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Screw Axis Measurement for Kinematic Calibration of the Sarcos Dextrous Arm 
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Abs t rad; 

.4 reccrtily rlc1:tloperl kin~iit(iiic cnlibrution technique for 6 dcgrce-of- 
J'IY erlo I I I  ( D  OF) o rni s. the Jrr ro 6 irr n in L (isu IY 1116 I I  t r it et 11 od. is ge i i  c- r- 
u l i x  rl lo inclir r l t  71 iitleiron,r.t ruin c i f  o ntl o iwroi td  ro i i i c  (1 urnis. US- 
(ng j o i n /  forque sciir'ing r i n d  n w i d  &clxis forcg/iorgue sensor to 
nmrsure the dncobicrn, exp~i i1~1ent~11 r~sirlt.~ oils presented for / h e  
j'irst 5 DOFs of the Surcos Dcxtrous Arm. Results irrls contpcir6d 
lo l i r ~  striiidririi colibrcttion r ~ ~ ~ t l i o c l s , ~ ~ ~ ~ ~ ~ ~ i i  loop cnlibrcition rind 
ci rclr ~ J O  i n  f rr ncr / ysis. Alerisii reine I I  is a$ en tlpoin t posit ion U n d o ri- 
entiition were obtniiied with the Opioirrik cmrl the Bird sensor; 1200 

coi~iniercinl motion ircrckiiig sysienis. 

I1 Introduction 

Iteccntly. an alternative kinematic calibration a.pproach was intro- 
tilticed !.hat involves direct measnrenient of tlie daco1)ia.n matrix [-I]. 
The .Jacol)ian matrix call be mcasuretl eit.lier by sensing joint. t.orqiies 
and tlie corresponding endpoint forces and torques. or by sensing 
joint angle velocities and the correspoiitding endpoilit linear and ail- 

gular velocities. The kinematic parainetcrs can then be extracted 
directly from tlie elements of tlie dacotkn ,  exactly and wit,liout it- 
eration. Siniula.tions were presented for a 6-DOF nianipiilator with 
a nominal PUMA 560 geometry. Tlie I)eiiavit.-Hart.enberg parame- 
terization (51 was used along wit.11 modified Hayati parameters [TI .  

In this paper, we extend the Jacobian ineasurement method, orig- 
iiially developed for 6-DOF niaiiipula.t,ors, to  overconstrained niiinip- 
nlators ( 5  5 DOFs) and to retluntlant manipulators (2 7 DOFs). 
We then experimentally iniplemeiit the method on t.he first 5 DOFs 
or the Sarcos Dextrous Arni [13, 121. by using joint torque sens- 
ing intrinsic t,o t,he arm's design and a six-axis forre/torque sensor 
(Aasriranre Technology. Garner. North Carolina) at. the  endpoint. 
We conipare the results to those obtained by applying two standard 
calibration t,ecliniques, open-loop kineniatic calibration [I, 111 and 
circle point, analysis (CPA) [14], using Ientlpoint nieasurements ob- 
tained respect.ively with t.lie Optotrak, it commercial optoelectronic 
motioii tracking systeni (Rortliern Digital Inc.. i\kit.erloo, Oiit,a.rio), 
a n d  tlie Bird sensor: a magnetic niotion tracking system (Ascension 
T~rclinology. Burlingt,on. \~erniont.). 

In  open-loop kinematic calibration. the ~na.nipulat~or is placed i n  a 
niiinl)er of poses and tlie endpoint. position and orientation are mea- 
sriretl. Nonlinear optimization. ~isual ly  tlie Levenberg-~iarqnardt 
algorit Iini. is performed to  extract tlie kinematic parameters. The 
phrase O/JCll-/OOlj rekrs to an endpoint wliicli is positioned freely 
i n  space. in contrast, t,o closcif-loop met hods where tlie endpoint. is 
attached to the environment 12. 31. 

