Although this_diagram is fully the same as the one shown in Figure 9,
the load and wear-out of each joint of the manipulator equipped with
counterweights is different.than’ the one without being gravity balanced.
The designed service <life~of a-manipulator which is equipped with
counterweights should be different with the one without being gravity

balanced.

4.4 The Failure Model of a Gravity Balanced Manipulator by Utilizing

the Auxiliary Parallelogram Approach

When a manipulator is equipped with auxiliary parallelograms, extra
links and joints will be added to it. According to the basic concept of
design, more components would result in the system more complicated and
easier to get glitch. However, these extra added links and joints will not
make the manipulator system fail directly because the function of them is
to eliminate the influence of the self-weight of the manipulator they apply.

Because the auxiliary parallelograms belong to the passive mechanism,

43



there is no need to use controllers or actuators on them. When the wear-out
increases the deviation of the length of each constituent link of the
auxiliary parallelograms, their performance on eliminating the self-weight
of the manipulator may deteriorate associatively and may worsen the
dynamic performance of the manipulator when compares with the one
without the deviation in the length of constituent links of the auxiliary
parallelograms. For the worst case, when the equipped auxiliary
parallelograms fully lose the function of eliminating self-weight, this
manipulator still can satisfy the original positioning and dynamic
requirements if the joint or link which fails does not obstruct any
component of the original manipulator. This means that the auxiliary
parallelograms will not affect the'designed service life which is based on
the functional performance on_positioning, and dynamic performance of a
manipulator directly,’ but=it will-'change' the loading conditions on the
constituent joints.and ‘also change the wear-out rate of these joints
associatively. The~ failure”block. diagram ~of a manipulator which is
equipped with auxiliary parallelograms.is'shown in Figure 11 which is the

same as the ones shown in‘Higure 9 and Figure 10, respectively.

Link 1 length Link n length The deterioration i
— deviation or joint 1 — -...— deviation or joint d .
ynamic performance
control accuracy n control accuracy

Figure 11: Failure block diagram of a manipulator equipping with
parallelograms
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V. Example

In this chapter, a PUMA 560 robot arm will be used as an example to
demonstrate how to evaluate the variation in the dynamic performance and
service life of a manipulator before and after being equipped with a gravity
balance mechanism. Because the last three links of a PUMA 560 robot arm
which compose the wrist are not used to achieve or satisfy any requirement
on dynamic performance but are used to control the orientation of the
object held by the end-effector, the last three links will be taken as a mass
point on the end of the third link of the PUMA 560 robot arm in the
following discussion. Meanwhile, the frictional force is omitted in the
following discussion, and the workspace under discussion is the region
which covers what is the . most-used/in the pick and place applications [53].
It is also assumed that €ach auxiliary link is rigid and massless, and the
maximum acceptable errors-of the configuration of a PUMA 560 robot arm
which are resulted from the manufacturing, assembling, and operating
processes are the same as therones-used in case 1 of example 2 of [53].

Because the workspace of a PUMA" 560 robot arm is almost axial
symmetric to the axis of joint 0, there is no need to specify the angular
position of joint 0 when discussing its positioning accuracy and dynamic
performance under a certain workspace [53]. According to the literature
[59], the average service life of an industrial robot arm is about 12 years.
Based on what states above and what the errors are used in the literature to
evaluate the deterioration of the dynamic performance due to these errors
[53], the joint wear-out of a PUMA 560 robot arm without being gravity
balanced after 12 years in service is assumed to be one thousandth of the
corresponding link length, and the angular error resulted from the controller

is assumed to be 0.1° after 12 years in service. Because the angular errors

are resulted from the age of the controllers which belong to a kind of

electronic product, the proliferation of the angular errors is assumed to be
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in exponential. The wear-out of each joint is assumed that follows Archard
wear model [60], and can be express as (58).

H
S (58)

Where H is the wear depth, S is the relative sliding distance

between the two bodies in contact, K is a wear coefficient, and p is the

contact pressure which comes from the contact of the concerned bodies. In
Archard wear model, it states that the quantity or wear depth of wear-out of
a joint is proportional to the relative move distance of the two contact
surface and the normal force it takes. Because all the manipulators under
discussion are operated in the same conditions, this means that all the
corresponding joints of theser manipulators will have the same relative
move distance and «have the same’age rate on their controllers.
Consequently, the felationship of:the wear depth of the wear-out between
the corresponding joints is the same as the relationship of the normal force
between the corresponding joints, and all ‘the joints will have the same
angular error due to the same age conditions of controllers.

