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ABSTRACT o
. {

|

~

Major advancements,in rohot programming)will—soon be

'fon the-factory floor because of the need‘for-more efficient
.prdgrammlng methods for large numbera of robots or
appllcatlons which require frequent reprogr#mmlng Advanced
programmlng methods use hlgh level 1angﬂages o program

.ogf }1ne (w1thout a robot) u51ng the ideal robot geometry to
_calcdlate the varlable joint positions (software deflned
térg?tlng) However errors in the 1deal geometry of a
rob7t arising from manufacturing tolerances, resolutionyoﬁ

e’joint‘position*encoders, and wear,vcause software

”deélned_targeting to be inaccurate. The most effective way
%J increase robot accuracy is to measure the true robot
.g%?ﬁ;tric parameters and use them in the control software.

P . N . .
: In this investigation a 11neargerror model reveals

- < Y
that orientation errors in the joint axes and errors in the

301nt varlables cause the greatest end effector pos1tlon and
orlentatlon errors A new CQllbratlon method is developed -
to measure theA301nt axis orientations using a digital |

camera mounted on the end effector and a vertlcal reference

comprlsed of target lights. The callbratlon method )

fdetermlnes the 301nt axis orlentatlon errors termed
. f?b'
.mlsallgnments,vby analy51s ‘of the observed movement‘of the -

.

target pblnts frgm a vertlcal reference with respect to the :

~

rotatlon ©of a single’ link of the robot : C

«

Civ



The advantage of this hew calibratigﬁ'me%hdd ovef
other methdas, is that'it does ndtkrequire a precision
calibration'site to conduct the procedure. .TheAéélibration
procedure can easily bé copductea in the work cell of the
robot, only requiring tﬁepﬁ6Unting.of a digital camera to

the end effedt%r of tHe-erot and the introduction gf two
vertical references tb fhe work space.
‘Tpe‘propdsedféalﬁbratidh method has been tested on a'

/

P

bench top_gdbot. Sipulated miéélignments were measured with
 ac¢urgcie$‘rangin§fffbm —dil tb 0.04 dégrees for vertical
joint&éxéé'aédf-o.és togQ.OBWdeggggs for horizontal joint//
'axes. Tﬁé ca%}brgtion'procedure\is pexrformed éutdm;tiCally
, A oo _ .
'Psingﬁa micfé@éméutér for both image processing and

I B :

calibration sequénce operations. P -
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CHAPTER 1.

INTRODUCTION
\

The definition of a robot adopted by the Robot
Institute of Americé‘(RIA) describes a robot as, "a
programmable multifunction manipulator designed to move and
mahipulate material, parts; tools or specialized devices
through variable programmed motions for the“performaﬁce of a
variety of specificiiasks" (Lammineur, et al., 1984). This
definition emphasizes the characteristic flexibility of"
robots which distinguishes them from fixed dutomation and
which has éllowed for the acdelérating implemeﬁtation ofll
robots in the manﬁfacturing industry. A second
characteristic emphasized in fhis definition is that a robot
is programmable. To'ﬁtilize the flexibility of a 1robot

c effectively, it must be easily reprogrammed to carry’out‘the
variety ﬁf tasks it may be céiled ﬁpon fo perform.

The several e&isting-methods for programming robots
are characterized by ﬁhe type of robot they instruct. One
type of robot, 6alled a "fixed stop"lor "sequéncer"irobot is

- a.non-servo (open loop) device and has been in existence

since the early 1960's. These are used mostly for pick énﬁ'
place operations. As the name of this robot implies, oﬁiy 
' the sequence of the robot moves“ﬁay be programmed. . Thus, it

. ; may be instructed to rotate or extend, but the extent of the

'\;_‘_,/ o1
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motion is defined by mechanical stops. Programming includes

physically adjustihg\the-Stops and determining the séquence

of moves. The seqpepcer?robot has no provision for

trajectory control between end points.
Anotherlclassification of robots which are closed

loop devices, are the servo-controlled units. Electrical.

b

signals ffah position or rotation transducers, called

encoders, in each joint provide feedback for position and
. . @ .
velocity control. Although servo-controlled robots é:g Hbre
. , \\
. . . . \\ {
exp?n51ve than nogjkqf@% types, their more sophisticated

programﬁiﬁg methods offer greater flexibility and path

control. : £
(

most common robot\used today; They are commonly used for-
) 3

The'point to point servo-controlled robot is the
material handling or machine loading. These are completely
prégrammable robotsﬁwhere both the sequence and the extent
of motion are speciffgd. Point to point programming is

-

‘generajlly performed wi‘th a hand held teach pendaht. The

P

" teach pendant is used to move the robot into desired
positiohs known as."}not points" which are stoéed.in'
seqﬁence. A yariation'of this method is used in fhe
pfograpmiﬁg langﬁage, VAL I, in which knot péinté are
ﬁumbered when stored. A VAL ;_prggraﬁ specifieg the speed,
n%sponses to'iqputs, and ordér th;ough which the knot poinﬁs
(should-bé traversed (Patrick, I§§4)._,

‘A second.type of servo-¢ontfolled robot is the

continuous path device. These robots are used for processes
£ | . ' : -
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requiring smooth continuous motions, such as spray painting,
apdlying glues, or arc welding. Robots of this type are
programmed using a method known as "lead through"
programming. VProgramming is accomplished by physically
moving the gobot through the desired path and storing the
analogue signallproduced from the joint encoders. The
progfam tape is played back to the robot which moves along
the recorded 51gnal path descrlbing the desired motions.

The existing.methods of robot programming are quite
adequate for applications where small numbers of robots are
being used, or. dhefé large production runs rqulre little

reprogramming. But with the advent of manufacturing firms

using hundreds| of robots, or flexible manufacturing systems’
designed to prpduceAa whole family of components in large or
on funs, existing programming methods are

2

‘error prone. Production time is valuable, so it

small produe
tedious a
is n esirable to take robots out of service to perform
programming or wastewtime in long programming sessions.

Two major advancements in robot programming are
presently being debeloped because of the.need‘for less
tedious programming of large numbers of robots using the'
lead through or teach pendant methods' Thi advancements of
off- line programming and 1mp11c1t programmlng will allow

-
rapid instruction of.robotic systems%i,grogramming_offfline
(wirhout a.robot); is performed,at a computer terminal using

a high level language. Off—line programming permits

programs to be written for new tasks or edlting of existing

N



“Yevel of off-line programming. Instead of explicitly

programs without interrupting current productiopn.

Implicit programming will introduce a vefy high
. ~
directing every move and response of the robot, implicit

programming will allow one to imply many operations for the

‘tobot. In an assembly operation using robots with J;sion

‘S§ystems apd artificial intelligence for pattern recoghition,

the ropot would simply be instrucfed what part is to be
picked, the location of the bin cpntafhiag tﬁefpéft, and,the
assembly procedure and location‘where the p;;ﬁ‘is to be
placed. ‘Simple English like commands would specify the ¥ -
operapion‘for which the specific moves and responses to
input are implied. ‘ | s B

At present, off—line programming languages generate
robot programs.which often require. refinement when éown
'loaded'to the. actual robot. This is because the
mathematical computer model of the robot ASsumes an egact
mechanical dqplicate on the work floor. Unfortﬁnately'th;s
may not bé the‘case.b Errors in the controlled joint
posiﬁions and fixed,ggometric parametefs cause the robdt to

deviate from tpe'desired trajectories and énd péints. ’The
factors afkectiné robot petfbrﬁ&nce have :ecei?edkincreased
attention with the wérk.in advanced programming methods .
(Albertson, 1?83; Berlenbaéh, 1984; Kreamer4'1984; Staufferi
1985) . | -

The performancevdf‘a robot can be described by its
accuracy. and repeatability{‘ Robot manufacturers usually

’

.

s



only quote repeatability‘erro;s y@én specifying the
performance of their pfoducts.» The repeatability of a robot
may be +/- 0.05 mm. Although this may seem very .impressive,
it is also a little misleading if one.is not familiar with
ghe exact definitions of the robot pegformance terms. Robot
repéatability'aefinés the error the robot may have in
returning to a previo&sly taught point.

Accuracy, however,‘is the distance error between the
désired‘target point in the world reference frame and where
: the robot actualiy positioned itself. For example, Kréamer
' (1984) found that the Cincinnati Milacpon T3-7§6 robot had‘a
repeatability -of 0.05-0.10 mm but Sh?yéd'accuracy errors of
2.54 mm. Figure 1-1 illustrates>the aéfinitiohs of
'repeatibility and accuracy. In general, the repeqtability
of a robot is better tﬁan its accuracy (Toepperwein, et al.,
19837 Kreamer, 1984). | *

The factors which must be considered concefnihg
roboé aécuracy are quite involved. Some of the more
important factors include resolution of the joint encoders
and resolvers,.numbgr of bits of controller meﬁory—assigned
_;0yposiﬁion measurements, aCcuracy‘of robot construction,
the amount of backlash’ in the'gears, and the link
7 deflectioné under static and dynamic.cohditions e

(Téeppérweih, g;?g;.,'lgssf Stauffer, 1985). The present
‘;wérk deaié with,6ne@of the‘majof'factdrs‘concerning robot v vﬁﬁ
accuracy in ogf—line progfammingé the accuraéy of5the actﬁél'ﬁ

robot geometry with respect to the ideal/geéﬁétfy}f

-
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Figure 1-1 Two Dimensional Depiction of .Tool Tip Positions
Comparing Repeatability to Accuracy -



Accuracy of the .robot geometry with respect to the
ideal geometry has only become a problem with the
introduction of off-line programming. With teach pendant
and lead through proéramming,;errors in the ideal geometry

- are autonatically corrected by placing the rdébot in the
desired position and recording the j Ent\variables |
(physicall&adefined targeting). For phy51cally defined

. targeting, repeatability is the important robot performante
characteristic.

In off:linefprogramming, the joint variahles are
calculated (software defined targeting) to place the end
effector in atspecific position using the ideal.robot -

Y geometry. Figure 1-2 illustrates a robot with an error in
Toits shoulder joint orientation termed a misalignment; The
shoulder‘hisalignment results in-a'position and orienf%tion‘
error of the end tool when positioned by’softuare‘defined-
targeting. Both accuracy and repeatability are important
performance‘characteristics for software defined targeting.
(\ It is essential that the correct geometric parametersl‘
&

describing the robot are known SOlthat the software can

o ‘o
//'accurately p051tlon the robot. =

\ -
-~ -

_As an 1ntroductlon to robot geometry\a 51ng1e link
is 1llustrated in flgure 1 3. A ser1a1 link. manlpulator
‘,con51sts of a sequence of llnks connected together by .
actuated jolnts. "Each.link is descrlbed by two’ embedded
‘coordlnate frames. Llnk i 1s descrlbed by the relatlonshlp-

\Wetween JOlnt 1fxd jon.nt 1+1. Six parameters are requlred,
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Figure 1-3 Coordinate Frames in a Single Link v



10
<
to describe the location and orientation of joint i+1 with .
respect to joint i. Three of the parameters describe the
location of joint i+1; one of which generally describes the
link length. The other three parameters describe the
orientation of joint i+1.

The depéndent or controlled parameter of a link,
varied to achieve desired positions is éalled the joint
variablé. The dépendent variabf; for a prismatic joint (see
figure 1-4) is contained in the position terms for link i
and déscribes a translation. The dependent variable for a
‘revolute joint (éee‘figure 1-5) describes a rotation of the
coordinate frame describing jdin; i. 4

This investigation deals with the accuracy of the
geometric parameters of'fhe actual robot for accurate
software defined targeting in éff-lihe programming.
Decreasing‘mahufacturing toleraqges to remove geometric
errors and increase robot accuracy would be cost
pfohibitive. The most logical way to accomodate geometri¢'
e}rorévis to include them in-the mathematical modél of the
‘robot. ®his investigation useé homogeneous transférmétiong
to describe robot“geémetry in a quified convention similar
to the one déscribed by Denavit a%&??agfehburg (1955).. A
désCription of homogeneous tran;fofmgéi?nstaﬁd the
Dena?iﬁhHartenburg convention afe coﬁﬁained”in appendices A

- .

and B respectively. .

Work investigating the effects of errors in the
ideal 1link geometry began as early as‘1975 in'whicﬁ Dubowsky ,

) ~. v‘“’,,'.
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'eveloped a computer technlque‘for identifying link length-

n Yo

"*errors and ‘clearances in machine. connectlons Scheffér

(1982) develqped a callbratlon method gor industrlal robots

‘Hls method‘payed special attentlon to the “joint variables

termlﬁ%ng initial enceoder values and effectlve gear
1

atios. His work introduced a new -branch to traditional

metrology he termed "robot metrology" and developed several

Laws

1nstrumerts that met the requirements fof callbratlng

:robots.g'

K

"y .
Yu and Zhang (l983) outllned a method teo generate a

w

HSLngle 4 by 4. correctlom matrix from repetltlve pOSltlon

o 4

“measurements of ‘the end effector in a defined work volume

/ w ¥l o
Moorlng (1983),1nvest1gated the effects of'301nt,ax;s °

\

13

.

’

«misalignments én robot positioning accuracy. Meoring showed

‘that the Denavit-Hartenburg convention of homogeneous’

transformations for describing individual links became

ill4COnditioned for some small joint axis misalignments.

. "U91nq .an alternate formulatlon described by, ?h and-

Radcllffe (1978), Moorlng showed that al ggree

"”mlsallgnment 1n the shoulder jOlnt of a typlcal 1ndustr1al

_robot the Unlmatlon Puma 600 resulted in a maximum

"p051tlon‘brror of 32 6 mm. The Puma‘600 robot has'an arm

length of 1295 mm W1th a quoted repeatablllty error of 0,1

mm. He further outllned a~parameter 1dent1f1catlon

falgorlthm 1n Wthh the robot is mounted in an 1nstrumented

‘determlned before and after the rotatlon of a single 301nt.

workspace. Locatlons of p01nts qn the robot grlpper are

(a3

~



The joint axis misalignhent; are’ determined from the
positioﬁ data, "

Wu (1984) used the Denavit—Hartenburg homogeneous
trénsfbrmation convention tp develop an expjjcit ?inear
m;thematical error model whigh not‘only ge;eéates robot
error envelopes but can be used to aid in robot aesign. Wu
further outlined a calibration method in which tﬁe robot end
effector is moved to precise Cartesian.positions from which
tﬁe kiﬁématic paraméters may be estimated. g
. | Foulloy énd Kelley (1584) employed‘} l%?st square
error method to robot position data to impré&é robot
accuracy. In this.method, a cube with holes on two faces
for which the positions‘?}e known very accurately is used as
a reference frame. The calibration procedure cbnsists of
determining the rébot positions required to place'a'special‘
ca;ibration tool in the holés of the cube. This informaiton
is used to determine a 6 by 6 correction matrix to adjust
thewjoiﬁt,Qariab%es over the workiqg volume %n the,regionl
around the cube.

 Thg calibration prpcedures described above have
several drawbacké Mhichnmake them difficult.to implement in
indust{ial settingé or inadequate fbrldeveloping an accurate
geometric degcription of thé robot fof;use'in off-line
programming. The earlier works by Dubowsky and Scheffer do
n;t coﬂ;ider ﬁoint axis oriéntation errors. /;n.chaptér 2

these are shown to cause the most significant manipulatof

errors. The methods described b§hthe teams of Yu-Zhang and
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Foulloy-Kelley incorporated single correation matrices which
may provide adequate adjustment in a small work space but do

nét accurately describe the robot or its end effector over

)
the entire work volume.

The other calibration methods developed by Mooring
and Wu required either precision measurements of the robot
positién‘and orientation or preéision locations in thé robot
work space to determine the correction terms. It would not
be desirabie to ,turn the robot work environment into a
precision measurement site due to the cost of instrgmenting
each work space or the down time it would take for the
convérsion. Removal of thé robot to a calibration site is
also undesirable since errors in the orientation of the base
of the robot can only bé measured in the work location and
would also 'require considerable down time. |

Ideally a calibration proceduré should be conducted
in the work environment without requiringICOStly or major

changes. The procedure should also determine the correct

' N
¢ kinematic parameters which accurately describe the robot in

its entire work volume. S .
In the present investigation a new calibration

procedure for revolute joints is developed which overcomes

 several of the short comings of the pfeviduslyvmentioned

- methods. The requirements for the new calibration method

‘were fhat it could be conducted in the work environment

without requiring extensive or time consuming changes. It

.

wasraiso desired that the calibration procedure be automated
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to increase the speed and ease of conducting the
calibration.

The development of the new calibration method begins

in chapter 2 where a linear error model is used to describe
the fndividual Iink'geoﬁetry and the entire maﬁipulator.
The linear error model parallels Wu's model with éhe
exception of the use of & modified Denavit-Hartenburg
transformation convention. The modified transformatlon was
used to avoid the 111 -conditioning problems assoclated with -
the conventional model. The linear error model reveals that
for the four fixed ge?metric parameters for .each link, |
errors in the ori®tntation of the joint axis cause the most
significant manipulator errors. Errors in the joint axis
orientetion are described as twisr and skew misaliynments
(see figure 1-6). |

Chapter 3 describes the developmené of the

‘calibration method using a digital camera and two vertical

references:. A camera mounted on the end effector of a robbt

\‘ushould be able to observe the position errors caused by the

jOlnt mlsallgnments relatlve to a vertical reference. ‘The
equations from the llnear error model of chapter 2 are Qsed

to determine the robot conflguratli?s and motions which

reveal the jOlnt axes misalignments in the camera plctures.
| The callbratlon method is then lmplemented on a’

typical revolute robot configuraﬁion in chapter 4. The.

calibration method is developed for both vertieai and

horizontal joint axes. The transformation equations which
o ‘ , ® :

€
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describe the robot-camera system are used to develop the
equations which determine the misalignments.

