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Abstract

In thxs paper we descnbe an algorxthm to allow a manxpulator to track a complex -
contour without havmg to teach or program any points on the contour Th1s is'an
1mportant problem in many manufactunng situations, when a robot tool such as a" -
-deburrzng tool ‘must ‘follow ‘a ‘complex work piece contour. ‘In such 1nstances it is .'
tedius to teach or program the manxpulator to follow such contour addltlonally cah— v
beration of the ~manipulator or the workpart may be difficult. .The algonthm we
present has been exprimentally demonstrated utlizing a force sensor, a ﬁve degree of
'freedom mampulator and a 68000 sxngle boa.rd computer P :

. Intro’duetion

A ]'.n many m.anufacturmg tasks such as deburrmg, applxcatlon of sealents and“
adhesives, etc.. The manipulator is requxred to track a contour of an obJect In such
mstances the workpxece must be accurately posxtloned and the contour of the obJectv '
must usually be taught [Paul 81] (see Figure 1) or it must be. generated from a CAD .
database, or a manufacturing blueprint’ (drawmg) In such cases a caliberation pro-'

‘cess is necessary to align the actual coordmate frame of the part with that of the pro- - - ’v

grammed coordinates. This must be carried out every time a ‘part is worked on. This
requires addxtxonal setup overhead time reducmg productivity. Expenswe ngs are a.lso
required to locate the part such that it is correctly posxtxoned :

In this paper we describe an alterna.txve method for trackmg obJect contours w1th
force sensor feedback. This does not requu-e prior teaching of obJect frame or addi- -
tional posltxons descnbmg 1ts contour. I T : o o
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Sectxon II of thxs paper describes the contour tackirg algorzthm Section m of‘ '
this paper descrxbes the experunental results, Conclusxon is found in Sectlon V..

II. The Contour Trackmg Algorxthm

In thxs sectxon we descnbe the contour trackmg algomthm in deta.xl. The baslc_' ;
purpose of the algorxthm is to gulde the robot around an 1rregularly shaped obJect s0
as to determine or follow its contour. The object can be 1naccurately placed in thev_
robots workspace Once the shape mformatxon is obtamed it can be stored for use at
a later time. This could be useful for. such tasks as removmg ﬂashmg from a d1e cast
part. A human could remove the ﬂashmg off of one part have the robot learn ‘the
part’s shape, then use the stored shape mformatlon to have the robot remove the
ﬂashmg off any snmlar part at any time. :

The algonthm is rather su:nple conceptually In a sentence, the robot just moves
at a right angle to the contact force. Problems arise in that the robot must somehow
approach the object thhout knowing exactly where it is. It must not loose contact
until it has completely traced around the object, and it must noi apply too much
force to the object It must also determine- when the tracmg around ‘the- obJect is
complete. S : :

~ Additional problems arises if the robot controller is. only capable posmonal con= .
trol. That is the robot cannot servo to a force when it is in contact. In such a case it
is necessary to move the robot in small but appreciable d1sta.nces to increase or
decrease the force. This mcreases the risk of losing contact thh the object or applym
ing too much force. The apphcatxon of too much force can cause the robot actuators
to saturate and the arm to jam and hence fail to reach its end posntxon, a.nd thrs:
 causes many commercial robots controllers to “‘lock up ' and not respond to any more
commands. The algorlthm developed addresses all these problems a.nd a ﬂow chart of
this algorlthm is shown in Fxgure 2. ; :

 The Contour Trracla'ng‘Flowchart Descripta'on |

As can be seen in Figure 2, the algorithm is dxvxded mto six ma;or sectlons.
~ These sections are descrxbed below: ‘ ' 5

 Initialization

Before the robot can even begin to approach the obJect the control system must
initialize a variety of parameters. Fxrst, it must move the arm to a safe position.
Then initialize the force sensing system and record any existing ‘bias forces sensed at
the sensor. The bias force would include weight of any structure w_hlch ‘the force
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sensor supports ‘Such as the robot wrlst, if a wrlst force sensor is used Wexght of
objects placed on the table 1f a force sensmg table is used. :