In this example, the dynamicperformance is calculated at the standing
posture, and the positioning and dynamic performance of a PUMA 560
robot arm without being gravity balanced is the baseline of acceptance.
When a PUMA 560 robot arm is equipped with a gravity balance
mechanism, and its positioning accuracy or dynamic performance at a
certain workspace after a certain time in service is worse than the worst one
performed by a PUMA 560 robot arm without being gravity balanced
during its service life, this means that the gravity balanced PUMA 560
robot arm cannot fully satisfy what the users need at this region after a
certain time in service. When this phenomenon happens, the manipulator is
defined as failure.

In the following discussion, one year will be taken as the time interval
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to evaluate the deterioration in positioning accuracy and dynamic

performance of a PUMA 560 robot arm which is resulted from the age of

the controllers it equips and the wear-out of joints it is consisted of. The

simulation period under discussion is from the start of the service to the end

of the 12 years in service. Table 1 shows the errors resulted from age and

wear-out of a PUMA 560 robot arm without being equipped with any

gravity balance mechanism, after it is equipped with counterweights, and

after it 1s equipped with auxiliary parallelograms at each time interval,

respectively.

Summarily, the setup of this simulation can be listed as below:

1.
2.

9.

Simulation subject: PUMA 560 robot arm
Only the counterweight ‘and the auxiliary parallelogram approaches

are discussed in the simulation:

. Simulation.is performed -at standing posture and in a prescribed

workspace.or region.

The last three links-are taken.as a mass point at the end of link 3.

. Auxiliary links are massless, and the friction effect is negligible.

The maximum aceeptable angular error is 0.1°, and the maximum
acceptable length error is one thousandth of the corresponding

nominal link length.

. Angular error is resulted from the age of controllers, and the length

error is caused by wear-out.

. Angular error increases exponentially, and length error follows

Archard wear model.

The service is 12 years.

10.Both positioning and dynamic performance are included in the

acceptance criteria of a manipulator, and the performance baseline
is the worst corresponding one performed by the manipulator

without being gravity balanced.
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Table 1 Angular and length errors of a PUMA 560 robot arm without being
gravity balanced, after being equipped with counterweights, and after being
equipped with auxiliary parallelograms

Time | Angular | Length error of not | Length error of using | Length error of using
(year) | error (°) | gravity balanced (m) | counterweights (m) | parallelograms (m)
Link 1 Link 2 Link 1 Link 2 Link 1 Link 2
1 1.00e-12 | 3.58e-5 | 3.58e-5 1.72e-4 1.45e-4 | 6.49¢e-4 | 3.33e-4
2 1.00e-6 | 7.17e-5 | 7.17e-5 | 3.44e-4 | 2.90e-4 1.30e-3 | 6.66e-4
3 1.00e-4 | 1.08e-4 1.08e-4 | 5.15¢-4 | 4.35¢-4 1.95e-3 1.00e-3
4 1.00e-3 | 1.43e-4 1.43e-4 | 6.87e-4 | 5.80e-4 | 2.60e-3 1.33e-3
5 3.98e-3 | 1.79¢-4 1.79¢-4 | 8.59¢-4 | 7.26e-4 | 3.24e-3 1.67e-3
6 1.00e-2 | 2.15¢-4 | 2.15¢-4 1.03e-3 8.71e-4 | 3.89¢-3 | 2.00e-3
7 1.93e-2 | 2.51e-4 |2.51e-4 1.20e-3 1.02e-3 | 4.54e-3 | 2.33e-3
8 3.16e-2 | 2.8le-4 |28le-4 1.38e-3 1.16e-3 5.19¢-3 | 2.66e-3
9 4.64e-2 | 3.23e-4" 3.23¢-4 1:55¢-3 1.31e-3 5.84e-3 | 3.00e-3
10 6.31e-2 | 3.58¢4 |-3:58e-4 1.72e-3 1.45e-3 6.49¢-3 | 3.33e-3
11 8.11e-2 | 3.94e-47 [ 3.94e-4 1.89¢-3 1.60e-3 7.14e-3 | 3.66e-3
12 0.10 0.00043 | 0.00043 | 0.00206 10.00174 | 0.00779 | 0.00400

From Table 1, it is €asy to find-that the wear-out of the PUMA 560
robot arm which is equipped ‘with auxiliary parallelograms is greatest in
these cases, and it is about 18 times of the quantity of the one without being
gravity balanced. When the PUMA 560 robot arm is equipped with
counterweights, its wear-out is still greater than the one without being
gravity balanced, and it is about 5 times more. After further investigating
into the wear-out of a PUMA 560 robot arm without or with being gravity
balanced, it is found that the joints of the one which is equipped with
auxiliary parallelograms bear the greatest normal force which is resulted
from the auxiliary parallelograms and the corresponding springs. It is also
found that the joints of the PUMA 560 robot arm which is equipped with

counterweights still needs to bear greater normal force than the
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corresponding ones without being gravity balanced. This is why the
wear-out becomes more significant when a PUMA 560 robot arm is gravity

balanced.