The calibration method was tested on a Mitsubishi .
RM-101 robot using a Micromint Micro D-cam digital camera
with a resdlution of 256 by 256 pixels. The results of ¢the
tests are given in chapter 5. Chapter 6 diséussesvthe
accuracy of the link joint variable with respect to end

effector accuracy.

18



" CHAPTER 2

Identification of Dominant Contributers to

Position Errors

::This‘investigation develops a calibration method for
manipulators with revolute links. Errors in each of the |
kinematic parameters for each link will cause positron

_and/or orientation errors in the end effector of the

!

r ' -
ma\}pulator. If errors in specific parameters domlnate end

effector errors then determination of those parameters is of
prime 1mport§?ce. ThlS chapter determines which errors in

the klnematlc parameters cause the largest manipulator

\

errors.
To model a general manipulator a modified
“"DenaVit-Hartenburg transformation convention is. used which
—_— o ) , I
adequately describes potential errors in the link geometry.
A linear error model is deveioped whichvparallels Wu's
(1984) work with the conventional Denavit-Hartenbhrg model.
T‘fxihe resultlng equatlons of the llnear error model reveal
w@1ch errors in the klnematlc parameters are most 1mportant
An n degree-of freedom manlpulator con51sts of n
: /
llnks and n jOLnts. The use of homogeneous transformatlons
" to descrlbe the relatlonshlp between connected llnks was"

first- 1mplemented by Denavit and Hartenburg (1955)

'Unfamlllar readers are refered to appendlces A, B ‘and

I3
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references by Paul (1981) and Snyder (1985). The kinematic
parametersvwhich define a homogeneous transformation
determiné éhe relationsQ}p'between the coordinate frames
embedded in coAsecJtive links. By placing specific
restrictions on the 6rientations of the coordinate frames on
each 1link, Denavit and Hartenburg were able to describe
mgnipulafor iiqks ﬁsing only féur parameters rather than the
gsual six required to describe any general position and
orientat}on<transformation.

An illustration of the link parameters used in the

Denavit-Hartenburg convention for @ revolute link is given

in figure 2-1 and the associated A matrix is given by

(‘cei -SG].C(;!‘i SGiSai"‘ 11C9i
Se'i CeiCai -CGiSaj 115331. -
A = ) (2-1)
i 0 Sa . Ca. r. :
1 1 1
= 0 - 0 . 0 1] d

Abbreviétions forlgosiné and sine are given by C and S
respectively thf0ughout this-work; The joiﬁt variabléifor a .
revolute link is,given by 6;. The position'ofbthe joint 
axis of the connécted link is descf;bed.by«fhe link length,

li, and the distanée befween the‘hormalé, ri; The
oriéntationiof'the joint axis isvdéspribed by the twist.
"angle,,ai,[andfthe\geometric combination of the link length
and distén;e."

' Small errors in the joint'axis‘orientatiOn can cause -

difficulties for the Denavit—Hartehburg coh&ention. . Small
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skew errors in the joint axis orientation cause the 1link
transformation to become ill-conditioned as shown by Mooriq?.
(1983). Figure 2-2 illustrates two joint axes which are
"almost" parallel with a small skew misalignment. The link
coordinate.SYStem is located at the point where the two
Joint axes inteféecé, which will be some large distance from
the physical link. By definition) the link length then
becomes zero because the two joint axes intersect. The link
diséance, which is defined as zero for parallel ‘joint axes,
becomes very large‘describihg’the location of the link
coordinafe system. K These effects result in an
ill—conditidned.t£ansform§tion matrix.| To avoid this
ill-conditioned state for:describing small skew errors
Kermack, (1986) modified the Denav;t-Harﬁenburg
t%ansformation by including a rotation, v, about the link y
axis. Details of the modified DCenavit-Hartenburg convention
are giveh‘in appendix B.~

The Denqvit—Har;enburg A matrix is replaced by the

.
+

following D transformation matrix.

D = A Rotly,v;) | (2-2)
CSiC}i ;.Sei&ziSyi- -SGiCai CeiSYi + SeiSaiCyi, 15C91'"
SGiCyi +761$a1.SY1. CGiCa‘. | SGiS*yi - CBiSaiCy]. 11.5_5%
'CaiSYi . Sai ' | CaiCYi » ri
B 0 0 - 0 | ]

] is‘the jdint variable for the revolute_iink. The pbsition
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' of the joint axis of the connected link 1s described by the

link length, 1;, and the distance between the normals, ry.

¥

The orientation of the joint axis is now described by the

”~

twist angle, «a With

i and the new term, theﬂyaw angle, Y-
this modified cqnvéntion‘the link c;orqinate system will
always be located at the physical joint and not at some
far-removed lccation in space. This geometric model wiil
therefore not éxhibit an ill-conditioned state when

- )

describing skew misalignments. Errors in the five kinematic

paramg}grs (li, ri,

03, wj, Yj) will cahée.:ééitioﬁ and/or
orientatipn errors in the end effecﬁor of the manipulator.
The method which follows pafallels thé work outlined
by Wu (1984). "Wu developed an error model using the
Denavit-Hartenburg convention as a tool for designing robot

~

manipulators. Due to the weakness -of the Denavit-Hartenburg

.
Loge ey SUEY
b4 L

convention for describipg skew misalignments, wd's error
moael di& not reveal their significance in céusing errors in
thg end effector. - v

In the pages following in this chapter a lihear
error model is-developea’using the'modified
Denavit—Hartenburg'conventién. The differeﬁtial change in
ahkindividual link transfdrmation-due td‘kinemétic‘parametei
errors is-described by béth”a aifferential'trahéla£ion and
.notaﬁion maﬁrix andla linear rglationship for the kinémétic :
error terms. fhe differential relationships for an
individuai link may then be applied to détermihe the

-

: differential changes for the ehtire manipulator. The error
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model using the modified convention reveals that position

-

Q
errors are dominated by errors in both the twist and skew

joint axis parameters.
»

2.1 . Differential Changes of Transformation Matrices

-

For c%nyenience the modified Denavit-Hartenburg

transformation for a single link may be represented as
1 (2-3)

where nj, o;, aj, and pi‘are the 3 by 1 normal, oriéntation,
approach, and positib? vectors respectively. For an n

. AY
degree-of-freedom manipulator the nt? 1ink will be described

with respect the origin of link.1 by the product of the link

o

transformations (Paul, 1981). ' oo

’
-

/- | PR I P D C(2-4)
.“ 3 : . ‘ ,
Small changes in a manipulator transformation can be.
expressed as a differential transformation with respect to.
the base coordinate frame and the manipulator U ‘
‘transformation, T, For a small translation. and rdtation a

manipulatbr transformation can be expressed as -
T +dT = Trans{dx,dy,dz) Rot(k,ds) T - (2-5)

where Trans (dx,dy,dz) is a différéntial_translatidn

transformation of dx, dy, dz in basé coordinates and
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';Rot(k,d@) represents a d1fferent1a1 rotatlon of do about the”tj‘
vector k also w1th respect to base coordlnates
An alternate expresslon for the. dlfferentlal
translatlon and rotatlon may be glVen by "/ r.fr”
TdT 2 T'""_:T_ranv‘s(d‘x_,dy,vdzz_')."R:ot:_-(j.‘,(".déf)ﬁ B ¢ E L S

@
- .

where the differential:transiationSfandfrotat;on;arefmadef

with respect to the‘coordinatéfframefTIrQFor;thefémallgf

B R .
) s .o S e

change in tne'transformation{{dThfthe;&iffétéhtial”«fﬁ
translation and rotation transformatiorns of equationswthS)'
and (2-6) will differ because they are ‘'defined with respect -
‘to different coordinate frames.
N v
Equation (2-5) may be rewritten as
S dT =AT - (2-7)
| ) S .
where the differential translation and rotation matrix, is
"given by the expression
A = Trans(dx,dy,dz) Rot(k,do) - I (2-8)
and I denotesvthe idEntity-matrix.- Equation (2 6) may also
be expressed in’a 51m11ar form where dT is. glven by ,
\\. “ . CoT - AT v o ‘
) S dT =T A . . S (2=9) e
A‘?k L - ' : : o ",.:;7_-

" where TA represents a, dlfferentlal translatlon and rotatlon ffﬁt

matrlx with respect to the coordlnate frame T 1ndlcated by

'\the leadlng superscrlpt. The relatlonshlp between f{jfT;? R
dlfferentlal transformatlons w1th respect to the base L
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coordinate frame and the coordinate frame T may be obtained

by equating the expressions of eqﬁations (2-7) and (2-9) to

give the following result B
. T -.
AT =T A . (2-10)
and : : .
A}
Ta =77l AT (2-11)

Equation (2—11)_relateshthe'differential'transformations

!
rd

described with respect to the base coordlnate frame and the

coordlnate frame T.

P

Paul (1981) showed that the differential translation

.éhd rotatlon matrlx A, may be :epresented in the following

N - . . R

form
0 % 5 d 7] .
Z Yy X
& 0 £ d T
A - Y (2-12)
© 5 6 N d
Yy X z .
0 n 0 0
- - D
. . . ‘ é._’ c/&
where the vectors d and & ' : [ ‘ 6
d=[d d d.7 ' (2-13)
v , XYy 2 )
< 6§ =[6 & | 6 JT | IR (2-14)
X Yy z . ) . :

o ! :
. ) , . 1

' repr%ﬁent dlfferentlal translatlon and rotation vectors

o
A b
respectlvely The tralllng superscrlpt T in equatlons

(2 13) and (2- 14) 1nd1cate the vector transpose

U51ng_equatlohs (2-11) and (2-12) Paul (1981)
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determined that the differential translation and rotation
vectors, 1d and Ts, described with respect to the coordinate

frame T are given as

d =8+ (pxn)y+d-+n (2-15)

X
Tdy =86+ (pxo)y+d-o (2—%6)'
Td2= 6 - (pxa)+d- a " . (2-17)
Téx =86 +n . i (2-18)
‘ Téy =6+ 0 ' (2-19)
1

& =6+ a (2-20)

where n, o, a,.and p are the 3 by 1 vectors of T. Equationé
(2-15) through (2-20) describe the differential translation
and rotation transformation with respect to the coordinate ‘
frame T.

To determine the effect of kinemagic parameter
errors on positioning éccuracy of a manipulator, the‘
differential error transformat;ons for indiQiduél links must
first be determined. IWhen the transformations déscribing‘
eaph link are determined they may be combined using the form

6f equation (2-4) to determine the complete manipulator

relationship.

s

2.2 Error Model for a Single Link
The transfofmatidn.fOr an‘ipdiyidual link describing
X o .
the relationship between the i-1 and i coordinate frames

with kinematic parameter errors present is given by
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D. + dD. A ‘ (2-21)
1 1

where dD; is given by the linear relationship

on., 30, oD, 20, 2D,
db, = —— nB, + AP, + —— 81, + ba, + —— Ly, (2-22)
Tose, T oer, T a1 e, T Ry, :

i i

Small errors in the link parameters are represented by 895
oY § - Ali, Buj s and 8Yj -

To obtain the differential error transformation for

each link, dD; is written in the form of equation (2-9).

A (2-23)

D.
Iy represents the differential error transformation of ‘the

ith 1ink due to the errors in the link kinematic pafameters.
To determine an expression for the 1link differential
transformation, DiA, equation (2-22) is manipulated into the
form of equation (2-23) whereVQQe link‘transformatibn, Dj,
prem§l£iplies the link differential error tranSfbrmation.
. To achieve éhis, the‘partial derivative terms of equation
(;425) are expressed in a form where thevlink ,
tran;formation, Qi, éremultiplies aQ transformatioﬁ. The
"link transform#tion, D;, may then be factored out leaving a.
relatiqnéhip of Q transformationé,énd the link érror terms.
‘The pértial derivatilgfﬁssyffor [ in equation (2-22)

is expressed as

i g 9 | ;,; T (2-24)



where 0e is determined by
20,

Qg = 03 gg;" ) (2-25)

Determining Q, from equation (2-25) gives

[ 0 -CaiCYi Sai 11.501.5‘(1—
Ca.Cy. 0 Cu.Sy. 1.Ca.
Q ) 1 1 1 1 -1 1 (2‘2‘6)
0 -Sai -CaiSY]. 0 -11:Sa,iCy1.
0 0 o 0o
Similarly
bDi ]
1
0 N 0 ry1-
P 0 0 0 | |
i " . 2-28
Q2 loe 0 0 sy, (2-28)
Lo 0 0 0
: |
Lo aDj ‘ _ :
—_ =0D. Q o (2-29)
or. ror ' ‘ -
| |
v—-\‘
0\ 0 0 'CaiSYi
S fov 0 o St -
Q. = * » - !
. - (2-30)
\ ,
0 \ 0 0 0
\'501 . ' (2-31)
\\a:' = D'i‘ Qq . o

30
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0 -Sv . 0 0]
0 - (2-32)
a 0 CY’i 0 0
0 0 0 O_
bDi
— =D.0 . (2-33)
DY . 1 Y
.‘ sy
0 1 0
0 0 0 .
= 2"34
Q -1 0 0 0 ( )
0o 0 0 0 ;

Using the expressions from equations (i{24), (2-27), (2-29),

(2-31), and (2-33) for the partial derivatives of the l1ink

transformation, equation (2-22) may be rewritten as

) (2-35)

‘ . <
db; = 0, {(Qy 29, + O‘r.Ar‘i + 0, .411. +‘Oau_z,a'1. + OY A

The change in the .link. transformatlon dDi, may now

.be compared in equatlons (2- 23) and (2 35). The comparisonvh

of these equatlons reveals that the llnk dlfferentlal error
D

transformation, !

A, is g;ven by

0, T T |
1 v:. ) .X -
A Qe P ,+0r arj +.Q] A]ian Aa +QY v (2-36)

Com?inind the‘results of,the transformations in equations
(2-264, (2-28), (2—30), (2-32), and (2434),.and noting the
..‘locat}ons‘of the elementslin equation (2-12) ines thec
"f’*lgw1ng results for the dlfferentlal ‘translation and

vrotatlon vectors
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"11.ScxiS‘v‘i F_-Caisyi ‘ CY1
D.
g = 10y 86, + Sa P Ol an, (2-37)
-1iSaiCYi . Ca1Cyi SYi
D.
16 = Sri Aei + 0 Aai + 1 AYi (2-38)
C“ich N {;Syi‘ 0

The leading superscript indicates the vectors are determined

with respect to the link transformation D;. These vectors

describe the translation and rotation errors in the ith link:
. ‘ | ;

due to the errors in the kinematic parameters. :

To shorten the expressions for equations (2-37) and

(2-38) the following vectors are defined

. 1 , . T )
g | |
2 T |
ki = [-CaySvy ey CayCy,] \ | (2-40)
"? = vy 0 5*1jT- I (2—,411)
~ 4 w'- |
k; = [0 1 0] - (2-42)

Rewriting‘equatiohé7(2-37) and (2—38)-gives

il L2 3 - R

d = ki Aeifki 'Ari + ki.A1_i | : : (2 43) 
| D"a Skl 804 kD sa, ¢+ K Ay, | b "(2 -.44‘)

SO TRy BET Ry Ay TRy Yy | . :

Thé_differential error transformation for each link

"is"defined by the translation and rotation vectors in
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equatlons (2-43) and +(2- 44) The relationsdip between two
connected links can be expressed in terms of the .
differentidl error transformation as e
A ~ D,

D, + dd. =D, (I'+ 'A) 0 (2-a5)

This expression for k\?ﬂllnk transformation describes each
link with kinematic errors present. The relatlonshlps for

" each link are now used to determine the complete manipulator

transformation.

2.3 Error Model for a Manipulator

For an n degree -of- freedom manipulator the total
manipulator transformatlon is the product of the llnk

transformatlons, equation (2—4), i.e.

To * 4T, = (0 #,dol)(n2 +dD,) .....

]
-1 3

1'(01- +d.) o C (2-46)

i
where dT, represents the. total differential change of the
end of the manipulator due to the 5n klnematlc parameter

errors.  To determine the p051t10n accuracy of the
bS]

‘manipulator expression for dT is ‘extracted from equation
(2-46) .
~ «Expanding equationé§2-46) and. ignoring hi%per order

¢

_terms results in the following expression (Wu, 1984).