Approach Phase

Once at the startmg posxtxon, ‘the robot then approaches the object by moving
small incremental distances some what equal to the tolerence with which part is posi-
tioned in the robot workspace. The robot is moved in this fashion until a threshold
force is exceeded at that point to ensure an actual contact. The contact force thres-
hold (Feontact_min) and its value must be. expenmentally determined. This is because

most manufa.ctunng envrronments are nonsey, for example ‘when the mampula.toru '

accelerates or stops forces are experxenced at the wrist if a wrist sensor is used, or at
the force ‘table if a force table is used. Multxtude of other events cause force sxgnals
to be registered. As a result the contact threshold must be set suﬁcxently high
enough to keep force sensor noxse signal from fa.lsely causmg a valid contact condl-
tion. The contact test is then: ‘ : :

if [[Fcoamt—_ (F; +F )]>Fcont¢ct.ﬂln]th‘en "°"t°°t-“’t°bl“’h‘d’(1) o

where F, and F, are the contact forces measured by the force sensor Once contact '
has been made, the algorithm enters into the traclng phase. = ‘ '

The Contact Th.re;shold Force,

- The robot must now be moved to 4 new posxtxon while- ma.xnta.xnmg contact The 5
contact force must be appropriately selected such that excessive force is not exerted
which may result in saturation of the robot a.ctuators. In 1a.rger robots large contact
forces may damage the robot and the ‘workpiece. The actuators are saturated the
robot may be Jammed and if it is a posxtxon controlled device it may not accept a
new set point until the position error is zero, There is a range of forces
(Fiams Fﬂm_m] in which the robot may jam dependmg on the conﬁgura.tlon of the
arm, frictional forces and the geometry of the contour. The conta.ct force must ‘then
be selected in such a way that: i ‘

3 [Pt Pt | <VETF R <P @

-where Fam <F am_maz-

The desired contact force must therefore be erpemnentally found Thxs obvi-
ously depends on the material of the tool tip and the workpiece. The ,touch force Fy

is set at comsiderably less than the actually jamming force Fiam- As the robot must
able to move from one contact point to the next contact point without jamming up



(a.nd reqmnng human mterventxon) o _

If the contact thfeshold and the Jammmg threshold are too close together, the‘_f“—
robot may not be. a.ble to position the force in between them due to its mmxmmn,
‘ travel distance. This can remedied by increasing the spread between the va.lues, or'
by reducxng the mcrementa.l robot moves to smaller dlsta.nces. ' Lo

, ' Thls thresholdmg a.ctxon is illustrated in Flgure 3. .A.s the posltlon of the probe’li
moves from P;,_, to P; the robot tries to keep the conta,ct force va.lue between F,mn: n
'a.nd F before 1t trxes to move at a right a.ngle to the f’orce. e B '

- Record Positz'on o

When the robot ha.s completed an mcremental move while keepmg in contact”
with the object its new probe posxtxon is recorded Thxs posmon must ‘be’ compen-' :
sa.ted for as ‘the robot and its tool ﬂexxblhty a.lters a.ctua.l locatxon of the object con- '
tour, as sensed at the Jomt pos:txon sensor ) ‘ SR

Condztton.s for Termmatmg thc Contour Tracking Mt:on

_ The starting posltlon oti the contour is deﬁned as the first point a.t whxch contact
wa.s ma.de. ‘The robot is contlnually moved to the right while maintaining a contact.
»A stoppmg regxon is deﬁned as being the circle with the center as the. starting point. -

"~ When the tool enters thxs cxrcle the contour trackmg operation is termmated This is

C -shown in Flgure 4,

'A'Iovmg Around thc Contour |

The probe must be moved from posmon P to P In this experxment the -
| current force mformatlon is used to compute the 1ncremental move to point’ P :
Given the radxal step 31ze for the movement is Ar then - :

4F¢ |

: fdPi:i_fAf ‘ o
AL (F +F 5
" ".Fy.' |
: »dPg;,-',=, —ar } N g
e e F+Fr £ @
Where'F , and F, ‘are forces monitored from the current cont'a’gt,';, Then, : o

‘where



'Once the move is completed the contact force is' checked, if the' contact force xs below
. the minimum contact force a new move dP is computed. The new mcremental move

- bnsects the angle between the initial dlrectxon of -the 1ncremental movement and the _'

direction of the maximum force. This i is shown in Flgure 5. If the move dP does not
ensure a minimum ‘contact force, the angle between dP and the dxrectlon of the max '
: lmum force i8 further halved until contact is made. ) e I