Circle point ana.lysis (CP=\) is also a kind of open-loop method. 
hiit, proceeds quite different.ly from the open-loop method just, de- 
scribed. Each joint is iiiovetl alone: a h e a r  opt.imiza.tion then fits a 
least squares plane to tlie data. followed by a nonlinear opt~iniization 
wlhicli fit,s a circle i n  this plane. The plane gives the orientation of 
the joint axis. while tlie circle yields a point 011 this asis; thus tlie line 
i i i  space for each joint axis is k n o ~ v n .  DifTerent procedures have been 
proposed to  extract. the kinematic parameters from a knowledge of 

the joiiit axes [I-]. 1ij. 
The Jacobian ineasnrenient metliotl may be either open or closed 

loop. tlepentling on tlie sensiiig. \\:hen ~iitlpoiiit force/torque sens- 
ing and joint torqne sensing are risctl. tlic ~nanipnlator forins a closed 
loop. I\lieii endpoint linear and aiipiiliir velocity and joint angle ve- 
locity are  sensed. tlie manipulator is i n  a l ~  open loop. 

Thcw is a strong relat,ion between C'PA and the Jacobian mea- 
surement inethod, because both involve nieasurenient of the screw 
coordinates of the joint axes. In CPA, tlie screw axes are obtained 
one at. a time by individual joint. iiiotioii. In t.he Jacobjan mea- 
surement method, !.lie screw axes are clednced together because tlie 
Ja.cobian as a whole is calculatetl from the niea~i i renlent~ by nia- 
trix inversion. Once the screw axes Iiave been obtained, whet.lrcr 
froni CPA or the Jacobian measurement method, the same metliotls 
can be applied to extract the kinematic parameters from tlie screw 
axes. Tlie nietliotl that  we proposed i n  [.I] is most. similar to Sklnr's 

Since CPA antl the Jacobian measurement method have this 
strong rela.tion. it may be worth coining a iiew phrase to describe a 
inore general class of calibration iuet hotls that  incliitles 1 hein both. 
\Ve suggest screw nris ~ ~ z c ~ ~ s ~ ~ r c i ~ i ~ ~ ~ ~ .  Other screw axis nieas~~reinrnt  
metliods besides tliese two are conceivable. antl so r,liis phrase may 
have additional utility. 

In the following. we first extend tlie Jacobiaii nieasrircnienl 
method to overcoilstrained 5-DOF arms. then t.o redundant 7-DOF 
arms. The esperinicntal setnp involving the Sarcos Dest.rous /\mi 
is then described, and ralibration results are presented. 

Illetl~otl [N, 161. 

2 Jacobian Measurement Method 

For brevity, \ve will describe only the approac11 using joint. torqrlc 
sensiug and wrist force/torqne sensing. Extensions to  velocity sens- 
ing are straightforward. and for the 6-T)OF case a.re described in [-I]. 
The basis for the approach is rlie \vell-kno\vn st.atic relation: 

(1) 

wliere ri is the vector of joint torques. \vi is the wrench. g is the 
gravity torqiic vector. and the superscript i refers to tlie it11 inea- 
surement poiiit. 

The .Jacobian J is not superscripted because the nianipiilator po- 
sition is always the same in this method. and is relat.ed 1.0 the  screw 
.Jacol)ian niatrix J, by tlir rclatioii: 

r i  = JTw' -+ g 

J = [ O3 ] J, = AJ, 
13 03 

\vIirre 03 is the 3-by-3 zero matrix, 13 is the 3-by-3 identity matrix. 
FOI n u  it-joiiit manipulator. J, Iias the form [2]: 

(3) 

\rherc zJ-i is the rotation axis for joint j. and b, is any vector from 
axis z.,-I to  the endpoint. 
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2.1 Fully Constrained Manipulators 

For (j-DOl' ~iianipiilators. \ve cstiiiia.tc J by  exerting six joint torques 
T ~ .  i = 1.. . . . 6 ,  tha t  yield iiidej~endent endpoint, ~vrcncbes w;. The 
hias tlric to gravity torques is eliininatetl I)? exerting Iiotli positive 
7' a n d  iirgative -7' torques for each torque vector application. then 
subtracting the correspondiiig static equations (1): 

r' = JTw; -b g (4) 
(.j) -r' = J"wL t g 

where w!+ a n d  w' are the wrenrlies resulting froiii tlie positive and 
negative torque app1ica.t ions respect ively. Sulitracting these equa- 
t ions cliiniiia t es gravity : 