D) (2-47)

Substituting equation (2-23) into equation (2-47) gives the

result

D. 'A D, . .....D) (2-48)

n Do
T =1 (D ..... ! -
g 121 (0, D, 'A D een.n ) (2-49)
which may also be rewritten as
n lDi ,
a1 - Ty Opay oo D) A (D, ..e.. D)) (2-50)
By defining U; as
u, =0 Drdqj‘“‘ D_ o (2-51)
equation (2-50) may be rewritten as
\
“n ‘ 1 D, ™ ,
daT_ =t (T_ U7 AU ) (2-52)

p " i+l Ji+l

: i , : : i L
The total manipulator error transformation, dT,, describes

the error of the end of'the'manipulatof due to the Kinematic
_errors. in all of the links. Equation (2-52) ié used to
determine the form of the manipulatdrrdifferenéial error

T

transformation, "o, by the relatighship

dT_ = Tn'né T (2-53)
. - . ‘

Then frém equation (2-52) the expression for the manipulator =

differential error transformation is given by
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-1 i

" ) L (2-54)

n
A = E (U A Ui+1

T
where "A will have the form of the differential transform
matrix described in equation (2-12). Using the results of:
equatlons (2-15) through (2- 20) the following set of

translatlon and rotation vectors are obtained for the error

terms of the manipulator differential transformation

n . . . . .
ndx =7 (n‘1+l° T4+ (p1+1 . n1+1). 16)  (2-55)
i=1 . - .
T n u. D. u. D.
g o=z (0. Taap thxo ity sy (2-56)
Y =] g - 4
T n U. D. u. U. D. :
ndz -1 (a i+l T4 4 (p i+l < a 1+1). 16) (2-57)
i=]
Tn " Ui+1 Di
& = I (n - 8) : (2-58)
=1 |
T n U, D. . .
o= (0 The s (2-59)
Y=l
#n . n . Ui*l’ Di . .
‘6'2 = 7 (a e 8) S - (2-60)
i=1 .
U, U; U, _ U. ., :
where n 141 , 01+1, a1+1, and :)1+L are the 3 by 1 vectors

of U1+1 and, 1d ‘and 6 are the error. vectors of 'A when

expressed in the form of equatlons (2 13) and (2- 14)
D D
Substltutlng for d and . ~6'from equatlons (2-43) and

f2 44) respectively, glves the: follow1ng expressions for the

'dlfferentlal error terms
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n U U U
"¢ = £ ([n AR Kl (p LR Hl) - k2 e
x . i i i
i=1 )
u, v, | v, .,
« [n 1t} kf,]&r]. +[nth. k?]&]i s e 7w kfb1
U, U )
+1 4 =3
S0 o Uy ey ) (2-61):7
T nou U U N
ERE N (R LN R S I b TR
Y=
U U . U, i,
G S T S N R R I 5 T
U. U.
4
+ [(p i+l < 0 1+1) . "1]‘“1) (2-62,
T 0 U U u. o
"o =z ([a't' . xlap it 1y %2 e,
z j i i
i=1 .
) Y
U Y u. . U,
cla e s T e T T Kka,
U’i+1 i+1 4, :
+ [(p X a ) k1-]AY1-)‘ (2-63)
T . n U. ‘
" é T ([n i+l k?]AG. + [n i+, k:}]Aq,
X - S R i+
i=1 ° .
v L - U. . . . )
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T n U, U
" = 5 ([o "' - k2o, + [0 e k2 Ya,
S i i
,
. 1 4 []
+ [o fel, k. Jav,) : (2-65)
»
T n U o U
" = 5 (fa 't khe. 42 K3l
4 1=1 1 1 1% 1
A &

U

+ 4 N
s la ey ) (2-66)

The expressions for the differential translation and

rotation errors for the manipulator may be expressed by the

following eguations X
TS, 3 4 5 :
d=M g% M7 Ar + M7 A1 + M Aa + M Ay (2-67)
T 2 3 : ' |
"6 = M° 20 + M’ pa + M Ay (2-68)
Tn T Tn -
where ''d is the translation error vector | ndx', dy ,
T T ' T T
ndz 1T and "8 is the rotation error vector t " - s
T ‘ - X y
n, . '
62 ]T. The link parameter errors are represented by the
vectors ’
Kl
- 00 = A, A6, - 8 ]T (2469)
- K - l 2 s e v e n
T m
) Ar = [Arl&? ﬁn] , K (2-70)
. : T B o
q - P _ -7
AV = [a)) Al s AT (2-71)
. . N T
ta =’_[L\a1 Bbay weeenba ] | (2-72)
- : . T N
_ by = [avyy oy, oo a1 : ' (2-73).
P ‘ -

The MJ matrices of equationsb(2—67) and (2-68) aré 3 by n

matrices where 'the i*P column is given by

P
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(2—74)‘

(2-75)

(2-76)

(2-77)
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b
SN
NN
ni+l. ké
1
U
I I (2-79)
v | |
i+l , .4
a . M

Equations (2—67) and (2-68) define the vectors which
. T :
comprise the differential error transformation, "A, for the

complete manipulator. Having determlned the components of
T

"A the error transformation, dT may hé\determlned by

n"\

equation (2-53) ' ‘\

aT =T ™A A

_é? o ’ : | x\

¥

.
., 3
where ‘ S , ‘ \ &
- ' ‘ N X
T, T L
dn = o 5 - a " s (2-81)
. W4 N y ) » i ,_\
STT TT R
do = - n 6z‘+ a éx (2*82)\
T T TOT : o
‘ | da = n‘ . 6y -0 _6*' , (?-83)
< | T T T T T L
‘ o o dp=a” Ts 40" qf%‘+‘a " ,"52 (2384
¢ . SR ‘ ’ ’ . . - c

A}

'andvn,io, a, and p -are the- 3 by 1 vectors of manlpulator

transformation, T Equatlons (2~ 81) through (2 84) deflne

n*

‘.the vectors for the total manlpulator error transformatlon.

\

'Equatlon (2 84) represents the p051t10n error of the

-
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manipulator and‘equations (2-81), (2-82), and (2- 83), the
'&; .

errors in the normaT, orlentatlon, and approach vectors

respectively 7 K
Hav1ng¥obta1ned the total manlpulator error

transformation’ dT : the equatlons may be examlned to.

determlne which errors 1n the klnematlc parameters will

cause the most 51gn1flcant manlpulator errors. To determine'

the domlnant error terms one must examine equatlons (2 81)

through (2-84). The normal orlentatlon, approach andh

} wiiln

position vectors of the manipqlator'transformation, Th

vary dépending on the position of the manipulator. Thus

the errors in the manlpulator w1ll vary w1th 1ts p051tlon,
as expected

The domlnant error terms w111 be 1dent1f1ed 1n the

x

deflned in equatlons (2 67) - and (2 68) w111 be determlned byﬂfaf:

differential translatlon and rotatlon vectors whlch deflne

the manlpulator geometry w1th respect to the klnematlc,

parameter errors. - The domlnant components of these vectors,_;f};

L=

the'MJ matrlces and. the magnltude of the errors 1n the o

klnematlc parameters..f |
The M3 matrlces deflned in equatlons (2 74) through

e

(2 79) con51st of the normal orlentatlon, approach and

p051tlon vectors of U1+1' and the k vectors of Dl (equatlons;uT.

PAERN | PR U
(2- 39) through (2- 42)) The vectors, n1+14 i*l, and

Uis1 -

a' " are by deflnltlon of unlt magnltude. The vectors k2

.:magnitude of li; the link length. The p051tlon vector p

k];,ind_;ké are also of un1t magnltude whlle k} has a.
i+1
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of the U, matrix descrlbes the p051tlon of the end of the
U,

’ manlpulator with respect to llnk f+1. The. P 1+1 vector is

therefore dependent upon the kinematic parameters which
describe the i+1 through n links of the manlpulator The

p051tlon vector of the Uj;.4° matrix is the domlnant vector of

L] FE L,

those which determine- tﬁé\Mj matrices.

.

The domlnant MJ mgﬁrlces will therefore contain the

U,
p1+1 or /Ki vectors which corresponds with the=M1, M4, and

'M> matrices. Equatlon (2-67) reveals that ¢, a, and Y are

multiplied by these matrices This separates the klnematlc
parameters 1nto two oroups the angular parameters, 8, «a,

and Y multlplled by M} M4 and M5 respectively, and -the

@length parameters, 1%and r, multlplled by M2 and M3

respectlvely
' To determlne whlch of these groups of parameters’

domlnate manlpulator errors the magnitude of the error terms

are exam;ned;.‘Cons;der'an average sized manlpulator with an

arm,length of 1000 mm with'approximately quiyalent errors
=ngth ot ( N , _ .

.A‘with'fespectfto~manufacturing tolerenCesiin'the length an@

‘angular parameters'of 0.1 mm and 0.1 degrees ,(0.002 radians)

reSpectivelyﬂ_ Wu (1984) comments that the manufactured

waccuraoy of’ the length parameters, r and l are in-fact much

F; 1qher than the angubar parameters, though he does not’

specifycally deflne "hlgher"" The max1mum value of a
component in the M2 or M3 matrlces 1s lf Therefore, the

maxlmum error term resultlng from the product of the M

-‘matrlce thh -the length error of c. 1 mm 1s O 1 mm.

J



N . | 42

Considering the angular terms, the maximum value of
a component in the Ml, MA, or, M> matrices is the
manipulator arm length, 1000 mm. The product of the arm
length with~thé angular error of 0.002 radians results in.a
position error of\ié:m,hzo'times greater than the position
~error caused by-a length parameter error. A

By‘comparing the error terms it is apparent that a
manipulator is sensitive to errors in 6, a, and Y. These
terms will be the dominant parameters which cause

. .

manipulator position errors. These are also the only
paraméters wh{ch causé orientation errors; equation (2-68).

For a revolute joint, 6 is the'jgint variable and
its accuracy will depend on the resolution of the encoders
and resolvers, the accuracy of the robot construction, as
well as the‘number of bits of controller memory assigned for
storage. The fixed link parametérs of major concern for
describing‘thé ropot geometry arg the twist (a) and skew (v)
angles. |

The results bf thelliﬁear error model correspond
with what on; would‘expeét'tqhbe'thexbominant error térms.
Errors in the joint axis orien:ation des;ribed by.the twist
and skew aﬁgles and the joiht variaple,,e, are magnified
over the length of the successive links due to the domihénce
"of the link lehgth terms in thé position vector. Thﬁs,
Fangular parameter efrérS'near the bése, ih ﬁhe body'of v

shoulder, are more significant than equal errors in the

elbow or wrist (See figuré 2-3). If the angular parameter
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errors of a robot manipulator are known its position
accuracy could be greatly increased by using the correct
parameters in the control software.

A new calibration method using a digital camera and
two vertical sets of target points is developed to measure
the twist and skew misalignments which describe the joint
axes orientations. This investigation does not d;al with
the calibration of the joint vafiable, é. Howevérn in
chapter 6 the calibration of the 5oint variable will be
‘discussed with respect to the new éalibration method. The
following chapter uses the equations from the liﬁ ar error
model to determine which motions of the robot will reveal

~ ¢ .
the joint axes misalignments in the camera pictures. This

'Y

-

information is then used to develop the general method of

the new calibration procedure.

/ :
o



CHAPTER 3

Development of the Calibration Method

t

»

" In chapter’z it was shown that errors in the fixed
joint axis\twist and skew parameters cause the greatest
manipdlato:,errors for software defined targeting. This
chapter devélops.a new calibration method for measuring
joint axis misalignmeﬁts using the equations from chapter 2.
The general méthod is then applied to the two.generai cages“
of horizontal and vertical joint axes. |

. In thé introductibn, the shortcomings and
disadvantages of several existing calibration methods are
mentioned. The major drawback exhibitéd by the previous
methodéywas the need for a precision measurement environment
to éonduct the procedurés.“The.méthods whiéh estimated the
cofrect kinematic parameters for a ménipulatdr either

,'required precision measurements of the end effec£or location
fo:’a prescribed set of jbint variables, or measurément of
‘the joint‘variables for the end effector in é'precision
‘_'catj.'on.) This required either mo{/ing the 'robét to a
.érécision environment to condﬁct the calibration and negiéct
' ,measurement of.ﬁhé.basé orientation errors, or, the |
‘conversion ofvthe.robot work spacé into a ptecision
célib;apionjsite. Bqth of these méthods would be‘time

consuming and therefore undesirable.

45
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The decisioh to develop a new calibration method was
made because it was intuitively visualized th;t a digital
camera mounted on the end effector of avrobot‘would be ‘able
to observe joint axis misalignﬁents relative to a vertical
" reference. ‘A vertical reference could easily be obtained at
any location. Thus, the new calibration method could be ’
conducted without the need for a precis&on calibration site.
Further, the calibration method could be conducted in'£he
work environment Where measurement of the working base
misalignments would be pdssible without requiring eXtensive“
and time consuming changes ‘to the work'space. ,By using a
digital camera to acquire the calibration informatioﬁ”it
would also be possible to automate the calibration method to
increase the speed and ease of conducting the'procedure.

‘'The new calibrafion method consi%ts'ofbthree
components: avdigital camera, a Qeftical set of reference
target points;‘and the procedure to pséfthe‘caméra,
‘refer;nce points, aﬁd robot to determine the joint axis
misalignments. Each 6f these components is dealt with
individually in this chaptef pointing out the role each
’plays in.the‘new method and the advantages of‘thg héW‘

calibration method Compared to the previous methods.

3.1 " Digital camera
A digital camera was chosen for the new calibration.

procedure because-it was visualized that a camera mounted on
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the end effectsr of a robot would be able to observe joint
axis misalignmente with respect to a vertical reference.
This section in faét shows that a digital camera observes
position errors much larger than those which must be
meesured by previous methods. This is shown by compa;ing
the kinematic description of the previous'rebot calibration
methods with the present robot-camera method.

fhe previous calibration methods measured the robot
errors at the end effector. TQevequations for a robet in a-
base coordinate frame without a camera on the end effector

are described by transfo:métion equation (3-1) (see figure

3-1).
BT E=FP ‘ (3-1)

_Tﬁe base transformation, B, describes link 1 of the
manipulator with reséect'to the base coordinate frame. The
'manipuletor transformation, Tﬁ,’describes link n of the
'manipuletor with respect-teuthe first link, and E is the ehd
effector or gripper transformatiOn'describipg the end ef the
wotking'tool-of'the robot with fespect»teiliﬁk-n.

Thel. product of the transfermatioﬁe.ot the left side
.of equatlon (3- 1), B T E descrlbes the end of the worklng
tool with respect to the base coordlnate frame using
.‘transformatlons descrlblng the robot The right 51de of
equatlon (3 1) is the translatlon-orlentatlon '
transformatlon, P which descrlbesktﬁg“5051tlon and

orlentatlon of the end effector with respect to the ‘base.
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p
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Figure 3-1 Transformations for a Robot in a Base Coordinate -

_Frame.
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coordinate frame. If the end effe;tor of the manipulator‘is
placed in 5 position and orientation described by P then 12
non-trivial equations are obtained!which may be solved for
the joint variables. |

The present callbratlon method places a came;g on
(-]
the end effector which magnlfles the misalignment produc1ng
even larger position errors in the camera coordinate frame.

The robot-camera configuration is described by the following

transformation equation (see figure 3-2).

B T, ECAM = P (3-2)
:

As in equatien (3-1), B is the base_transformation, T, is
the manipulator transformation and E is the end effector
transformation. The camera transformatiep» CAM, deseribes
objects in the camera coordinate frame‘with respect to the
end effector. The transformatioh P, now describes objects
in the camera coordinate frame w1th respect- to,the base
,vcoordlnate frame.' |

The left side of equation (3-2), B T, E CANM,
describes objects ‘in the eamera frame with respect to the
base coordlnate frame using transformatlons descrlblng the
robot and>camera - The rlght side of equatlon (3- 2),-P,
descrlbes objects in the camera frame with" respect to- the
base coordlnate frame by a s1ngle translatlon orlentatlon
transformatlon.v - o , . I L

fhe camera transformation“may be represented in the

general form



B XB
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" .Figure 3-2
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[ Ny Ox ax Cx
n o a c
can = y % 2y y (3-3)
n, Oz az Cz
| 0 10 0 1

~ .
The vectors, n, o, and a describe the orientation of 4n

object in the camera frame witg\respect to the camera. The
orientation of any single point in the Cameré'frame is 4 <
essentially arbitrary. The orientation of a reference
target point is defined as the orientation of the line
. /
passing through the positiop of the point'in the camera
frame and the location of the point on the camera lens
(figure{3~3); |
The camera position vector, c, descgibes the

lodation of a point iﬂ the camera coordinate frame. Figure
'3-3 illustrates the position vector in which c, is the
perpendicular distance from the-cameré‘to the point beiné
considered.LvThe cdmponents c, and Cy of the.posit;on vector
| give the coordinates of thé objeqt in a plane perpendicular
to the c, vector. ,4 '

 The camera transformation’ is obtained by the produét
~of the foliowing translation'ahd rotation transformations

—

C g . .
CAM = Trans(cx,cy,cz)'Rot(x,x) Rot,(y, u) (3-4)

o

where ) and p are the orientétion angles'sh6wn in figure’

3-3. The camera transformation may be expressed in terms of

Ay



@)

LIS

Camera

:Figﬁre 3-3 Coordiha;e Frame for the Digital Camera
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the camera position vector as

- f/g 0 . Sx/9 . ©x
c,c,/fg c, /f -c,/9 c
X z

caM = Y Z Y Y (3-5)

-cyC,/fg cy/f 92/9‘ Cg

’ 0 0 0 b1
~.where )
f=(cY2 +'cy?)1/2 | (3-5)
and ) .

- g=(cy® + cy? + ¢, ?) /2 (3-7)

To compare the two calibration configurations of a
robot with and without the digital camera on the end
effector; it.myst be remembered. why joint axis misal@gnments
cause the host significant position errors. Errors in the
joint axis parameters arewmagnified oﬁer the lengthe of the
successive links from the mi a11gnment to cause a’ p051t10n
error at the-end effector. The prev1ous‘ca11bratlon methods
measured the position errors at the'end effector or the
errors in the 301nt varlables for precisely known p051tlons
to determine klnematlc parameter errors

The present callbratlon-method places a Camera-cn
the end effector and gathers 1nformat10n from target polnts
several meters from the manlpulator. Flgure5'3-2 and 3-3
1llustrate the p051tlon vector 1ntroduced into the
robot-camera equatlons by plac1ng a camera on the end "

effector. The camera effectlvely acts as another link at

. 4~__.
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) A
the end of the manipulator. Position errors for the

_pobot-camera calibration are measured at the end of the
camera transformatlon where “the mlsallgnment has been
further magnified by tﬁg iength of the camera p051t10n,
vector (see flgure 3—4). The p051t;on error for the present
calibration method will be.larger than the'nosition.error at

/ 1

the end effector measured for the prev1ous methods._

The main advantage of using a dlgltal camera mounted»

ondthe end effector in the new callbratlon.method is that
the manipuiator position errors are magnified in the'camera
pictuTes; The dlgltal camera can also be ea51ly,mounted to
the robot 1n the work env1ronment and %3'1dea11y.su1ted for
an automatedvcallbratlon procedure.'A “)

The digital camera generatggffhe CAM transformation
on thehieft side of equation (3-2)’ The rlghU side of
equatlon (3 2), the posltlon transformatlon, P, is
*3determ1ned by a. vertlcal reference in the glohal coordlnate’

’*frame.