5.1 The Deterioration in Dynamic Performance of a PUMA 560 Robot

Arm

The skeleton drawing with the attached frames of a PUMA 560 robot
arm without being gravity balanced in the zero position is shown in Figure
12. The parameters of Denavit-Hartenberg transformation matrix of the
PUMA 560 robot arm are shown in Table 2. Table 3 and Table 4 show the
inertial properties of the robot arm, and the information of center of mass
of each constituent link and the output limit of each joint actuator
respectively [53]. In Figure-13;-1t-shows the shape of the region under
discussion.

In Figure 14, it:shows the dynamic performance which is expressed in
acceleration radius of the. PUMA 560 robot arm without being gravity
balanced over the prescribed workspace. /Figure 19a, 20a,...,30a show the
deterioration in dynami¢ performanee which is expressed in deterioration
rate resulted from the age of the controllers and the wear-out of the joints
of the PUMA 560 robot arm without being gravity balanced after servicing
for 1 year, 2 years,..., 12 years respectively.

From Figure 19a, 20a,...,30a, it is found that the dynamic performance
deteriorates with the time in service, and it also can be found that the angle
of joint 1 mainly controls the trend of the deterioration in dynamic
performance in the early time in service. After certain time in service
(about 4 years), the trend of the deterioration in dynamic performance is

mainly controlled by the angle of joint 2.
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Figure 12: Zero position with attached frames of a PUMA 560 robot arm

Table 2 D-H parameters‘of the first three links of a PUMA 560 robot arm

Frame i d [m} " =3 e [m] V@, [°]
1 0 g 0 290
2 0.2435 0, 0.4318 0
3 -0.0934 0, 0 90
4 0.4331 0, -0.0203 -90

Table 3 Inertial parametets of a PUMA 560 robot arm

c 1 2 2 2 I,=1, =1,
Linki Mlkg] / [kg-m] i, [kg-m’] 1. [kg-m’] rkgom?]
1 0 0 0 0.35 0
2 17.4 0.13 0.524 0.539 0
3 4.8 0.066 0.0125 0.086 0

wrist 1.25 0 0 0 0

Table 4 Information of center of masses of the first three links and the
corresponding output limits of the joint actuators

Linki , [m] . [m] r. [m]  Torque Limit [N-m]

1 0 0 0 +97.6

2 0.068 0.006 0.2275 +186.4

3 0 -0.070 -0.0794 +89.4
wrist 0 -0.0203 0.4141 -
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Figure 13: Workspace under discussion
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Figure 14: Dynamic Performance of a PUMA 560 robot arm without being
equipped with any gravity balance mechanism

5.2 The Deterioration in Dynamic Performance of a PUMA 560 Robot
Arm after the Counterweight Approach is Applied

Because the axis of the first joint, joint 0, is parallel to the
gravitational direction, the gravitational force does not cause any torque to

this joint actuator, and the gravity balance mechanism does not need to be
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applied to this joint. Figure 15 shows the skeleton drawing of the PUMA
560 robot arm which is equipped with the counterweights. The
corresponding parameters of the counterweights are shown in Table 5. The
variation in dynamic performance which is expressed in maneuverability
ratio of the PUMA 560 robot arm after being equipped with the
counterweights is shown in Figure 16, and the dynamic performance
deterioration after servicing for 1 year, 2 years,..., 12 years are shown in
Figure 19b, Figure 20b,..., Figure 30b respectively.

From Figure 16, it is found that the dynamic performance of the
PUMA 560 robot arm which is equipped with the counterweights is
significantly worse than the one without being gravity balanced. From this
figure, it can also be foundthat using maneuverability ratio can provide a
better visual feeling and information to €xpress the variation in the dynamic
performance of a manipulator. After further investigating into the cause of
this phenomenon, .it is found that the counterweights which are equipped
significantly increase the/moment.ofiinertia of each link, and this makes the
dynamic performance of @ PUMA 560" robot arm worse than the one
without being gravity balanced: From Figure 19b, 20b,...,30b, it is found
that the dynamic performance deteriorates with the time in service, and it is
also found that the angle of joint 1 mainly controls the trend of the
deterioration in dynamic performance in the early time in service. After
certain time in service (about 7 years), the trend of the deterioration in

dynamic performance is mainly controlled by the angle of joint 2.