2r' = J'ilw' ((5)  
where Lw' = w\ -wL. Froin the six different.ial measurements ( G ) .  
form the mat,rices T = (2r1>. . . .2rG) and W = ( A w l . .  . ..Lw')). 
Then 

T = JTW ( 7 )  

J' = TW-' ( S )  

where the nieasured dacol)ian (S) is o1)taiiied from ( i )  by inverting 
w. 

To generate an iiitlepentlent wench set, the manipulator must not 
be in a singiilar position. A singularity may be dct.ccted by checking 
the rank of t.he generated wrenclies W. If singular, a new position 
and at tacliinent point, to the environment \vould have to bc sought 
t1ia.t is not a t  a singularity. \VIieii tlie position is not. singiilar, an 
independent wrench set inay be obtainetl by generating torque a t  
oiie joint a t  a time. Let T~ = ei. ivlicre the j t .h  component of el is 1 
if i = j ant1 0 otlier\vise. Tlicii from ((5) 

AwI' = J-T(.Le') ( 9 )  
As long as  J is in\wtihle. t.lie resriltiiig wrenches are intlepei~tlent. 
litit. lint iisiially ortlingonal. 

2.2  Overcoiistraiiied Manipulators 

\.VIieii there are 5 or fexver DOFs. the endpoint wrenches gener- 
ated by the  joint torques do riot span t.lie full sis-tlimensio~ial spa.ce. 
IIence i t  is not possible to use the exact procedure above. which re- 
quires a n  invertible W. Because experi~nents will be presented later 
for a manipulator with 5 DOFs. ive restrict the folloming discussion 
to SDOF arms.  ~ r o m  (6).  tlie pseutloinverse solution for i!.wi is: 

n w i  = ( J~) -P  t ( T ~  - ( J ~ ) - J ) ~  (10) 
wliere ( ~ ' ~ 1 -  = J ( J ~ J ) - ~  is the pseudoinverse of J ~ .  I, is tlie ~ - I I ~ - G  

itlciit.ity matrix, and v is a n  arbitrary wrench. The second term 
on tile riglit side represents a vector i n  the 111111 space of J'. i.e.. a 
wrench which Sencrates 110 joint torquw. The  first term 011 the right 
represcnts the entlpoint wrenches which can actively be generated 
by the iiiaiiipulator. Since in our scenario the maiiipulator is tlie 
active source of wrench geiieratioii (once gravity has been accoiiiited 
for). the second term on the right side is zero. Thus  the nieasured 
~~-rr i ic l ies  \vi11 correspond only to  those actiyely generated by the 
,joint torqiics, 

Five intlepc~ndeiit ~ i ieas~~re i i ie i i t~  need to  be generated. for exain- 
ple. by t hc single-joint act riation nietliocl descri1)cd above. Cniiiliii- 
iiig t hcsr five intlel)eii(lent ~iirasiirenients. (10)  I)econies 

vv = (J')-T (11) 
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where TV consists of the 5 iriclepeiidwt wrenches that are  actually 
protliicetl froin the joint torques. 

The solution for J caii non kc ohtainc(1 hy taking the transpose 
of (i) a n t ~  using t.Iie pseutloiiiverse of w': 

J = (W')'T' = W(WTTY)-'T' (12) 

'That ( 1'2) yields CIW correct soliition inay be verified l)y substitutiiig 
(11). 