3.2 IslVertica;hSet:of'geference‘iaréet Points:

) The second component of the callbratlon method 1s a’.
vertlcal set of reference target p01nts.. For-any . :
callbratlon procedure a reference is. always needed : To'\_

[determlne the relatlonshlps between the robot, camera and

'global coordlnate frames, a reference 1n the global

thoordlnate frame is needed. In general, the»301nt axls.n"

.\\
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being calibrated will either be horizontal or vertical. A
vertical set of target points is chosen for the global
reference because of the ease with which it can 62 thaihed
at any locafiBn.

“The ease with which this reference can be deterﬂined
allows the new calibration method to be co;aucted i the
robot working environment without requiring extensive and

time consuming changes.

3.3 calibration Procedure

>

-

The physiéal éomponents of the %¥obot calibration
method have been defined: the digital camera and the
vertical reference in the global coordinate frame. The
specific procedﬁre defining how the camera and reference can

be used to determine thé joint axis errors is determined

9

from the linear error model of chapter 2. The equations

L2
S

- from the linear error model verify‘the motions and
configurations of the‘robot which would be intuitively 
‘'expected to reveal the joint axis misalignments;

The general method for determining the joint
misalignménts for:a manigulator begins at ﬁhé bafe of the
manipulator. The transformation equations whiéh&deécribe a

. . . 4
manipulator start at the base and proceed toward the end

- | ) | . .
effector. iherefo;e, the misalignments of the base of the
robot are determined first.' Then the shoulder misalignments

aré determined using the transformation equations with ,
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respect to the base misalignments. The calibration method
proéeeds to the end effector determining each set of
misélignments with rgspect to the misalignments of the
previous joints.

The general procedure for determining the
misalignments of each joint consists of taking two pictures
of the reference target pointé separated by the rotation of
that joint. The locations of the target points in the
camera pictures with respect to their‘locations on the

vertical reference and the single joint rgtation will

déscribe‘the joint axis orientation. By
joipt the relative motion of’the target points/in the camera’
pictures will only describe the misalignments of the rotated
link. This effectively decouples the effect which all of |
the misalignments have on the end effgcéor errors and dllows
the measurement of a single misalig:%eﬁt at a time.
Comparing the locations of'the«target points from
the same vertical referénce in two pictufes relaxes several
requirements.for the éalibfation prbcedure. The éositionsﬂ-
»of the target points in the global coordinate frame do not
have to be very precise becéuseiit,ig the chahge in location
‘of‘the targéﬁ points in the Cameré'frame‘which determines
the misalignment and not ‘the precise locationé of the tafget
" points. Of course the integ£ity of the vertical reference
is still important. The'o%ientation 6f theJcamera on the
end effector alsé doq§ not have to be exéremely accurate
since two pictures are compared and the errors caused by

. . ¥ < s ) 4



58
camera orientation errors will appear in both pictureé.

In sﬁmmary, the re}ationship between two pictures of
the target points from the vertical reference will determine
the jqint axis misalignments with respect to the vertical
freference and not the precise locations of the points or the
orientation of‘thevcamera. This avoids the drawback of
several of the previous caljbration methods which required
precision'points located throughout the global coordinate
framé.

The imum manipuiafor motions and configurations ¥
for the calibr on' procedure are determined by applying the‘
linear error model of chapter 2 to a three link manipulator.
A three link manipulatof with parallel joints, typical &f a
shoulder, elbow, wrist configuration, is illustE?ted in

figure 3-5a showing the individual link coordinate frames

5

defined by the Denavithﬂa:tenburgvcanvention. The . three
links haVe'twist'and skew parameters of 0 degrees. The
error model is used to determine the appropriate link»'
rotations for révéaling the. twist and ékew misalignments~6f

1iqk 1. .

For the Denavit-Hartenburg convention link i rotates
about the zj_, axis. Therefore, the joint variable of link
2 is varied, causing rotations about the 24 axis described

by the twist and skew parameters of link 1. The twist and

~

skew misalignments for link 1 are defineq,by,roﬁations about

“

the x; and y, axis respectively. For a camera directed

4 along the x5 axis the largest$manipulétbr‘error that is

™

/
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observed in the camera frame is a position error in the z,,

hY

e

) - A=
direction as illustrated in figure 3-5b for a twist
misalignment. |
ﬂ% The position error described with respect to the
T

manipulator z, direction is given by ndZ in equation’

T
(2-63). For a twist misalignment of link 1, ,ndz reduces to
T U J .
n _ 2 2 3
dZ =f(p" x a“) kl]Aal
= q8a, ’ (3-8)

where g is defined as the sensitivity of the manipulator to

an drror in the twist angle of link 1. The position vector,
U o U — } : :
p/® , and approach vector, a 2, for links with twist aﬁd skew

pRrameters of 0-degrees are given by

]3C(62 + 93) + 12C62
Uy ' '
Nop = 15508, + 04) ¢ 12'592“ , (3-9)
0o )
and '
U ' ’ . :
a 2, [0 0 1]T . (-3-10)
W3 .
The k vector, ki' is given by
. 3 PO
kj = [Cyl 0 'Syl] . -
‘ =0 o) (3-11)
. The sensitivity is therefore givén,by
q =13S@2 593)f+12592 (3v12) 

The joint angles at which the.sensitivity, gq,
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becomes a maximum is determined by examining the first

derivatives of g with respect to g, and ¢;3. The derivatives

of q are given by

+ 1,00 (3-13)

and
(3-14)

Theglocation of the maximum sensitivity is determined by the
pair of solutions whidh cause the first de%ivatives to equal
zero. The pair,of.solutions‘which statisfy this requiremenF
are - ’ . "
6 = mn/2;  m=1,2,3.....
and : 63 = mrn; m=0,1,2..,;.g
The soldtions which are of practical significance are
é; = +/- 90 degrees |
\ .
and é}\=VO degrees.
‘The max1mum effedz Nof a tw1st mlsallgnmeﬁt w1llvtherefore be

‘observ d when 84 is 0 degrees and 85 is +/— 90 degrees
f 3 2

This result was expected as can be v1suallzed in flgure 3-6.

/
-

A rotation of link 2 from -90 to 90 degrees would
\\V/glve the maximum amount of information about a tw1st
mlsallgnment but a rotation thls large is generally
.1mpract1cal for the callbratlon procedure.v Itrwould be
difficult to accuraﬁely place targef points in the

.approprlate p051tlons vertlcally above and be#ow a

horlzontal jolnt axls or in the case of a vert1ca1 ax1s, at
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precisely known vertical positions. This would require

precision points in the robot work space which are

undesirable.
)

" The region where the maximum effect of a twist
misalignment is observed for smaller rotations of 6, is
determined where the rate of change of the sensitivity with
respect to 6y ,is a ﬁaximum. This region is determined by v
the second derivafive of the sensitivity with respect to 65,

with 65 equal to 0 degrees. The second derivative 1s given
by
s

(6, + 64) - 1,58 (3-15)

__}?>- 3°V72 2 2' o

- S +

which is equal to zeéro when 6, is 0 degrees. Therefore,
rotations of 6, in the vicinity of 0 degrees will produce
the maximum amount of information for determining a twist
. . " '
misalignment, as expected.
Examination of the equations for skew misalignments

also produces expected results. For a skew misalignment,

T
ndZ reduces to \

. Ty 2 Uzv_.ka]A
o , " (p “xa‘) kydavy )
= q 8y, . “ ~ (3-16)

i

'whefe g is now the sensitivity of the manipulatof to errors
‘ U U
-2

in the skew parameter. - p and a 2 are defined in equations

(3-9) and“(3-103. The vector ka is defined in equation

1
(2-42) as

.
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o o1 o - (3-17) .-

The expression for g will therefore be given as

-

+ 1,C8

+83) + 1,08,

. q - 1,C(8 (3-18)

2

The first derivatives of g with respect to'e2 and gy reveal

i
A 9]

‘where the sensitivity is a maximum. The first derivatives

are given by

AN
aq . ¢
_ T -135(8, * 85) - 1, S8, | (3-19)
R R S
and |
%9 . 1 5(8, + 85) (3-20)
& 393 3 2 3 !
.

Equating these derivatives to 0 and observing the

mahipulator geometfy reveals that the maximum effect of a

A

ékgy misalignmeqt-is observed when N '
| | ' 8o 0 6r 186 degrees (j
and 63‘7 0 degrees.
The_second'defiva;ive of g with respect to eziagain“ 
reveals the’fegion in which the maximuﬁ effect of a

misalignment is observed for small rotations of 6,. The

second derivative with respect to;jlkis given by

L)
a2q : :
3 .-13C(62 * 93) e /\}(37{1)
28. v . :
2 . ‘ »
o | , o ¥ . ) ) .
”Equa;iﬂﬂ&the-second derivative to ,0 with 65 equal to O o .

7
. -
~ - g e

'v i .’/' // .
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degrees reveals that rotations of 6, 1n the vicinity of +/-
90 degrees will produce the meximum position errors for a
skew misalignment.

The examination of three link manipulator revealed
the reglons in which the joint variable should be varled to
reveal twist and skew misalignments. For both twist and
skew misalignments with_twis; and skew parameters ideally O
degrees, successive‘joints from the link being rorated
shouid be positioned at 0 degrees. By examining the\link
geometry it can be seen that this corresponds with
. positioning the forward links to prodﬁce the largest

poeition vector for the robot. To defermine twist
misélignments, pictures of therraréee points should be taken
separated by rotations of the joimrt—Variable in the Vvicinity
of 0 degreesy Skew misalignments are revealed in pictures
’Vof the target pbinte separated by rotations of theAjoint
variable in the vicinity of ;/7 90rdegrees. |

-7 ‘ In_general, fhe ealibratien procedure will be used
to determine misalignments for‘joint axis which should be
either horizontai or vertical. The procedhres'for aeaiiné
with these‘two cases areueeﬁeiaered separately. |

-,

3.3.1 ' Horizontal Joint Axes

ta .

The vertlcal reference used in the callbratlon "o
procedure 1s 1deally sulted for measurlng mlsallgnments of .

horlzontal axes. The rotation of the camera about a
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perfectly horizontal axis will result in target pointg which
appear in the same horizontal position in the camera frame.

Figure 3-7 illustrates the target point locations
observed in the camera for a misaligbed horizontal axis.
The‘robot—camera equations are used to determine the joint
axis barameters which describe the positions of the target
points in the camera pictures. The global vertical
reference is taken ihto account by the fact -that two poirts
from the eame vertical reference are observed separated by
the rotation'of the appropriate link. Therefore, the camera
information describes the misaiignment with respect to the

”
]

global vertical reference.

3.3.2 Vertical Joint Axes

W )

Verttca} joint axes would best be calibrated by a
@ -

not as easy to obtain as a vertical one. Therefore, a

-

@,callbrataon procedure was developed using the vertlcal

horlzontal reference. However, a horlzontal,refere

reference. Deterﬂghatlon of the, jOlnt axis parameters for a'\
vertical arls using a vertical reference is accomplished by
debermibing‘the-vertical orientation of the reference points‘
in the camera frame and observdng the movement of a 51ngle
p01nt in the camera frame.

Since 1nformatlon about the movement of a single

target p01nt is used in the robot -camera equatlons, the

mlsallgnment is not determlned'w1th respect to the global .
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;‘:be obtained.
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© l _ i
vertical reference, but with respect to the camera
coordinate frame. The orientation.of the camera coordinate'
frame is determined by observing several target points from
a vertical reference in a single camera picture. These
points will define the global vertical reference in the
camera coordinate frame. By comparing the‘misalighment and
the global vertical reference, hoth determined with respect
to the camera\coordinate frame, the joint uisaiigq@ent can
o

Essentially, if a selectedvtarget point does not
move in a line perpendlcular to the. gIobal vertlcal
reference observed in the camera frame, %%e target p01ht
motions - define a mlsallghment with respect to the vertical
reference. Figure 3-8 illustrates the vertical referencéf
and motions of a target point- for a miségigned vertical
axis. L |

In summary, the new callbratlon met%%d determlnes
the mlsallgnments o"golnt axes beglnnlng'at the base of the
vrobot and progresses to the end effector. ~The callbratlon '
procedure:uses.a dlgltal camera;pounted.on_the end effectorl
to determihe the joint a;es misalignments'with‘respect tova‘
' vertlcal set - of reference target p01nts. Two plctures of
the target p01nts, separated by the rotatlon of a 51ngle
link are compared to determlne each jOlnt ax15 error.

[ ey : )
Thls new callbratlon method can be conducted w1thout :

o a prec151on env1ronment and therefore can be carrled out 1n

~the robot ‘work space. The sets of vertlcal reference‘polnts:_
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can easily and quickly be moved in and out of a work space
without requiring extensive changes. The‘digital camera and
calibration method‘also readily afford themselves to an |
automated procedure. ‘ | o -

, To present, only the outline of the calibration

/’ ‘ .
procedure has been given. The following chapter applies the

[y {’
cdalibratioh procedure to a qg&ggp\robot configuration. ' The
‘ o Z # :

robot-camera transformation equation is examined more
[ ' . .

closely showing the equations generated which mus%”ﬁ@\solved
Y .
to determine the joint axes misalignments. .

-



CHAPTER 4

Imolementation of the Calibration Method
<

The.general %3ﬂibration method consists of
determining the joint.axis misalignﬁents,by observing target
points in a digital camera mounted on the end effector with
respect to rotations of a.Singie link. The camera target
.point locations are usedAin the robot-camera transformarion
equations' to determihé the correct joint axis drientation.
This ‘chapter applies the calibration ﬁethod to ‘a typical
robot'coofiguration The robot- camera transformation
equatlons are examined to reveal the specific eguatlons

which descrlbe the joint ax1s mlsallgnments.
)
The 1mplementatlon of the new callbratlon procedure

is examlned for a typlcal 1ndustr1al robot configuration

common to Unlma 1on Hltachl, Prab GMF ASEA, and many
*\ \
other manufact rers. The robot has revolute jOlntS w1th a

Aax1s, and horizontal shoulder, elbow, and

wris s. . ,
J? | -Figure*;)l shows a Mltsublshl RM—lO@ educat10na1 ..
;obot w1th thls common robot conflguratlon. The figure also
shows a camera mounted on theaend effector of the robot.
'ihe Mltsublshl RM-lOl robot has flve degrees of freedom

only accomodatlng.pltch and roll at the wrlst.‘éYaw‘ﬂoolons

. "

og the wrlst are not avallable.‘vThe'system base coordinate
" - ¥ : ' ) . »

71
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frame is shown with the x axis directed from the front of
the rabot and the é axis coincideﬂb with the vertical
direction;' . : - &

’ It was shown in chapter 2 that joint axis errors
doﬁinate manipulator errors because tbeir effect is
magnified over the length of the successive 1inks from the
misaligned joint“#&is. Therefore, it is most important to
oalibrate joints closer to bhe_base of the rokot. For this
reason, the calibration procedure is'only developed for the
bbody, shoulder and elbow links. The wrlst mlsallgnments can
also be callbrated using the same method applied to the’
other joints, but the errors caused by wrist mlsallgnments
will be small compared to the other jointsa The body axis
is analyzed first since it is the first axis to be

calibrated in the procedure.
- k‘

A ' v o . =

AY

4.1 Body Misalignments  (Vertical Axis)

;-
N ) . =
: > e

LY

N

N o
*  The body rotates about a vertical joint axis
.o . P . _’

"described by theabaseftransforﬁation, B, as,described‘in“"
gquatlon (3- 2). ‘In the Denav1t—Hartenburg convention the,

1t9v301nt rotates about the zl 1 axis. Therefore, body

mrgallgnments are descrlbed in the base transformatlon whlch :

~descr1bes the p051tion and orlentatlon of the. zo axis.

1

Slm farly, the' shoulder mlsallgnments are descrlbed in the

'bo , transformatlon, Dl, and the~elbow_mlsa11gnments-

des ribed-in'thefsﬁoulder transformation, 02.4.'}4 .
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»

The robot-camera system describing the calibration
method is'given_by transformation equation (3-2). To
accomodate a twist and skew misalignment of the body axi%
the base transformation is modified from ‘'its original form.

Originally, the base transformation is a simple transform

describing the position and orientation of ‘the body axis
where it intersects the horizontal shoulder axis. The base

‘transformation is modifiéd to take the form:

‘ ) . - - : ; o ' -‘:
B = Thans(ux,ux,dz)‘th(x,aB) Rot(y,rR) Trans(vx,vy,vz) (4 1)‘

A . "‘{‘" -
The first transformatlon, Trans(ux,uy

translation from the base coordlnate frame to the posmtlon

'y ), is a

v'of the physical body joint." At the body joint the
- coordinate frame undergees a rotation about the X axis of:‘
§2; the twist angle, &B' followed by a,rotation about\theuy axis
- of the skew~misalignment,‘YB“'The base.traheforﬁatioh'is. -

then completed by a translation, Trans(v*;v to the

yiVz)
original 1ocation where the body axis@intersects_the
shouiderr _ - } ;:A',f |
| It was showﬁ in the t'hlrd chapter that 4_w1st s

'mlsalignments are best revealed by rotatlons in the v1c1n1ty
‘of O degrees and skew mlsallgnments in the v1c1n1ty of +/-'
*&?ﬁ deqrees. For the vert1ca1 body axls, the callbratlon--k

.procedure therefore requ1resrtwo vertlcal references.

Flgure 4-1 111us€fates the robot 1nva p051tlon w1th the body

\
11nk at 0 degﬁﬂs for callbratlng the body twist

@\mlsallgnment



The calibration procedure for the body twist
misalignment was outlined for vertical axes~in the third
chapter.” The robot is oriented in.a position with the body,
shoulderfand elbow joints near zero degrees with the camera
oriented to observe a set’of three or four target points
from a vertical reference. The first step in the

calibration of a vertical axis is to determine the

orientation of the global vertical referehce in the camera
coordlnate frame. The orlentatlon of a least squares fit

line - through the observed target points with respect to the
. Ry
orientation of the camera, determines the global vertlcal

reference in the camera coordinate frame. o &
The movement of the target points-in the camera

frame is then used to determine the .body misalignments. ‘The
- v )

body joint is rotated about its vertical axis so that the

- "reference points appear to one,sideuof the#camera View._'The o
camera X-y coordinateshof one'target boint'is"recorded for'
determinihg the misalignment. The'body'joint is then

rotated so that the target p01nts appear on the opp051te

side of the camera v1ew. The locatlon of the same target

e B

p01nt is agaln recorded in the camera coordlnate frame. The

14

: N
_‘plctures generated by thls procedure were lllustrated for a

.