Table 5 Parameters corresponding to the counterweights

Counterweight [kg] Distance [m]
mc, mc, WC WG,
70.62 18.45 0.2 0.05
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Figure 15: Skeleton drawing of a PUMA 560 robot arm which is equipped
with the counterweights
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Figure 16: (a) Dynamic performance of a PUMA 560 robot arm before and
after being equipped with the counterweights (b) Maneuverability ratio of a
PUMA 560 robot arm equipped with the counterweights
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5.3 The Deterioration in Dynamic Performance of a PUMA 560 Robot
Arm after the Auxiliary Parallelogram Approach is Applied

The skeleton drawing of the PUMA 560 robot arm which is equipped
with the auxiliary parallelograms is shown in Figure 17, and the
corresponding parameters of the auxiliary parallelograms are shown in
Table 6. The dynamic performance which is expressed in maneuverability
ratio of the PUMA 560 robot arm which is equipped with the auxiliary
parallelograms is shown in Figure 18, and the deterioration in dynamic
performance after servicing for 1 year, 2 years,..., 12 years are shown in
Figure 19¢, Figure 20c,..., Figure 30c respectively.

From Figure 18, it is found that the dynamic performance of the
PUMA 560 robot arm which'is-equipped with the auxiliary parallelograms
is moderately better than the one without being gravity balanced. It can also
be found that maneuverability ratio can provide the information of the
variation in the dyhamic performance of a manipulator even the variation is
very small. After further investigating into.this phenomenon, it is found
that the bottle neck of'the.dynamic performance of a PUMA 560 robot arm
falls on the output capacity ofithe actuator used in joint 0. Because joint 0
is not affected by the self-weight of a PUMA 560 robot arm, its loading
will not be mitigated after the PUMA 560 robot arm is gravity balanced.
This is why the dynamic performance of a PUMA 560 robot arm gets
moderately improvement after being gravity balanced by the auxiliary
parallelogram approach. From Figure 19¢, 20c,...,30c, it is found that the
dynamic performance deteriorates with the time in service, and it also can
be found that the trend of the deterioration in dynamic performance in the
early time in service is controlled by the angles of joint 1 and joint 2. After
certain time in service (about 9 years), the trend of the deterioration in
dynamic performance is mainly controlled by the angle of joint 2. One
phenomenon should be noticed, and that is the deterioration in dynamic
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performance at the period of 6 to 8 years in service is better than the one
after 5 years in service. After further investigating into this, it is found that
the trend of the deterioration in the dynamic performance of the PUMA
560 robot arm which is equipped with the auxiliary parallelograms is in the
transition of that the trend of the deterioration in the dynamic performance
1s controlled by the angles of joint 1 and joint 2 to be mainly controlled by
the angle of joint 2 during the period of 6 to 8 years in service. Though the
deterioration in dynamic performance of the PUMA 560 robot arm after 6
to 8 years in service is worse than the one after 5 years in service in the
majority of the region under discussion, but the minority of the region with

higher deterioration rate, DR, dominates the value of the representative
index of the dynamic performance deterioration of this region, DR, .

Because the trend of the distribution-of deterioration rate changes in
the period of 6 to 8 'years-in service, the subtle relationship between the
errors and the det€rioration in the dynamic performance of a PUMA 560
robot arm which ‘is ‘equipped with -auxiliary parallelograms must also

change in this period<During this transition, the value of DR, is mainly
controlled by the minority region with higher deterioration rate, DR, and

shows an unexpected trend. In the future studying, the detail of the
mechanism which causes the change in the trend of the distribution of
deterioration in the dynamic performance of a manipulator and the

deterioration rate, DR), , with some modification which can eliminate the
influence of the minority region with higher deterioration rate, DR, ,

should be investigated.