Eﬂ'ects of Probe and Robot Comphance ‘

As mentloned earlier the robot used in thxs experunent is'a posxtlon controlled, o

‘device as a result comphance is essentlal for ﬁne force resolutlon. It K, is the carte-
sian st:ﬂness of the end-eﬂ'ector and d:x:nIml is the mmxmum carteslan movement then,

. Adchtxonal comphance can be added by a comphant probe }'{? mbc) as: Lo

TEK K K’"""'

where K is the altered stiffness of the robot and the tool a8 seen at the txp of the L

probe. Figure 8, shows the effects on posxtlonal error w1th a complxant probe and a
~ stiff probe ‘ : ‘ : ' : ' ‘

4. Results of the Experxment

The algorlthm that was developed to trace the path of the ob_]ect on the force e

table worked quite well The probe mamtamed contact with the obJect and never
became lost. The process of tracing the entxre ob_]ect was fairly slow due to the
nature of the robot communication as it took long for the robot to execute the move :
commands. When the object was retraced thh previously calculated and stored Joxnt |

- positions, the process of tracmg the peruneter of the object was cut to roughly one
half of the orxgmal time. A photograph of the experlmental workstatxon is shown in

Flgure 7.

Plot.s o f ObJect Outlmc v

Four dxﬂ’erent objects were traced and the of thelr outhnes were: plotted Flgurei o

8 shows three of the objects. Figures 9, 10 and 11 show the outlmes of the objects
- from the stored ‘data. These outlines are a _by-prodnct of ‘the- algonthm, since the



: a.lgorlthm’s purpose is to teach the robot how to trace around an obJect A.lthough-

the Cartesian points plotted may have errors in them, the a.ngula.r positions stored are |

still correct because they truely represent the posxtlon of the contact thh the object
at that specxﬁed force. : - ’ :

Analyszs Of Rcsult.s -

There are three kmd of errors most notable in the outlmes of the plotted obJects -

The first error.is the shrmkmg of . the obJect, -primarily in. the z. dimension. The'
shrinking of the dimensions of an object i is generally caused by the compliance of the -

probe and the robot arm joints. It may also be caused by backlash in the gears,
creatlng the effect of the robot having to move the Jomt further to. achxeve the same
pressure. However, the dmensxonal dxstortron due to backlash would be sma.ll The -
reason the object shrinks more severly in the z dimension is because thm axis - lS_
a.hgned with the radial dlmenslon of the arm. There are three Jomt along the arm m '
this dxrectlon (for our robot) causmg much more comphance in z than along the y

The second type of error is a broa.d edge dxstortxon along the sxdes This tjpe of
error is contributed mostly to parametrlc errors in the robot. The length xnformatlon' '
of the arm is approximate, as is the joint angle zero positions and as is the arm gear |
ratios. Along with the eccentnclty of the gears this will lead to nonlinear distortion
_in the radial direction of the robot. This will occur more notlceably in the z dlrectlon,
once again because it is m the radlal direction of the arm, the plane in which most of
the robot joints operate. : i

The third type of error is Jagged lmes along all of the object edges. There are e

two major consrderatlons for this'error. The first and more noticeable was ‘due to the
thresholding of the force. One point may have had the maximum pressure against it
when its neighbor may have had the minimum force. Since there is compliance, this

force difference may cause small random fluctuations in distance. Another source for

this error is due to the resolution of the plots themselves. Many jagged edges appear
that way because the plot has moved over one pixel distance. ~Analysis on robot train
errors can be found in' Ahmad [Ahmad 87|, analysis of errors in robot link pa.ra.meters :
can be found in Hayati [Hayati 83]. :

8. Conelusion '

In this paper we described an algorithm to trace a contour around a conipler: :
object. In many ma.nufacturmg tasks objects can now be traced thhout accurately 3
locating the workpiece or knowmg its shape. e ‘
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_ v Figﬁre 1
- Robot Programming by Teaching
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oBTECT

Figure3 D
Thresholding the Contact Force
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Figure 4
Starting and Stopping Regions
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o Figure 6 Rt
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- Figure 7 . = ,
Photograph of Experiment Workstation: -
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v Figure 8
Photograph of the Objecrs
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