Vertlcal ax1s 1n flgure 3= -8.
[ e\f “ ' o

The locations of the target p01nt separated by the _

‘.rotation df the body 11nk descrlbe the: body mlsallgnment
v SR i
«‘Jwith respect to the camera coordlnate frame. The equatlon

&

1which determines the misallgnment is obtalned from the
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transformation equatioﬁ (4-2) thch‘is similar .to equation
(3-2) with the exception of a pitch yaw transformation,‘PY.

T } o
B Tg E PY CAM % P | (4-2)
A.new-pitCh yaw traqsformation i placed‘betweeh the
end effector and caﬁera to accomodate the orientationhof the
~camera in its-mount and the end effector position error
.caused by the ioiﬁt axis misadignments in each joint. The
"roliﬁ\criehtation of the)camera is accoquated in the
orientatich\of the .global vertical reference in the camera
coordinate frame, The pitch yaw terms‘are calculated berore
. determining the body misalignment terms froh the-picture of
the'target points used tc determine the giobal vert%gal
reference orlentatlon. o ' |
Equatlon (4 2) deflnes twelve equatlons descrlblng
the p051tlon and orlentatlon oﬁ the camera coordlnate frame
‘w1th respect to the base coordlnate frame. . Fortunately,
; nine of these equatlons are tr1v1al 51nce the camera - 1s
ebserv1ng p01nts in space.. The target polnts have -
locatlons, but no spe01flc or1ehtatlon. The orlentatlondgf,

A target point observed 1n the .camera- frame 1s deflned as

mthe orlentatlon of the llne pa551ng through the p01nt

i

1tself and the p01nt where it, appears on the camera lens

B wherefore, the nine orlentatlon equatlons are trJv1a1 51nce;

" the orlentatlon of a target p01nt is determlned by the f

W™
o

orlentatlon of camera observ1ng the p01nt.,v. ST e
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i
Of the remaining three position equations only one

-

is used to determine the body twist misalignment. Recalling

" that the dominant position error due to a twist or skew

misalignment will appear in the joint z axis direction (see.

figure

E

global

3-6), it can be seen in figure 4-1 that the body

)

twist misalignﬁent will appear as a z position error in the

base coordinate frame. The 2z posﬁtion equation from

equation (4-2) may be represented in the form

1 2 3 4 _ -
b gz +. b.,Cx”\T b Cy + b = P, | (4-3)
€] ’ Yoee
where '
. [d
| bl = BTEPY(3,j) &
[exsCyrcz]lt = camera position vector
P, = =z position of target point in the
( J base coordinate frame
/o ’ ‘
In‘theﬁrepresentation above BTSEPY(i,j) are the components
of the matrlx product B T5 E PY. )
The flrst plcture w1§§'the target p01nts on one 51de
. <A .
of the camera v1ew are represented by equatlon (4 3) The
second picture with the targeg p01nts on the opposite side
: Of‘the camera~viewfis deseribed by a 51m11ar equat;onQ
_ R g C , — 4 .
denoted by primed coefficients. s e, o
.Aa ' . ' A ,,‘ - . . . (
b eyt kbR o+ b3'il|' ‘\+'1§b4-"' = Pz, (4-4)

Flgure 4-2 contalns a 51mp11ed geometrlc descrlptlon

of equatlons (4-3) and (4 4) for the vert1ca1 .axis -

ycal;prat;qnvw1th the_cameg %xn:a hor;zontal orlentation.

-
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’

The terms.b?‘and p?t describe the position of the robot-end
effector. The horizontai distance GH is described twice in
equation (4-3) by bzlcx, and the sum of bl c, and the
horizon;;}ocomponent of b%. These two groups of terms are

equal i magnitude but opposite in sign. The vertical z

components of equation (4-3) are described by b3 cy.and the
vertical component of pt. Yo
A% To COmpare the locations of the target.point in

equatlons (4- 3) and (4-4) for determlnlng the mlsallgnment

the terms, bl cz, pl: cz', and the horlzontai components of &

b4'ﬁnd b4' are cancelled. These terms are removed from tge '

iequatlons because they cancel out the desgription of the
»
horizontal movement of the target point in the camera ~

pictures, b?Acx and b2* c;'. The remainingacomponentS'of‘
the left_sidés~of.equ%tions (4-3)- and (4-4) are equatedj'
slnce'pz«iS'the COordEnate}of the same target point in both‘
.f\equations. The - vertlcal components of b4 and b%r are also

‘uequal and cancel, since only the body llnk 1s rotated

The‘EZWer vlew in flgure 4- 2 1llustrates the-

Lt

components of equations (4-3) and (4—4) ‘which are‘used‘to -
descrlbe the mlsallgnment .Only ‘the camera terms are
requlred to descrlbe the movement of the 51ngle‘target p01nt ¢
between the two plctures. The resultlng equatlon whlch
bdescrlbes the body tw1st mlsallgnment is glven by fl

' = b2 ;v B3 el  ‘_.>
i.b, %y %' ¢y +"b.‘ cy (4-5)

Followxng the plctures taken near the 0 degree bodyr

L)
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=§§4 . . _~  . (b3 cy_b3|‘c |) \
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angle forﬁﬁhe twist misalignment, the body isvrotated to

' R . - B :
Y- 9Q{degrees to observe ‘a second set of target points for

-~

determlnlng the skew mlsallgnment The skew misalignment is

:determlned ustg the same procedure used for the twist

“'mlsallgnment g1v1ng a second equation in the form of

,eqya;a "4-59,

_ a
Ene two equatlons in the form of eguation (4-5)

[

descriﬁing the twist and skew misalignments are solved
simultaneously for the correct body axis orientation. These ~
nonlinear equations are‘solved using an under relaxed

Gauss—Seidel iteratiye method. The proper arrang®ment of

oy 2 Wey
-

the‘equations is critical for the Gauss Seidel method. The

¢

appropriate arrangemént of the equations was.determined by

analyzing the magnitude of"the terms in the equations with

>

respect to the link qéometry and robot confrguratlon’

The arﬁangement of equatlon (4 5) for the body tw1st‘

~

misalignment is glven by

Xt , . |
SGB (TsEPY(2 2)' cy' - TSEPY(Z 2) c D=

Y
-
g ((B(3 1) TSEPY(l 2) + 5(3'3) TSEPY(3 2)] cx

(B(3 1) T5EPY(1 2)' + B(3 3) TSEPY(3 2)') c‘ )”“

5 4-6)
whe‘x;he ' 2 | Q‘“ : .
ST E c . h o
ag . = the - tw1st parameter in the Base (B) .

transformatlon
B(i,j) ‘#"the components of B

;ET5EPY(i,j):f5 the components of the matrl* product
o .‘;:_‘.‘ g | ) o ]
. ) . . A A,. . . ~
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The primed expressions differentéate between terms from the

LA
s

/
N

two pictures. . ‘ , o
) i )
-/ The arrangement of equatioa (4-5) for the body skew
misalignment is. @tven by ’ .
b -SvgCag (T5EPY(1,2)' ¢y’ - TgEPY(1,2) c,) =

(b3 cy - b3' cy') oo o "pvﬁ

LI

+ ((B(3,2) TgEPY(2,2) + B(3,3) TSEPY(3,2)) "¢, ,

- (B(3,2) T4EPY(2,2)' + B(3,3) T5EPY (3,2) ') cy")

where ) o W

Yo = the skew parameter in-the Base (B) - .

i 'B C
transformation

and the other.expressions are the same as described for"
equation (4-6).

R These two arrangements of equatlon (4-5) converged
:rapldly on the mlsallgnment parameters in 4 to 7 1teratlons
The mlsallgnment terms’ obtalned from these equatlons are

deflned w1th respect to the camera c00rd1nate frame .By

\ B
comparlng the mlsalignment terms w1th the orlentataOn of - the

S

global vertlcal reference in thegcamera coord1nate frame the'

-V .

| true mlsallgnments are obtalned. “An 1mproper arrangement of

R

quatlons (4 6) and (4~ 7) resulted in attemptlng to obtaln

_the 1nverse 51ne of a value‘greater than 1, -clearly warning -

that the equatlon arrangement was nct suitable. .
When the body*mlsallgnments are. determlned the base

transformation descrlbes the correct orJentatlon of the body
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'”~ang1e, Yf, 0 degrees. 8, is the;joint_varieblefahd both the

82

~joint axis. With the body axis calikrated, the orientation
a N
. . "3 1 ,
of the shoulder joint axis is determined next.

s ¥

3y

s .

4.2 Shoulder Misalignments (Horizontal A%is) .- = :
o The orientation of the, shoulder axis is described 1in
IGEzfmodlfled body transformatlon Dy glven by I‘, i'“
(_EBICYI - 5615°15Y1 —SelCal celsyl + S9lSa1Cyl. 07}
B EA RIS R €8y lay. $015vy - 09y Gy 0
D, = i “ ‘
1 -CalSY1 Sa1 .- CaICY1 * O‘
SRS 4 . ’.Q, )
0. 0 0 , 1
: : . ' 3-8)
. : ‘ : Lo ’ o { '{"fﬁfi
- The twist angle, a4, is ideaftly 90 degre®s and the skew.
. “- . . N &

link length 1., and‘distenoe} rl,-afe zero;\\' ) T
The transformatlon equatlon whlch descrlbes the

t

robotbcamera System contalns the modeled transform for the“’

shoulder mlsallgnments g ven by

B D1 1T5 E PX‘CAM 7? ;P : {3; Af4‘9)ﬁ-\a

» <
B Y

The transformttlon, lT5, describes the manlpulator from llnk

‘ B

2. through 11nk 5. The base transformatlon, B has been

\

i_corrected 1n the body callﬁratlon.

The vertlcal reference most effectlvely easures
mlsallgnments'of horlzontal ]01nt axes . because observ1ng two‘

target p01nts allows 1arger rotatlons of the llnk belng

~calibrated: Thls results 1n largernposxtion errors observed ”
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in the camera. The prqqg@ure for mg?suring tpe”twist
ﬁisaliéﬁment of the shoulder.axis begins with orienting the
shouider and elbow joings near O déjfées and observing a
target point to detefmine the.pitch yaw parameters for the
,shoulggpéca}ibration. | i\;“ i : : .

. .?ﬁe”b;BCQduré then éontinues‘as outlined for |
horizontal joint  axes in chaﬁter 3. The_shéuldér joint'is

rotated to view a lower‘hnd.uppef target poin£ from the same
vertical reference. From figuré 4-1 it can’be nétednthat

the dominant position error for a twist misalignment in the
shoulder z axis (by,definitiqn, the éxié about which %he
shoulder rotates) will appear a; a;position error in the
base y Eooréinate diféctionu Theiy position equation is. ',\H; 

therefore used to generate the misalignment equationr The

location of the lower target point will give the following y

e . -~ ’ ' ‘ .
position equation: : N o
. sl c, + s? cy + s3 cy * st = Py ‘(4-10)

. €

where
. s? = .BDliTsEPY(z,j) |
[cx,cy;cz]T = the‘camera-position'veqtor
Py = ‘the y positioh of.ﬁhe’target point
' - in the base coordinate frame

In this.;epreséntatiqn the terms BDilTsEPYIi,jl are the i 13

: s S
terms from the matrix product B D, ;T E PY. The.

observation of the upper. target point,wili give a similar

v

<@

equation deyoted~byvthe ﬁrimed_cbefficients.;

"\



sl c,' + s % ‘ c,' + .s%F = Py (4-11)

Figure 4-3 glves a 51mp11f1ed geometrlc description

of equatXpns (4-10) and (4-11) for 6, equal to 0 degrees and

?
a vertical reference 1ntersect1ng the base coordlnate X

4, and s4' describe the position of the

aygis. The terms s
robot end effector. The perﬁs s1 Ca. s3 Gyf's4, sl' cé',
s31 y' and s4 describe the -vertical position of the

‘t g;:t points with respect te the robot and €§;;§3 in the
baee coordinate frame. The position error caused by the -

misalignment appears as a change in the target point’x

coordinate location in the camera frame contained in the

™

A .
In figure 4-3 it can be seen that all the terms of

terms s, c,, and s,' qx'.
‘equations (4-10) and (4-11) are required to describe the

ist misalignment of the shoulder axis with respect to the
r

obot camera transformations. The y target point position,

Py in both equations are the same since both target points

S

are from'the same vertical reference.® The twist’
,miealignment equation is generateg by equating the left

sides of equations (4-10) and (4?11) to give the equation

Y L (4=13)

The skew misalignment of the shoulder axis presents
a'difficulty for the Verticai xeference. The skew

mlsallgnment of the shoulder cannot be determlned u51ng a

2
7

N
Y

B
N .
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Target Point

Figure 4-3

Target Point éz'cx'ii e Target Point
| \—7’/ 3

\ 3
\ L
\ sl'cz' + s3'cY' + sdr
\ '. ‘
; \
i \
Y - '
4 |
\
: \oc
lc, + sdcy + s4 \» o
-\ Target Point
i“ 5:\f -

Illustration of the Shoulder Mlselignment M o
Equation Tetms o '



86

vertical‘set of fefe;énce points. The y axis abqut which
the skew misaligmment is ?escribed for.the shoulder joint is
parallel to the vertical reference and therefore cannot be
'meaSufed by this reference. The shoulder skew‘misélignment
‘is in fact indistinguishabie from an error in the body joint
variable becahse tﬁe shoulder y axis (skew misaldgnﬁent 4
axié) is‘coincident with the body z joint axds..

To measure the shoulder skew misalignment a set of

~

térget points would have to be positioned above the: shoulder .
joint axis -such that,the points could be observed with'thé
éhoulder rotatiné in the vicinity of 90 degrees. This |
hoﬁever, would require that the locations of fhé gérget
points be known very precisely which i; not desirable. Even.
.if this were accomplished, the measured skew'misalignment'
‘wohld be the ‘combination of the tfuewskew misalignment ana

an error in the body joint variableL |

| The caliBration of the shoufder skeW—misélignment‘is

'neglected‘ﬁecause of this,diffiCuity.\ It shpuld bé noted
however, that errors caused by skew misaligﬁments in the
shoulder can be corrected by adjusting the.body,joint
”vafiable; ' o o
) Therefére, f35 the shoulder joint; on{y the twist
misalignment is determihed. CEquationl(4~13) iS'svaedafor
the‘twist,misalighment using the‘Gauss-SQiffl'method.ﬁlThé
appropriate éffangément-of‘equatiqn (4-13) to determine thé
twiét‘misaiignment>isvgivéﬁ'by:f"%ﬁ: | '

\\O” : ‘ . . « ]
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Ca,Co,Cag(1TsEPY(2,1) c, = (TgEPY(2,1)' c,') =

'- szdcx) + (837 cy',~ s3'cy) + (st - s

- ((BDy(2,1) jTgEPY(1,1) + BD;(2,3) iTSEPYLJ,l))vcz

(s?' o 4

- (BDy(2,1) TSEPY(1,1)' + BD;(2,3) 1TsEPY(3,1)') c,')
-

- ((B(2,1) Dl(l,Z)'+ B(2,3) D,(3,2)) (,TgEPY (2,1) c,

- yTgEPY(2,1)"' c,')) . (4-14)
. A
where _ - LT
a) = = the shoulder twist parameter .
1TsEPY(i,j) = the components of the matrix i
product ,Tg E PY
BDi(i,j)' = the c0mponents:of the matrix- == . ~

product B Dy - ’ 3
The correct twistlﬂa;ameter;will be in tﬁé vicinity‘of 90

~degree_s, therefore, as can be seen in equation (4-14), the

correct arrangement of the twist m}saligﬁment‘equatiqﬁ o

determines the cosine of the twist anglg.

Upon completin;\theﬂsboulder calibration, both the
baée and body transformations have been adjusted %o
) . : - ‘ - ‘ &

calibration procedure moves to the next transformation which
"describes the elbow joint -axis.

’ [N
- ~ M
, 4

4.3 Elbow Misalignments . (Horizontal Axis) - )

‘The orientation of the elbow axis isﬁdescribedka a
modified shoulder transforﬁation, Dy given by

3

. accurately describe. the body and shoulder jbint axes. The °

e



-

.perpendlcular to the vert1ca1 referenCe The wrist 1s\35

. 88
FCBZCVZ.- SGZSGZSYZ v -SGZCYZ . CSZSY -+ SBZSa C\ 12(}32
. SBZCYZ + CGZSQZSY CGZCGZ 5625\(2‘- CBZSGZCYZI' 125‘52"
D, = :
2 -‘ --CazSy2 Saz CaZCY2 D
~- \. o . ' , 0 . 0 ’ 1., .
B - g - (a-1s)

Ideally, the twist and skew angles for the 'elbow are both 0

degrees. The joint variable is 85,7 the lihk length is 1,,

‘and the link distance is 0. e

."'('

The robot-camera transformation eqﬁation may‘now be
representeF with the modified shoulder transform given .by
; | ‘

i

/

where 2T5/represents a transformation from link 3 to link 5.

-~

The‘basz/ B,*and'link i, D,, transformations havé been

calibrated and the twist and skew-parameters in D, are

determ*ned next. !

/ . ' . ’ ’
- ”k\?hé calibration procedure for the elbow

misalignments is similar to the shoul®er procedure since

"both are‘horizontal axes. However; both the twist and skew

parameters can be determlned for the elbow 301nt ax1s
The tw1st mlsallgnment is determlned w1th both the
® W
body and shoulder 301nt varlables near 0 degrees.' The p 4

P

tw1st axis of the elbow, jdint ax1s w111 therefore be

o~
-

:)

-

rotated to observe a 51ngle target p01nt and determlne the
- Y .