Table 6 Parameters corresponding to the auxiliary parallelograms

Auxiliary link length [m] Stiffness coefficient of spring [N/m]

1p1 101 1p2 102 k1 k2
02 03 02 02 1074.34 220.42
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Figure 17: Skeleton drawing of a PUMA 560 robot arm which is equipped
with the auxiliary parallelograms
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Figure 18: (a) Dynamic performance of a PUMA 560 robot arm before and
after being equipped with the auxiliary parallelograms (b) Maneuverability
ratio of a PUMA 560 robot arm equipped with the auxiliary parallelograms
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Figure 26: The deterioration in dynamic performance of a PUMA 560 robot
arm after servicing for 8 years (a) without being gravity balanced (b) after
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Figure 27: The deterioration in dynamic performance of a PUMA 560 robot
arm after servicing for 9 years (a) without being gravity balanced (b) after
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Figure 28: The deterioration in dynamic performance of a PUMA 560 robot
arm after servicing for 10 years (a) without being gravity balanced (b) after
being equipped with the counterweights (c) after being equipped with the
auxiliary parallelograms
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Figure 29: The deterioration in dynamic performance of a PUMA 560 robot
arm after servicing for 11 years (a) without being gravity balanced (b) after
being equipped with the counterweights (c) after being equipped with the
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Figure 30: The deterioration in dynamic performance of a PUMA 560 robot
arm after servicing for 12 years (a) without being gravity balanced (b) after
being equipped with the counterweights (c) after being equipped with the
auxiliary parallelograms
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5.4 Service Life of a PUMA 560 Robot Arm after being Gravity

Balanced

From Figure 16, it is found that the dynamic performance of a PUMA
560 robot arm degrades significantly after the counterweight approach is
applied. When the PUMA 560 robot arm is equipped with the auxiliary
parallelograms, its dynamic performance gets moderate improvement
according to Figure 18. From Figure 19 to Figure 30, the dynamic
performance of a PUMA 560 robot arm without or with being gravity
balanced deteriorates with the increase of the time in service except the one
equipped with the auxiliary parallelograms after servicing for 6, 7, and 8
years.

From Table 1, it is easy to find'that the length errors of the constituent
links which are caused by the wear-out of the PUMA 560 robot arm which
is equipped with counterweights-excesses the maximum allowable error
limit, 0.00043m, after 3 years in'setvice. Meanwhile, the one equipped with
the auxiliary parallélograms-éxceeds this limit just in the 1* year in service.

When the dynamie performance.of @ PUMA 560 robot arm without
being gravity balanced is the acceptance baseline of dynamic performance
at delivering, it is obvious that the one equipped with the counterweights is
not acceptable because its designed dynamic performance is 62.885%
worse than that criterion. For the one equipped with the auxiliary
parallelograms, it is acceptable because its designed dynamic performance
is slightly better than the criterion.

In Figure 31, it shows the run chart of the deterioration in the dynamic
performance of the PUMA 560 robot arm without being gravity balanced,
equipped with the counterweights, and equipped with the auxiliary
parallelograms with the time in service. From this figure, it is found that the
maximum deterioration in the dynamic performance of a PUMA 560 robot
arm which is equipped with the counterweights is 0.554%, and the one
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equipped with the auxiliary parallelograms is 0.348%. Both of them are
better than the maximum one of a PUMA 560 robot arm without being
gravity balanced. If the acceptance criterion is the maximum deterioration
in the dynamic performance of a PUMA 560 robot arm without being
gravity balanced, the gravity balanced PUMA 560 robot arms by utilizing
the counterweight and auxiliary parallelogram approaches both are

accepted.
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Figure 31: The run chart of the deterioration in the dynamic performance of
a PUMA 560 robot arm without and with gravity balanced

When the worst positioning accuracy which can be represented by the
length errors of constituent links or the joint angle errors of a PUMA 560
robot arm without being gravity balanced is the acceptance baseline, this
means the one equipped with the counterweights fails in the 3™ servicing
year, and the one equipped with the auxiliary parallelograms fails in its 1%
servicing year. This implies that equipping gravity balance mechanisms to
PUMA 560 robot arms would decrease designed service life of the robot
arms because it increases the deterioration in positioning accuracy.

If the dynamic performance and the positioning accuracy all belong to
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the acceptance criteria at delivering, only the one equipped with the
auxiliary parallelograms with more aggressive maintenance plan is
acceptable because of its greater wear-out in joints. This implies that if a
PUMA 560 robot arm without being gravity balanced needs to be
maintained every 12 years, the one equipped with the auxiliary
parallelograms needs to be maintained about every 8 months or less. This
makes a PUMA 560 robot arm equipped with the auxiliary parallelograms
is suitable to be applied to the applications that the energy consumption and
the dynamic performance are needed to be seriously concerned, but an
aggressive maintenance plan is feasible and acceptable.