‘pltch yaw parameters\for the PY transformatlon. Two target!

_polnts from the same vert1ca1 strlng are then observed by .

[

Fel
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rotating the forearm aﬁout the elbow axis as’shownrin figure
4-4a. . D : ' .

The position errors observed by the two pictures
wiil appear in the y position equation similar to the

shoulder psocedure 51nce the elbow z joint axis is

horlzontal The flrst plcture of a target p01nt will give

2N

the following equatlgn d' = _ » . S
y Py (4-17) ¢

where

o -
(-
|

N ‘a“f = 50192%$B§PY(2rj)

Y position of target light,
in the base coordinate frame

yol
=
I

‘The transforhaﬁiBn;ferms BD,D,,TgEPY(i,]j) reprgsent terms

from the matrik product B D; D, ,Tg E PY.
' " , . . ! 5
The second picture of a target point gives a similar

eéuation denoted by the pfimed coefficients.

G

elt c,v + e?' c,' -+ ,eaf'c v+ et = Py K (4-18)>

The’ equation describing the twist misalignment is obtained
’by equating the left sides bf'equatiOns (4-17) and (4418)
since the'y locatidns of. the'observed target points are the .

same. Thls gives the fqllow1ng equatlon for the elbow tw1st
4

°

" mlsallgnment
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~“Figure 4-4 Robot Configuration for the Elbow Twist and Skew
g .- Calibratibn - . ' " o ' o
~ . ' .b. ’ . .
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. . X ' v <~4 .
similar in form to the shoulder misalignment equation

(4-13) . IO ﬂ R
; Sy

e

To determinesthe skew misalignment,, the y skew axis

is oriented perpendicular to the vertigal reference. This -

is‘accompllshed by rotatlné the’ upper arm about the shoulder d
.te +90 degrees.‘ The forearm is then rotated about the elbow/
tb the vicinity of -90 degrees to observe the target p01nts.
‘Flgure 4-4b 111ustrates t?e motlons and conflguratlon of the
robot to callbrate the elbow skew parameter

The pitch yaw terms are flrst.determlned from‘the
locat%oh of a single target point. The forearm is then
rotated to-dbserye the poeitionS'of two target points from:

the same vertical reference. This generates a second
: . _ )

equation in the form of equation (4-19) for the elbow skew

. ’ ’
< : . b

misalignment.
The equations for the elbow twist.and skew

‘ mésalignments are solved simultaneously usidd the»

rGauss-éeidel method. The appropriate arrangementiof

eqqation (4-19) for determihing the twist misalignment is

—

gilen by | A

Saz‘BDl(Z 3) (ZTSEPY(Z 1) c; = pTsEPY(2,1)' c;') =

(e ! éx - e’ c x) + (e c,' - e3 cy) + (et - e45

Y
((BD1D2(2 1) pTEPY(1,1) + BD1D,(2,2) TsEPY(3, 1)) ¢
- (BD1D2(2,2)'2T5EPY(1,1)' + BDyDy(2,2) JTSEPY(3,1)') ¢,')
-((BDy(2,1) 02(1 2) + BD;(2,2) Dp(2.2)) ((QTSEPY(2,1) ¢,

} .
2T5EPY(2 ' e~ . am20)
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, .

the components of the matrix producf B Dy

where

BDl(ir J)

BDlDZ{i,j)‘ thg components pfvthe matrix product B D, D,

‘thewcomponents of the matrix product
>Tg E PY

,T5EPY (i;5)

* The brimed coefficients diseinguish between the components

from the tw0'pictures'of the differehtJtarget points.”  The
. > ' : . .
appropriate arrangement of egﬁation (4-19) for determining

the elbow skew misalignment'is given by
. [
-SY,Ca; 'BD1(2,3) (TSEPY(1,1) ¢, - ,TgEPY(1,1)" c,') =
%)

(e2' Cy' = e2'cx) + (e:,i',cy'l -‘e3‘cy)’+ (e4' - e

- ((BDyD,(2,2) ,TgEPY(2,1) + BD1D,(2,3) ,TgEPY(3,1)) c,
- (BDyD,(2,2) 2T5EP¥(2,1)' + BD)D,(2,3) ,TSEPY(3,1) ) c,')
-((BDy(2,1) Dy(1,1) + BD;(2,2).Dy(2,1)) (,TsEPY(1,1) cy
- LTgEPY(1,1)' C,')) (4-21)

where the expressions in the equation have been defined for

B

equation‘(q—zor. The soIution of the twist and skew

hiéalignments for the elbow joint axis,completes the
, _ ) A . .

' calibration procedgre for'thie robot.f The joint axes of'ﬁie
rpbpf.ane noﬁ calibrated from the body through to the elbow.
_Tﬂe wrist joint axis could also.be calibrated usiﬁg the éame{ 
procedures, but 51nce the length of the wrist and end -

ieffector is usually small compared to the length of the ;ﬂfﬁ -

'preceedlng llnks, wrlst mlsallgnments would 1ntroduce very

small manlpulator errors. ’ SRS ' o " wer

_The‘callbratlon,method waslimpiemenped-pn:the common

v - - ‘.



_ : C AN ‘v . e
vrevolute conflguratlon of the MltSUblShl RM*lOl robot The‘
procedure for determlnlng the }olnt ax15 mlsallgnments of
the body;Ashoulder, and elbow where outlmned The equatlons
descrlblng the robot-camera system were then used to -
_determlne the equatlons whlch descrlbe ‘the jOlnt
-mlsallgnments 1 | ‘

The follow1ng chapter descrlbes the testlhg of the
new calibratlon method -'The callbratlon method was tested—
by 1ntroduc1ng known mlsallgn tshlnto the-base of a -
Mitsubishi RM;iQ; robot. (The(test results and’ dlscu551on of

the sources of error/in the callbrat;on method are also’

analyzed.



CHAPTER 5 -

. e
L . i
Test and Results ®of the @alibration Method
The calibration method was implemented on the common
. robot conflguratlon.found on the’ Mltsublshl RM-101 robot.
The robot conflguratlons and rotations were descrlbed in

S

chapter 4 with the resultlng equatlons which are used to

.

_determ;ne the misalignments. This chapter describes the
:xalqorlthm which conducts and‘testsfthe calibration method on
the Mltsublshl RM-lOl robot using a Mlcromlnt Micro D-cam
d1g1ta1 camera. | | ‘ |
| The descrlption of the test of the callbratlon
. method beglns %1tn‘a descrlptlon of the equipment used the'
| RM—lOl robot and the Mlcro D-cam camera. The calibration .

algorithm is then ocutlined- descrlblng the robot motlons and

configurations whlch must be determlned to conduct the

callbratlon.7 The test results and dlscus51on are contalned -

1

~in the final sectlon of thlS chapter descrlblng the method'

accuracy and sources of error
. .

4

* .

*5.1 .- Mitsubishi RM-101 Robot

N

IS . ) N -

. _ The 1mpIementatlon and testlng of the callbratlon.~
-‘method was conducted on’ a Mltsublshl RM—lOl robot.‘_The

RM—IOI 1s an educatlonal mlcro-robot ’ The dlmen51ons of thev'

o4
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robot are given in figure 5-1. Table 1 contal’f the ideal

~~

kinematic-parameters used to describe~#ire robot geometry in’

the modified Denav1t-Hartenburg transformatlon coﬁventlon
The RM-101 has 5 degrees of freedom plus gripper

‘movement lacklng yaw motlons in the wrlst jofq\\. Slx

.stepper motors actuate, the RM—lOl 301nt p051tlons An IBM

pc was interfaced with the RM-101 whlch controls the stepper
7 o ’ o
motors through the printer port. - S .

5.2 Micromint, Micro D-cam Digital Camera
, The vision system used to test the callbratlon

method was an inexpensive Micro D—cam dlgltal camera

2

retalllng for $300 Us. Thls dlgltal camera developed by .
@icromint Inc. uses anvIS32 64K blt dynamlc RAM chlp from
Micron Technology;. The IS32 optlc RAM contalns two image “
arrays Separated by a small gap, both w1th 256 by 128
plxels The camera was also llnked to thz IBM PC through. an J
1nterface card and controlled through assembler language,
vsubroutlnes called g,om BASICA...;;" vv'? ni,:-hnl
;. The heart of the Mlcro b-cam dlqltal camera is the

;532 Opth RAM. The IS32 is . a dynamlc RAM Chlp w1th a
»quartz qover over 1ts 65 536 memory cells arranged Ln two'.
‘fconvenlent rectangular arrays.- nght from v1ewed ob%ects 1s .

focused on these arrays through a lens.l When the memory | |
cells 1n the arrays are struck by photons of llght a p:

N

capacitor 1n each cell beglns to dlscharge from a preflxed L

e G ‘ - .
o T e
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LINK PARAMETERS FOR THE MITSUBISHI RM-101 ROBOT

-~ ~JOINT, LENGTH DISTANCE

- TWIST SKEW
" LINK  VARIABLE 1 (mm) r (mm) a(®) Y (°)
BODY |
1 o, - 0 0 0 0

SHOULDER SR | |
2 85 200 o 90 0
s
E ELBOW
3 01 1501 £ o 0 0
WRIST PITCH | _
4 94 i ’0-< 0 90 -~ 0
WRIST ROLL
' 0 0

5 o5 0 | 0




voltage. The c&pacitor discharges at a réte proporg%o-
the light intensity striking the element during its
exggsure. .

Following an exposure interval the ca acitor
vdltages of the menmory cellé are compared to a ﬁhreshold
voltage to determine the intensity of the light
each cell. 1If the cell voltage has decayed.below
threshold voltage .it is declared white, or high. If the
cell voltage is still above the threshold vdltage it is-
considered black, or low. The camera circuitry reads each
element by addressing each location as a mémory cell and
transmits the information to the IBM PC.

The camera is controlled by'a command byte which is
serviced through assembler languagé subroutines. Each bit
in the command byte controls one of the several operating
modes of the camera. One bit controls whether one or both
of the 256 by 128 arrays are transmitted to the computer.
Another bit controls whether the camera:is in a "soak" mode
allowing the incoming light to discharge thé memogy cells or
in a "refresh" mode restoring the cells back to their
nominal voltage..’ A %send" bit is used 36 request
transmission of théfgmages‘frqm the arﬁaYS,//\\“m

~

The'exposure»timggfor a picture is determiﬁed by the

. - . 2 \\\
amount of time the camera is left in the soak mode before
N . B . ‘ \F /
transmission of the image tq the computer. The images sehtﬂv°‘
‘ { : . o L
from the camera require some processing due to the nature of

the arrangement of the memory cells in the two arrays and
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the digital camera circuitry. The memory cells in the

arrays are in a honeycomb pattern shown in figure 5-2.

Picture proce551ng\1ncludes formlng the honeycomb pattern in
the IBM PC memory-from the data received and filling in the
holes of the patterh:. A hole is determined to be high, or
white, if two or more of the three surroundlng plxels are

A
also hlgh. This plcture processing results in two 1mage

arrays’ﬁith1512 by 128 pixels. ‘

The images in the camera pictures are further
processed by a551gn1ng coordinate locations to each pLXel ,\\
The target pé?%ts observed by the camera“can then be located

.in the camera coordinate frame by determining the centroid
of the high pixels which represent the target point, A
complete picture érocessing operation including the
transmission time of the image to the IBM PC takes
approximately 1 second for each array.

The reference target points used in ‘the calibration
test were‘small‘incandescant.light bulbs because the camera
was iery sensitive to infra-red light, which is common~with

*_most'silicon based image sensors. Under normgl room llght
'condltlons the target llghts were clearly v151ble at 3
!meters us;ng ‘exposures of 1 mllllsecond,‘

‘ - The camera was calibrated to determlne the
érelatlonshlp between the camera coordlqate frame and the
.plxel locatlons in the camera. Flgure 5‘3 1llustrates the
“two plxel arrays, the pixel coordlnate frame,land the camera
p051t10n vector used in .the camera transformatlon for the

-

Va . —_—
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! Honeycomb Pixel Pattern
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The Byte is Rearranged to Form the Honeycomb
Pixel Pattern with the Camera Pixel Numbering.
Pattern

B7xx45xx23xx01

} oo | // RV

-

;

;Figure 5-2 -Dig}gai Camé;a Picture Processing
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calibration procedure.

\

©5.3 Calibration Algorithm

The calibfatibn algorithm was written in BASICA for

‘the IBM PC which operated both the robot and digital camera.
The digital camera was controlled through assembler language
subroutines) while the.robot was operated using "lprint"

statements defining the number andjdirection of steps‘the
(bbbt stepper motors should perférﬁ.

“Figure 5-4 contains a 6 page flowchq;t of the
calibration algbrif%m: The flowchart outlines the steps
required to fdllow'the calibration procedure with
illustrations of the rébot aﬁ the various stages. Beiow ,

each illustration of the robot is the corresponding camera

view of the vertical reference targét pointygs -
~ \ [ ) .

5.4 Test of the Calibration Method

The calibration method was tested by placing known .
: , A G - —
misalignments in the robot andrmeasuring them using the

calibration algorithm. Misalignments were produced in the

-

robot by tipping it to one side using shims 6f.known
ithickﬁeés'as iliustr;£ed“in figure 5-5. This‘pl ceé-é‘
.misalignﬁent iﬁ‘the body joint axis which is dgéc.ibed by
'the base transformation. | |

When the body miSalignments areﬁmeaéured the
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-2 -
CALIBRATION ALGORITHM =
Robot
1 = body Join{
- - 8, = shoulder joint
83 = elbow joint
84 = wrist  joint, pitch
85 = wrist joint, roll ) 4
) E
4 L)
[-start |
-input coordinate locations A
of tatget points \\\\//w////
-calculate 8);, 67, 83 to
- observe .central target
.points in front of robot . (N .
-move robot . S
-take pictures
-input adjustments to robot
to observe all 4 central :
target points .
-take picrures :
-determine camera .target . ¢ e
point coordinates . - .
“calculate camera orientation ' .
“wrt vertical reference g - o
. Camera View
* . k ) M . ) ) . ' ; L
. -determirne pitch yaw, PY, v e -
Htransformation - ) S

I

~u 2

@ Continued on néxt page

& I

iy,

Figure 5-4 Calibration Algorithm

<
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-calculate 8] to observe
target points in left side
of camera view s,

-

-rotate body right

-take pictures

-determine camera target
point coordinates

-calculate 8] to observe
target points in right
side of camera view

-rotate body left

~take pictures

“determine camera target
point coordinates

7

-

-calculate 8;, 67, 83 to
observe central target
points at- side of .robot

-move robot ’

-take pictures

-input adjuStmenté to robot
to observe all 4 central
target points

-take pictures’
-determine camera target
point coordinates

-calculate camera orientation
~wrt vertical reference

Camera View

Camera View

-determine pitch yaw, PY, .
transformation

1

Continued on next page
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£

Camera View

Figure Sfb_(éontinuéd)VCalibration Algorithm
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-calculate 8] to observe
target points in left side
of camera view -

-rotate body right
-take pictures
-detemine camera target
point coordinates

-calculate 8} to observe
target points in right
side of camera view

-rotate body left
~-take pictures
-determine camera target
point coordinates

-calculate body twist and
skew parameters .
-upddte base, B, transform

4 .

-move robot to obsgérve
central target paints in

front of ‘robot .

-take pictures ~
~-determine camera %a&get
point coordinates " .~°

-calculate 67 to observe
lower target point

) . i
- .

,Qopq;nued on next page

‘Figure 5-4 (continﬁed) Calibrdtfoh
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-rotate shoulder down

-take pictures

~-determine tamera ‘target
point coordinates

—-calculate 8) fo observe
upper target jpoint

<

|
]

-rotate shoulder up
-take pictures
-detefmine camera tatT

point coordinates ////——ﬁd

~calculate shoulder twist
misalignment
-update body, D1, transform

-

¥

~-ctalculate 8], 83, 64 with
87=0 to ohserve upper

point with elbow rotation
limited to 63-% 0

observe
points

-calculate 83 .to
central target

-movesrobot -
~-take pPictures

-input adjustments to robot
to observe all 4 central
target points

~take pictures
~determine camera’target
‘1 point’ coordinates.

fdetermine pitch. yaw, PY,

transformation
— delS Y

Continued on next page

Camera View

Camer.a View

Camera View

Figure 5-4 (continued) Calibration Algorithm

i

106



L

~-calculate 93 to observe
lower target point

~rotate elbow down
~determine camera target‘
point coordinates

T

-calculate 83 to observe
upper target point

L8

~-rotate elbow up
-determine camera target
point. coordinates )

J-calculate 8;, 83 with

target points

8) = 90 to observe central

-move robot

~take pictures
~determine camera target
point coordinates

-determine pitch yaw, PY,
transformation

[

-calculate 63 to observe
lower target point

-rotate elbow down

-take pictures
l-determine camera‘target
point coordinates

P

-calculate 83 to observe

upper target point
— v T

Continued on next page
SN
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Camera View

€amera View

gract=s

Camera

View

Capera

. Figure 5-4 (cdnfihued) Calibration Algofithm
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-rotate elbow up
~-take pictures

point coordinates

-determine camera target

%

--calculate elbow t
skew parameters

-update shoulder,
‘transform

w i

Djy,

t

and

\l—EDd'

J Camera View

Figure 5-4 (continued) Calibration Algorithm
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- Joint Axis
o . Misalignment

Figure 5-5 Introduction of Misérignments into"thg RM-101
o " Robot to Test the Ca1ibration,Methbd o

-
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injg calfbrat&on pethod correctly measures the mlsallgnments'

75“§?phaced»1n the robot and corrects for then in the, base

,} transformatlon. Therefore when the,pallbratlon method

i
%ggﬁ proceeds - and measures the mlsallgnmeﬁts in the shoulder and

ﬂ i -

s J‘ !
%‘ elhow ghe base transformation has already corrected the

ngusallgnment introduced in the body llhk

‘ , To @llow the shoulder and elbow procedures to
d
measure the dmtroduced misalignment, the measured_base

misaliahments are?returned to their,former values prior to
the body callbrgtlon\, Thus,.following the body calibration

procedure’therbody mlsallgnments are returned to zero. The
. 0 i
base transformatlon w1ll ne ldnger correct for the

8 ’ ,°A,
mlsallgnment 1ntroduced at the base of the robot The

shoulder callbratlon procedure will therefore measure the

[ , o

'?mlsallgnment at the shoulder axis since the shoulder's wrong )

L)

orientation has not been descrlbeé by previous

trénsformatioﬁs

\

. Follow1ng the shoulder callbratlon the shoulder

P

uthlst mlsallgnment is returned to its f%iéq’ value of 90
degrees and the elbow callbratlon procedugz'w1ll Jneasure the
m;sallgnment since nelther the .base or body transformations
correctly_descrlbe the or;entatlon of the elbow joint axis.