A PUMA 560 robot arm equipped with the counterweights is suitable
to be applied to the applications’that the energy consumption is the only
one needs to be concerned and the dynamic performance is a very minor
issue, but a conservative maintenance planis feasible and acceptable.

A PUMA 560.robot arm without being gravity balanced is suitable to
the applications that the energy consumption is a minor issue, and the
dynamic performance and the service life are the issues need to be

concerned.
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V1. Conclusions

Gravity balance mechanisms can help a manipulator consume less
energy and reduce the output requirements on the constituent actuators
when this manipulator is used in static and low-speed applications. In many
practical applications, manipulators not only must achieve -certain
positioning accuracy but also have to satisfy many requirements on the
dynamic performance. However, in industrial field, the functional
performance of a product is not the only criterion which needs to be
considered. The service life of a product has the same importance level as
the functions it can perform. Without proper data or methods to evaluate or
compare the service life of a product, this product will be hard to be
adopted or accepted in industrial field even if its functional performance is
much better than the.similar ones.inwse. To rectify this insufficiency, this
article utilizes acceleration radius:as the measure to evaluate the dynamic
performance of a ‘'manipulator and uses maneuverability ratio to measure
the dynamic performance variationrof-a manipulator before and after being
equipped with a gravity balance mechanism. Deterioration rate is used in
this study as the index to measure the degradation on dynamic performance
of a manipulator with the time it serves. This study proposes a systematic
approach that can be used to evaluate the variation and the deterioration in
the dynamic performance of a manipulator before and after it is equipped
with a gravity balance mechanism by using the indices stated above. An
evaluation model is also proposed by this study which can include the
effects of positioning and dynamic performance of a manipulator to
roughly evaluate the service life after it is equipped with a gravity balance
mechanism.

This study briefly interprets the fundamentals of the gravity balance
approaches and the dynamic performance of manipulators. Two of the most

practical gravity balance approaches, the counterweight and the auxiliary
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parallelogram approaches, are chosen to discuss the influence of the gravity
balance mechanisms on the dynamic performance and service life of a
manipulator. In the example, it is easy to deduce that the counterweight
approach can eliminate the influence of the self-weight of a PUMA 560
robot arm but also significantly decreases its dynamic performance. For the
auxiliary parallelogram approach, it not only eliminates the influence of the
self-weight of a PUMA 560 robot arm but also improves its dynamic
performance. For both of these two approaches, they both alleviate the
dynamic performance deterioration with the time in service, but the
wear-out resulted from these two approaches become worse than the one
without being gravity balanced.

From the simulationynit fcan. be observed that the auxiliary
parallelogram approach ean not only.climinate the self-weight influence of
a PUMA 560 robot arm but also improve its dynamic performance with
less dynamic deterioration with the time in service. However, this approach
will decrease the service/life of a PUMA 560 robot arm resulted from the
excessive wear-out’ which significantly degrades the positioning
performance, and an aggressive maintenance plan is needed if the joints are
not replaced by the better ones.

Summarily, the contribution of this study can be shown as below:

1. Provide the methodology to evaluate the influence of gravity
balance mechanisms on the dynamic performance of a
manipulator.

2. Provide a model which can be used to roughly evaluate the service
life of a manipulator which includes the effects of positioning and
dynamic performance.

3. Help designers of manipulators judge whether using gravity
balance mechanisms to eliminate the influence of self-weight of a

manipulator is beneficial to the application or not, to adjust the
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setup of the controller which is used to perform the trajectory
planning automatically after a gravity balance mechanism is
applied, to conduct the new maintenance plan, and to identify
which component would be the most critical one to the service life.

4. Help designers of manipulators evaluate which kind of gravity
balance mechanism will be most beneficial to a given application,
which maintenance plan may keep the manipulator performing its
functions properly with maximum confidence and minimum cost,
and which component should be revised to get better service life
with minimum cost.

To get better understanding and investigate the subject of this study

more thoroughly, the future studying will focus on the following directions:

1. Further investigate into the. model of how configuration errors
influence the dynamic-performance.of a manipulator after being
gravity balanced and conduct a more precise mathematical model
to explain the relationship between them in detail.

2. Conduct a reliability model based'on the functional performance of
a manipulator which can' directly show the reliability of a
manipulator through its configuration parameters and identify
which component of the manipulator is most critical to its
reliability.

3. Plan an experiment to show whether the tested service life is close

to the designed or evaluated one or not.
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