~+  In this mghhe:, the sihgle misalignment introduced at the
base of thebrobot is measured three tides,vby the body,

'shoulder, and “elbow procedures.

In the test af the callbratlon method the
callbratlon algorlthm was flrst run on the robot:- w1thout any -

RN

Voo
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sﬁims to determine the_referencg or normal misalignments
present in the fébot. Misalignments were then introduced by
ﬁsing éaifs bﬁ shims 1.27 mm thick to produce misalignments
. Ain’the range of -3 to +3-degrees. The introduced
misalignments were then co%pared to the reference
‘misalignments to determine ‘the accuracy of the galibration
me;ﬁod. ) A ‘ i ‘
) - _ A\

One of the major requirements for the new

calibration mefhod was that it could be congucted without
%Eci)mply with this

N
requirement, the distances to the target points were

requiring a precision calibration site.

measured using a tape measure to the nearest millimeter and
the éamera'alignment wq%‘set by eye.

5.5 Results and Discussion . .

The resulté from the calibration test are shown in
figure 5*6.. The graph in figure 5-6 compar?sgthe measured
miéaligﬂﬁents with the true misalfgnments introduced i;'the
robot for six calibration testshat each misalignment.'~This«
graph shows that the calibration method works well with the
largest calibration error being —Qfl_degreeg at a
misalignméq; of -3 degrees. A second more revealing graph
in figure 5;7 qoﬁpares the efror in thg calibration method
with xespect to the true misalignment introduced in the
rébot. |

The calibration procedure for measuring the vertical

*
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body axis exhibited the greatest calibration errors ranging

from -0.1 to +0.04 degrees. The calibration: procedures for
I
measuring misalignments in the horizontal shoulder and elbow

|
joint axes proved to #e more accurate. The calibration
‘errors for the shoul@ér twist misaiignment ranged from -0.04
to 0.0 degrees. Tvé/elbow twist misalign@ent procedure =
proved slightly leﬁs éccurafe with errors‘réhging from -0.06
to 0.0i dégrees. /The elbow skew misaliénmé%t péocedure

proved to be most accurate with errors ranging from -0.01 to

0.03 degrees.

o

To summarize the results, the average error of all
the body twist calibratipns was -0.041 degrees. The average
error for the shoulder and elbow calibrations was -0.013
degrees. Analysis of ali the data reveals that the
repeatability of the calibratioA procedure for the body axis
is 0;08 degrees (2 standard deviations) and 0.01 degrees for
the elbow and shoulder a#is calibrations.

.There are several factors which affect thé overail
accuracy and repeatability:of the calibraéion ﬁethod. The
‘inacéuracigs of the caiibration method are introduced from
three sources: the robbt, the Verfical reference, and the
digital camera. Each of thesé sources is -analyzed
separapely to'deterﬁiné which factors cauée the énrofs
observea«in ﬁhe calibration tests. |

The Mitsubishi RM-101 is'anAeducationa; micro-robot.

Vian YN
s

This robot is not an industrial. robot manufactured to the \Y\
! " E . . . ° l" ’ ' ) . .
tolerances required for precision work. The accuracy and :

<
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repeatability of thé robot was hindered by large amounts of
backlash in the gears. This significantly affected the
tests of the calibration'methéd.

As pointed out, the calibrationvmethod was fesfed by
comparing the results of calibration tests with, and without
introduced‘misalignments} Dﬁring the process of tippihg the
robot to introduce the shims/for the misalignmeﬁt, the links
- would shift slightly because of the backlash in the gears
and ‘freeplay in the joints. This would introduce an error
in the calibration test accuracy. This.is not an accuracy
problem with the calibration method itseif, but with the
test of the éalibration method. For example, following
extensive movement‘of'the robot (tipping the robot on its
side‘to access the circuitry in its base) the test accuracy

changed by 0.15 degrees. As the tests were repeated the

calibration results fluctuated until they séttled on a new
misalignment véiue. Therefore the accurécy méasurements of
the calibration me;hod'include the accuracy of thé method
~itself-and‘some error due to the backlash in the jbints: |

| Another source of inaccuracy in the tests involves
the joint angles and stepper motors. Ihe posifibns'of the
joint angles controlled by the steppér'motors ihtroguced'
béth acéyrééy and repéata5ility errors to‘the_calibration
method. ACcuracy errofs in the calibrationlteSts are
introduced by tbé inaccuracy of the robot home pésition;
which is estimated by the rdbot.operator;. The Hg;é‘ggsition

refers to the starting robot configuration where the joint
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variables should be in specific.prefixed values. his yould
introduce consistent ogfset errors in the joint andles, but
should not cause significant calibfation errors because the
two pictufes used to determine the misalighments\would both

contain thzjeffects of the error.

ability of the stépper motors to consistently

~&»

Th
reproduce the required number of steps also affects the
célibrétibn repeatability. This was not expected to cause
'significant repeatability problems for the method because
the variation of the link rotations would be sﬁall compared
to Ehe‘total rotations of the iinks‘in the calibration
tests.

Another source of error in the calibration method is
the vertical refeigncg. A calibration procedure is alwaYs
limited by the accuraéy of its reference. There are two
possible erfors in the vertical reference; héw vertical it
is; and its location. The. vertical orientatian of’ihe
| the tests of the .

. o . 5 ]
calibration method since the accuracy of the method was

‘referénce was not a problem with
. . /’

determined with respect to calibration tests of the robot
‘with no introauCed miéalignments using the same vertical
‘réfe:encé. Therefore, if there was an error>in the vertical
ofiéhtatibn of the refefencer it was accounted for by
¢omp§ring'the éalibrationiresults with and witho?é
intfoduéed misa1ignments; 7F6r a‘réal calibfation however,
the'aCCufacy of the Qe:%ical refefénce is oflprime

'.importance.
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/ //Ah error in tﬁe locat}on of the vertical reference
would also introduce an accuracy error in-the calibration
method. The bosition error of the vertical reference would
however appear'in both camera pictures of the calibration
procedure. Therefore it would not affect the joint
calibration gnificantly because the misalignments are
determined with respect to t;e relative motion of the target
p01nts between the pictures.

The final source of error in the calibration method
is the digital camera. The digital camera can potentially
imtroduce errors in two ways, by the orientation of the .-
camera on the end effector, and fhe aCcmracy and
repeatability of the camera itselfrfor observing the:target
point'locations. The error caused by the misalignment of
the camera on the end effector is accomodated in two parts
of the calibration procedure.

LFirst; a.pitch yawvtransformation, PY, is placed
between-thefrobot end effector and‘the digital camera. The
pitch yaw parameters were calculated upon observ1ng the
'locatlons of the target p01nts for a known robot
conrlguratlcn.; The pitch yaw transfcrmatlon wculd therefore
ccrrect for theiorientaticn of thefcamera on'the end
c.effector as well as the combined effect of all.the'joints
mlsallgnments which would. affect the p051tlon and
-orlentatlon of the camera 1n the base coordlnate frame

TheAsecond way the camera'orlentatlon is

accommodated‘in the calibration method, is in the‘procedure
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itself. Thelprocedure of determining misalignments.with

\ .
respect to the relative motion of the target points between
two pictures, prevents the camera orientation from

significantly affecting the calibration accuracy. The

mislocation d&&the target points in the camera pictures due

to a misalignment of the camera would be present in both

. 4 2
pictureg and therefore not affect the calibration

S

significantiy.
The second source of error from the camera is the
camera's repeatibility for observing the taréet point
’ Iopafioms;‘ This turned‘out to be a major source of»~
repea;ability error in the vertical body calibration
'procedure. The target point locations were determined by
finding the centroids of the hlgh pixels for each target
point from ten plctures. The repeatability of the camera
for determining the locations of the target points was 0.20
pixels for the'camera‘x direction~and 0.32 pixels for the
camera y direction. This directly affects the-repeatibillty
_ of the calibration method by differing degrees for the
\hofizontal and vertical procedures;
In the vertlcal ]Olnt callbratlon the p051t10n error
Wthh determines the joint misalignment appears in the
camera Y dlrectlon The vertlcal jOlnt callbratlon alSO
uses smaller llnk rotatlons compared: w1th the horlzontal
: jOlnt callbratlon.v The smaller link rotatlons and larger
repeatablllty in the camera y dlrectlpn partlally explaln

the larger,repeatablllty for the vertlcal joint,calibration :
' : e - ¥ » S ‘
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qoﬁpared with the horiz&ntal joint calibration.

The vertical axis calibration also has another
source of repeatability error from the camera which is not
present in the horizontal axis calibration. For the
vertical joint axis, the rotation of the single link and
observatioh of the single tatget point determines ghe joint
misalignment with respect to the camera coordinate frame.
'The orientation of the camera coordinate frame with respect
to the global vertical direction is determined by observing
four target pointszin the vertical reference and fitting a
least squares fit line through the péints. The | |
repeatability for tests determining the camera orientation
wasja.lo)degrees; |

| This source of egror associated with the

repeatability of the camera observing the loéations of the
target points is only presént for the vertical joint axis
calibfétion. The repeatability error in determining the
cameré-orientatibn and the'larQer repeatability in the
caﬁera'y direcéion explains the significant'difference
 betweén'the répeatabilities of the vertica1 and horizontal
célipration procedures. |

. The deVelopment,of‘the éalibrafidn method focused
atteﬂtidn on the, potential sources of efror'and tried to
reduce.their‘eff ct on the calibfation'accuracy. The robot
was/the major source of uncertainty.in thé~accuracy obser§g§
in the célibration:teétsJ' To effectively determine the trué

-, accuracy. of the calibration method the calibra®ion testsv
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should be repeated on a precision industrial robot to
eliminate this soﬁrce of error. Even with the many sources
of error mentioned above: the robot, targethpoint positions
located with a tape measure, and the camera orientation
aligned by sight; the calibration procedure had accuracies
ranging from -0.1 to 0.04 degregs for the vertical joint
axis and -0.06 fo 0.03 degrz&s for horizontal joint axes.

From the results of‘the calibration tests three

: \ .

improvements are recommended which would increase the
acéuracy of the calibration method. The first would be to

L3 . .
use a better digital camera with higher resolution and

repeatability. The better digital camera would allow the
locations of thé'target'points to be determined with greater
confidence ,requiring fewer pictufes andvtests to determine
the misalignments. _

. The secdnd improvement to the calibration method
appiies to the vertical reference. It was seen from the
lower accuracy and repeatability of thefvertical joégE/gXis
calibrations that the vertical refererice limits the
rotationsvof the veftical_axis"procedure.‘ Instead of using
a vértiqal fEferénée aldne, it would be advahtagéous to -
construct é>combined vertical and'hbrizontal reference in a
cross configuration. Care would have to be taken to
properiy balance the cfdss'member'hérizontai referencevto
ehsuré_that,the vertibal feferencé is truly vertical and
‘ therefore the hOrizontal reférence; horizontal.~?éy having -
two target points Qn‘a horizontal.réferencé,‘thé'samé,basié’

)
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procedure used for determining the misalignments of
horizontal axes could be used for vertical axes. This would
allow larger rotations of the 1ink.abouﬁ its vertical axis
which would increase the»calibrationeaccuracy.. Using a
‘horizontal reference would also eliminate the need to‘
determine the orientation of the veftical réference in the
camera coordinate frame, thch had a large repeatability of)
O.lo'degfees.

The éhird improvement in the calibgation method
1nvolves the number of target points observed to determine
the misalignments. " The accuracy of the’ c%llbratlon method
.eould be improved by taking pictures of more target points.
Instead of generating only one equation which determines the
misalignment, pictures of several target points would
generate.several equations for each misalignment. The
equations could be solved using the Gauss-Seidel method with
a least squares error: flt to the mlsallgnment solution.
| In summary, the results of the callbratlon tests
fevealed that the avefage error for the'vertical»body axis
- twist eaiibration was -0. 04i degrees The callbratlon tests.
for/the horlzontal shoulder and elbow axes had an average
error of —0.013.degrees. These results confirm that the,
'ealibration method works Qith'relative insensitivity to the
imprecise callbratlon 51te. | .

L The follow1ng chapter dlscusses the 1mportance of
the link joint variable on the accuracy of a robot.

¢
' .
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CHAPTER 6 .

Joint Variable Calibration
{// ' The results of chapter 2 revealed that the joint
variable, 6, and the joint axis orientation parameters, o
. ‘
and Y, cause the greatest manipulator errors. The
calibration method developed in this investigation measured
the fixed twist and skew parameter errors. 1Though the
object of this _investigation to develop a calibratian
procedure for the flxed link parameters without requlrlng a
prec151on callbratlon site has been achieved, consideration
of the 301nt variabje can not be neglected. |
Calibration of the dominant fixed joint orienhtation
parameters will improve robot ‘accuracy, but it should not be
foréotten that the joint variable was;also_a‘dominant term
for-causing‘manipulator errors. Errors in the flxed robot
parameters cause robot accuracy errors.. Errors in the joint
variables will cause both accuracy and repeatability‘errorsb
hin the robot.. The repeatabilityrof the joint variabies is
generally very good with many robots hav1ng a’ repeatablllty
of 0. 1 mm | }
The remalnlng concern is therefore, the accuracy of

;the joint varlable. The accuracy of the jOlnt variable y'

' depends on the resolutlon of the 301nt encoders and

‘ resolvers, the number of blts of controller memory asslgned'

;_12‘2.
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for stérage, and the accuracy of the robot construction.

Following the calibration of the jointfaxes
orientations, inacCuracies in the end effector will be
dominated by joint variable errors. Unfortunately, the
digital camera mounted on the end effectof for the joint,
axis calibrations cannot calibrate the joinf variables
without requiring precise mountingvdf the camera and vefy
accurate locations for the target points. The joint
variables can howevér be calibrated without re&uiring\any
céanges to the Qork cell.' |
\l ;pe calibration method developed ﬁy;ﬂu, requiring -
precision calibration,poinfs in the robot work cell can be
used to calibrate the joint variables. ﬁb@ drawback with
~Wu's method was that i; required precision calibration
points over a fairly lafge volume of the work space to
estimate all the rogot”kinematic parametérs. In,general,
the only canﬁenient precision points in the wofk.qell are
the locations of workihg boints where specific_operatioﬁs
are Eo,be condUcte&; forjexémple,.the ldcatién of g.chuck or
clamp wherena_WOrk piece is held. . . - . r'

Usiﬁg'these.existing'work éélllprecisionilocations'
the.joiht.vaiiables can be.céiibraééd,' The method'to H

calibrate the joi;;>variables.wQﬁid position»;he robdtjat ‘
vseveralvof-ﬁhesé'wqufspace prgcisibn iocétibns; A;’eaéh,:f
iocatiOA the posifion errors of'fhéJendltbdlAére meashréd.
By ﬁéing'the‘position»équations'(2F61)-thrdughl(2—63)‘ih’

equation.(2¥84) the errofs in tﬁe'jqinf variables'cahdbe]
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“estimated. After repeating the procedure at several points,
W the position errors should converge to .zero.
This is one method to calibrate the joint variables.
The purpose of this chapter is not to precisely define a
‘célibration method for the jcint‘variables but to impréss
upén the reédér that the joint variable is another dominant
‘ . . p
parameter for causing manipulator errors and should not be
neglected when considering robot accuracy. |
| The, following chapter contains a suﬁmary of the

‘i:evelopment of the joint axis calibration method and the

conclusions from this investigation.



CHAPTER 7
Summary and Conclusions,

Major advancements in robot programming will soon be
on the factory floor because of the need for less tedi%us
programming of large numbers of robots.‘ The advanced
methods of programming off-line (without a robot) are
performed at computér terminals using high level languagés.
In high level languaées the end effector ié positioned by
calculating the joint variable positions (software defined
targeting) using the ideal robot geometry.i.However{ errors
in the ideal geometry of the robot cause software defined
targeting to be inaccurate. 1In response to this problem,
calibration methods have been developed to measure these
errors~in‘the robbtvgeometry and u§e the correct geometric = -—
parameters to increase robot accuracy.

The purposé of this investigatidn was to dévelqp a
neQ:calibrétion'method which overcomes several of tﬁe
shortcomings of the previously developed methods. The major
'v drawback exhibited by other calibration methods was the need
_for a predision‘measurement‘envirohment to conduct the_‘
procedure. -This required either movinglthe robot'to a
precision énvironme t to conduct the calibration or the
copversion of the rob't,&brk spacejiﬁtq_a precision

‘ _ /
calibration site. or large numbers of’ﬁfbots, both of

-~ 4 g 125
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these options are time consuming and therefore undeéirable.m

It was desired that the new calipration method of
this investigation'overcome this disadvantage and satisfy
several other requirements. The major requirement for the
new calibratioﬂ-method was that it could be conducted
without the need for a precision calibration site. The
calibration procedure could therefore be conducted in the
robot work environment without requirind the relocation of
the robot. ‘it was further required that the calibration
procedure not require extensive 6r time CO;suming changes to
the work space. It was also desirable that the procédure be
automated to aid in the speed_and ease of conducting the
calibration method. ,

The development of the new calibration,ﬁethod began
with developing a lihéar error model to‘determine which

errors in the kinematic parametérs describing the robot 1link

geometry caused the greatest manipulator errors. The

PR
.

1afgést manipulator errors were caused’by errors in the
joint a#ié orientation'and joint variable of each link.
\\.'Err¢rs in the joint axis ofientation are described as t&ist' o
\\and skew misalignments. Joint axis twist‘and skew
hisalignmentsrcaﬁse~the gréétest manipulator errors because
they are magnified_o&é; the’léagths of the succéssivevlinks .
from the misaligned axis to cause position errors at thé end
effector. It is élso these two paréheters thch are the

most difficult to ménufacture accurately in a robot. If -

these two parameters were measured and used in;describing
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tﬂe robot geometry, robot accuracy would be increased for(\S
software defined targeting. |

The decision to develop the new calibration meﬁhod
was made because it was intuitive;y visualized that a camera
mounﬁéd on the end effector of a robot would.be éble to
observe joint axis misaiignments reiative to é vertical
referente. This new calibration method would not réquire a
precision'calibration site. The calibrétion méﬁhod
developed in this investigation consists of three
compénents: a digital camera, a vertical set of referencei
target~pg32;s, and the calibration procedure using the

robot, camera, and vertical reference. . e

The calibration method begins at the ba;;\éf the
robot and proceeds calibrating’ each link in succession
towards the énd effector; The generallprocedure for
determining ﬁhe joint misalignments consists of taking two
picpures of tﬂé refefenée targét'poihts separated by the’
rotation of a éingle link. By fotéting only one link, the
’relative,motion\of the target points in the.éémera pictures
’With'respeét,tb éhelvertical réferenée will only describe
the misaiignments\qf the rotated link?

Equations ?rqm the linear err?rvmodel‘were used to
‘determihe‘the robof\conf%gu:atiéns'and rdtations which-would
reveal‘the.miéalignﬁ?nts in thengmera’ﬁibtures. Twist |
_misalignments afe're&saled by'iihk Vériable'rotations.in the
vicinity of 0 degréeé\gnagskeﬁ misalignments in tﬁe vicinity

of 4/- 90 degrees. :Fogyafd links, from the link being

\

\ R i Lo~
\ _ o }
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rotéted, should be positioned to produce the largest.
position‘veggor for the robot.

Tw;’procedures were developed: one for horizontal
joint axes and one for yertical joint axes. The vertical
reference used in the calibration procedure is ideally
suited for measuriﬁgAmisaliQnments of horizontal joint axes.
For horizbntal joint axes‘the robot is positioned such that
the misalignment axis (x for twist misalignments and y for
skew misalignments) is perpendicular to, and intersects the
vertical reference. The link beingvcalibrated is then
rotated about its horizontal;axis tb observe two target
points from tpe same vertical reference. R

Thé proceaure for determining the misalignments of
vertical joint axes is slightly more complicatea. Vertical
‘refefénces are positioned near the x twist.axis and y skew
akis of the vertical joint axis being considered. The
calibration procedure consists of observing a.éingle target
point in either side of the.camera view. fhis detérmines
thevjoiht ﬁisalignment with respect to the cgméra‘coordinate;»
frame. The oriehtatiog §f the camera coordinate frame is
determined'with.respecﬁ tp thelrobot base coordinate framef
by obéérﬁiﬁg'several‘tafget poinfs frbm éhe vertical |
réference in ohe p%bturé. The joint misalignment with
'réspectbto the basé coordinate frame,ié obtéihed‘by.

Cbﬁbérihg the results from the.ﬁisglignment determined with
respeCt»tp‘the camera’¢oofdinaté frame, and theiorientation

of the camera coordinateiframe in the base coordinate frame.
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Tﬁe equations which are used to determine the joint
misalignments were developed from the transformation
equations which describe the robot-camera systen. "The nine
e;ientation quatibns from the transformation equation are
Atritial for the robot—camera system obéerving target points
since a point in space does not have an orientation. ' The
position equation which describes the dominant error
observed in the camera, corresponds with the orientation of
the joint axis being calibrated.! Therefore, if the joint
axis lies in the base 2z directien, the z position equation
from the.robot¥camere transformation equatiop is used te N
generate the miéélignment_equation. ,;

If the proPEf misalignment equatiens have been

.

chosen, the coordinate positions of' the target points which .
appear in the equations for both pictures will be the same.
~ The misalignment equation'Which determines: the joint axis
orientation is generated by equating the positiqhs of the
target points. For vertical joint axes,. ohly thelcamere
terms are kept in the equation beceuse'only the motion of a
51ngle target point is observed to determlne the |
mlsallgnment. For horlzcntal ]Olnt axes, all of the terms‘
are requlred to. descrlbe the joint mlsallgnments.

The callbratlon method was tested u51ng a Mltsublshl
‘ RM~-101 robot and a Mlcromint Micro D-cam dlgltal camera.’
Mlsallgnments were 1ntroduced ;nto the base of the robot by'
tipping the robot to one eidefusing'shims_of=kno&h : 4
" thieknees; By comparing‘the‘joint misa%ignhents heasured

/
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with and without the shims, the accuracy of the calibration
method was determined for the equlpment used (

The results from the tests revealed that the
‘vertical axis callbratlons had accuracies ranging from -0.1
to 0.04 degrees with‘repeatabilities’of 0.08 degrees (2
standard deviations). The calibration tests for the

horizontal axes had accué&qﬁes ranging from -0.06 to 0.03

~--——degrees with repeatabilities of 0.01 degrees.

) The 1naccuracy of the calibration method observed in
the tests was partially due to the method of testing the

\\ calibration procedure. The backlash and freeplay in the

} robot joints allowed the robot's linksAto move when the

robot was tipped to introduce the misalignments. To
determine the true acouracy of the calibration method would
require the tests to be repeated on a robot.without‘backlash
and freeplay in its joints.

The differenoevin accuracy between the vertical and
horizontal axes was the result of the different procedures
used. The vertlcal reference is better suited for measurlng -
mlsallgnments of horlzontal axes since it allows 1arger
rotatloas‘of the llnk being cal;brated. Larger-rotatlons
will produce larger‘position'errors in the camera'pictures
and'thereéére reduce the effectsvof-the ihaccuracies pf the
method and equlpment.. | S | '

The dlfference in repeatablllty between the vertlcal
“b
and horlzontal axis callbratlons was also the result of the

different procedures used. For the vertical axis

-
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calibration the camera exhibited a large repeatability error
of 0.10 degrees for determining the global vertical
orientation in the camera\coordinate frame.

The'objective of this investigation was to develop a
calibration method which overcame several shortcomings of
the previously developed ﬁethods. This was achieved with
the new method. The calibration method develeped can -easily
be conducted in the robot work environment without the need
for a precision calibration site. The vertical references
used in the calibretion method are easily moved in and out
of the robot work space with little inconvenience. The
digital camera can also be easily mounted on the robot end
effector and alignment of the camera by eye was sufficient
to produce the accuracyyof the results obtained in this
investigation. The calibration alqerithm requires very
little human lnput to complete the: grocedure and it would be
p0551b1e to develop an algorlthm which would be entlrely
automated. R -

The calibretion method fulfiiled the requirements
set out inzthis inveetigetien which eSsentially required a
method'ﬁhich‘is insensitive te errors in theirobot and
calibration equipment, yet measures the joint erientation
errors.'TThe:accuracy obtained by the procedures was‘
‘satlsfactory but the repeatablllty error was 1arger than
de51red for the vertlcal axis callbratlon. Three

, 1mprovements ‘are. suggested whlch would 1ncrease the accuracy

and repeatablllty of ‘the callbratlon method.,
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The first improvement would be to use a better

digital camera with higher resolutiocn and‘repeatabilityu

The digital camera used in this investigation was a major
source of the repeatabilitylproblem for the method. The
repeatability for loCations‘of the targef/;oints was 0.20
pixels for the camera x direction and 0.32 pixels for the
camera y direction. This large repeatability for the camera
resulteo in a repeatability of 0.10 degrees for détermining
the orientation of the vertical reference in the vertical

S

S Ki L

A second improvement which would both improve the

axis calibrationl
accuracy and repeatability of the vertical axis calibration
would be to use'a horizontal reference. The new.reference
for the calibration would be in a cross configuration with
both a vertical and horizontal reference Care would have
to be taken to properly balance the reference to ensure the
integrity of the reference. With a horizontal reference
with two- target p01nts, larger rotations of  the vertical
axis links would increase the accuracy and repeatability ot
the vertical calibration. Two target points from a- |
horizontai reference would also'eliminate the need to
determine the orientation of the vertical reference in the

~ camera coordinate frame.

| The‘third igproyement'suggested is to use more than’

.‘k:two target points'to determine the'misalignments.' If each

'link was rotated to observe several separate target p01nts,

more than one equation describing each misalignment would be
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obtained. These equations quld be solved using an
iterative method, like the éauss—séidelomethod, With a least
™ squares method to obtain the best misalignment solution.
Though the calibrationapf this inVesEigation will

improve robot accuracy, further calibration of the joint

variables may also be required. The joint variable was the

third parameter.describing each link which dominated end

-

effector errors and should not be neglected when considerigg
robot accuracy. ‘

Robot accuracy has only become an issue wifh the
advent of off-line programming of~robots. Once a.more
~accurate model of a robof is obtained for the combuter
software, the robot accuracy will be improved throughout its

work space. This will eliminate a serious impediment to

oft-line programming methods.
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A Appendix A
\\ NN |

Homodeneous Transformatiens

This appendix has-been included for the reader who

is unfamiliar with homogeneous transformations. Unfamiliar

»

readers are also referred to r=2ferences by Paul (1981) and
Snyder (1985y. The elements of a homogeneous tranSformation
may be viewed as four vectors descrlblng a second coordinate

" -

frame. The elements of a general transformatlon are given

, , 1 \x
in the form . .
‘\ .
\ _ .
[ ) .
Ny Ox Rx Px “
‘ ’ " . A \‘,\
n o, a p.
@ T = Y ) y _9‘\\ y\ “(A-1)
n o a, . P, ,
VA 2 Z }
TN P
0 0 0 1

o
Figure A-1 1llustrates an example where the orlentatlon and

‘position of an end effector 1s described by a homogéneous
vtransformatlon. The elements of the transformdtlon @,
~comprise_one position and'three orientation vectors.-,The

vposxtlon .vector p { px ‘ py / Py ]T describes a

f translatlon from coordlnate framﬁbl to the orlgln ofxthe

coordinate frame 2 on the end effector. The orlentatlon of

)
\

the end effector coordlnate frame is” described by the three

remalnlng unlt vectors n, o, and ‘a whose components are

glven w1th respect to coordlnate frame 1. eThe approach {

136
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Figure A-1 Homoge’n'eous'_"Trarv\s_'fofni'fé’ti'on Vectors ‘

4;
&
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vector, a, is directed along the z, axis and corresponds

N
with the direction the .gripper would approach a position.

C o~
- . . ) a

which, corresponds to the position vector {a , b , c]T.

‘ by an'anglo'theta (o) are given by

-

The orientation véctor, o, i; directed along the gripper Yo
axis and the ;ormal vécto; n, is Qefined'by the‘x2 axis
determinod by the cross-product of the orientation and
approach vectors. Comblex transformations are generated by
the product of severafiglgbge translatlon and rotation
transformatlons. The genenah translation transformation is
.given by |
(1 0 0 a ] |
_ 0 1 o . . b
Trans(a,b,c) = o (A-2)
0 o) 1 c
P _0 0 0] 1_

' Rotation transformatlons about the x, Y, and z axis

R = 1 0 0 [0 _
. . . ) ) A
. » o N ]
o . cos 9 -sin ¢ 0
Rot(x,9) =. » _ -(A=3)
: ‘ 0 sin @ ' cos 6 0
0 0 0 1
b . pu—
‘ o K o ,
cos ‘¢ 0. ~ sineg 0
N .
“ T . 0 1 0 0
Rot(y,8) = : K v , (A-4)
. ~sin 8 0 +cos e O
: 0 0 0 1

138
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AN \\
— N .
cos § ~gin ¢ 0 0| N
“sin g - cos 6 0 0
Rot(z,e) = (A-5)
0 0 1 0
0 i 0 0] 1

As an examp e;‘the transformation describing a
rotation about the z axis of 90 degrees followed by a

translation of 2 units in the new x direction is given by

Rot (z,90) Trans(2,0,0)

T =
>
|
~ : -
‘ 0 -1 0 0
1 o 0 2 ‘
= | 1 (A-6)
) 0 0 1 0 R‘?
0 0 0 1 |

L . _
A second frame, B, is given by the transformation:

— : : ' I

1 0 0 2
0 1 0 0
B = . (A=7)
0 ' 0 -1 -0
0 0 0 1
Two transformations of coo¥dinate’ frame B may be e

'accompiishedvusing T. The coordinate frame B may either bé
premultiplied br»pdstmultiplied by T. If frame B is
postmultiplied by T the ﬁransformation is made with respect

to the coordinate frame B.
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(A-8)

If the coordinate frame B is premultiplied by'T then

the transformation is made with respect to the base

coordinate frame.

.

X = T

0

e

/

1

-

(A-9)

The results of these two transformations are shown in figure

A-2. Homogeneous transformations may be used to describe

the coordinate frames. of each link in a robpt manipulator

and generate the maﬁipulator kinematic equations. Two

conventions for representing revolute links are discussed in

Appendix B.
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Figure A-2 Relative Transformations

o
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Appendix B

Denavit-Hartenburg and Modified Conventions

The relationship betweent connected lihks of a serial
link robot manipulator can be described using homogenpus
transfor;ation matrices. By placing constraints on the
orientation of thé coordinate frame in each link, Déhaviﬁ
.and Hartenburg were able to describe a link using only 4
kinematic parameters.

Figure 2-1 illustrates a revolute link in a ééquence
of links. For a revolute joint, ¢; is the joint or
depéndent variable. Three other fixed kinematic.pa£ameters
aescribe'thé relationship between 1ihk i-1 and iink i: The
link length is déﬁotedhby the variable 1;. The link length
is the common normal distance between the jqint axis Zi-l‘
ahd‘zi. The link distance, ri‘is the mgasﬁre of the
distance between the two‘nqrmaié,describiné the 1link
-lengths. If the joiﬁt axes are-pafallel the joint diétance
is taken to be zero. The twist angle df a 1link &i' is the
angle between thelzi and zi-l‘joint axié in a plane’
per'  éicular to.ii.

- | This investiéatioh deviéies slightly"from the usual
nomenclature ﬁ;ed,to‘desqfibe’théliink péraﬁetérsﬂ ‘The
 usua1,nomén¢Iature uéeé aiifor‘fhe link.length ahd d; for:

" the link:diStancél‘ These were changedpto,aVQid confusion

142

o



143

with the approach vector, a, and the differential

. 0
translation vector, d.
. A

The Denavit-Hartenburg transformation for the
assigned coordinate frame is given the following rotatiohs
and translations.

a) rotate about z;_, axis the joint angle 85

b) translate along Zj1 axis the distance ry

c) translate along rotated xj;_; axis the length 1

~

d) rotate about x;

i axis the twist angle aj

1

These rotations and translations may be expressed by four

homogenous transformations called an A matrix

RN

Ai = Rot(z,8) Trans(0,0,r)\ Trans(l,o,b) Rot(x,a) _ //
[‘CGi -SeiCai 5915“1 _ “11C61
%, 6.Ca, -(o.Sa. 1.50,
_ i i1 i AT (B-1)
0 | Sa | ) Caj LTI
0 0 0 1

{ R - .
*Abbrev1atlons for the cosine and sine functlons are glven by

C and S respectlvely

The four klnematlc parameters accurately descrlbe
the geometry between connected llnks and can be used to.
describe an entlre-robot manlpulator._ The d1ff1culty w1th
the Denavithartemburg'conventiom-arises when it is desired
to describe small skew misalighmemtsiih-parallei aoint akis
(see flgured 1-6° and 2- 2) |

The klnematic parameters for the Denavit- Hartenburg
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convention giich describe two links with parallel joint axes

/
are shown below.

dependent variable

‘9 (joint variable)

II
o

x (twist angle) degrees

]
—

1 (link length)

]
o

r (link distance)

For a slight skew misalignment the comnected joint
axes are no longer pérallel. The joint variable 8 and twist
angle a are unaffected in the description of the misaligned
link. The two'joint~axes, no longer parailel, will

, ‘ )
intersect at some large distance from the link itself unless
a twist miéalignment also exists. The link length li, the
common perpendicular distance between the two joint axis,
will becoﬁe 0 instead ofxli, The distance between the
common normals (ri) will‘approach infinity instead of being
equal to 2efo. The A matrix for this hisaligned iink is ill
cdndifigneq and therefogg.ﬁumerically difficuit to wo;k

~with. To\accomodate theiskew efror, Kermack (1986) -
introdud@?{a fi%th Fféhsformation at the eﬁd of the
, \ ‘

N f

~Denavit=Hartenburg convention. The ro;ations,and_;

/

translations which describe the modified convention called a
D matrix are ' . -

v‘Di = Rot(z,8) Trans(0,0,r) Trans(l,0,0)
‘ Rot(x,z) Rot(y,Y) . ~ (B-2).

The skew misalignment is described by a final rotation
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transformaéion about the y; axis. With this modified
convention the link length (1) and diétance'(ri) remain
unchanged and the skew rotation transformation describes the
misalignment.

The modified Denavit-Hartenburg transformation is

given by
'—CSiC\i - 581501.371. -SeiCai (;61.571. + Se,'ScxiCyi liC‘Ej'T
. 931Cyi + CeisaiSYi CeiCai saisyi - Ceisaich 11.391
i-: . . ) .
’CaiSYi Sai_ Ca1Cyi. | T
0 0 0 1]
(B-3)

Readers who would like further information on the
Denavit-Hartenburg transformation convention are referred to

‘references by Paul (1981) and Snyder (1985).