2.3 

\\'it11 rigid attacliment of tlrc eiidpoint to the environment, a retlrin- 
tlant niaiiipnlator tritli 7 DOFs \vi11 i i i  general forin a inobile closed 
kiiieiiiatic chain with 1 DOF. l l i e  IlliIill tlilficulty in extending hlie 
.Jacobian iiieasurement ~nctliotl to rctluiitlaii t manipulators is to  gen- 
erate a set of joint. torques \vliicli do not rt~sult iii a11 interiial motion 
of the mobile closed chain. Borro\ving a tcchniqiie developed i n  
[6] for retluntlancy resolution, we note tha t  sis coniponeiits of joint. 
torque can be considered indepcndent xliilc tlie seventh is depcn- 
dent. \Vit.lioiit. loss of gen~rality; assiinie r: is  tlie tlependent t,orquc. 
If joint i is iniiiiobilc tliiring the self iiiotioii: we may rearrange tlie 
J a c o l h n  to plare a iiiol)ile joint i n  position i .  The iii01)ility of joints 
inay be discovered esperimentally. by finding a joint that drives t.lw 
chain tvlien other joint torqiies are servoetl to 0. 

First. we need to counteriict. gravity for an arm to hold a.11 arbi- 
trary posture. This caii be done. for esaiiiple. by servo action oil 
joint 7 to discover the required .joiiit torqiie. Let TO be this applied 
torque vector and w g  t.he resulting endpoint wreiicli. \Ye can agaiii 
eliminate the effect of gravity hy a difference met.liod. this time sub- 
tract.iiig tlie following bias equation froni cacli reading: 

Under cn lis t 1-ai 11 ed Ma 11 i p LI I R t,ors 

TO = JTwo + g (13 )  
Xext defne a reduced toique vector i' from the first six joint 

torque conipnnents of T'. r\ppIy the nicthotl in Section 2.1 for fully 
constrainecl manipulators to generate six joint torques i'. For each 
torqiie application 7 ' :  servo joint i to remain stationary and read 
the resulting joint. torque 7;. 'I'lien read the resultiug wrench w;. 
Tlic static force-torc~ue relation Inay be mritteu as: 

Subtracting the bias t.orqiie (13) to eliiniiiate gravity: 

9 - 70 = JT(w' - W O )  (15) 
The G-1)y-T Jacobian is then foiii~d straightforwardly using the pro- 
cedures of Section 2.1. 

3 Methods 

,It the time of the esperiments. our Sarcos Destrons Arm was con- 
figured with the first 5 a r m  joints: a roll-pitch-roll spherical slioulcler 
joint. a rotary c1l)on. joint. a n d  a roll forearm joint. 1Ience for the .la- 
cobian measiireiiient method. t lie ovrrronstrained method tliscussctl 
i n  Section 2.2 was iinplenicntetl. 

Each joint of our Sarcos Dcsti.ous .\riii  is sensed by t\vo differ- 
ent joint angle senso 100.000 count optical encotlers a n d  Rotary 
Variable Differential a.nsdricers (R\.I)Ts). In this prclimiiiary cx- 
perimental study, readings from the z\\rm's s tandard RVDTs were 
eiiiployed for both the Open-loop a n d  C'PX method. Their analog 
signals are converted hy 12-l)it ADC's. The maiiufact.~irer specifics 
a linearity of 2% of fill1 scale of a best fit straight line. In additioii 
ivc observe a noise level of 2 bits. 

Tlic D-11 pnraiiieters are cinployctl a n d  derived. na.inely for joint 
j: 



receiver 3.3 Jacobian Measurement Method 

In this method the robot. arm's mot.ion is completely constrained. 
To this end. a fixt.ure \vas made wliicIi rigidly attached the a.rm's 
last link via tlic force torque sensor to t.lie robot mounting table. 
Simulations were perfornietl 1.0 find a pose for which the nuinerical 
calilxation procedure is nell conditioned. To cancel out, the gravity 
ternis: torques of opposite sign where generated at. each joint. The 
resulting joint torques and wrenclies can then be used to calculate 
the nianipulat.or Jacobian. 

For joint torque nieasurcment . we cniploy tlie Sarcos Dextrous 
i\rm's int.rinsic joint. torque sensors. wliicli have a statecl resolution 
of 1 part in 2000. Tlie torque sensors were calibrated by tlie n1a.n- 
nfacturer: and we assumetl this calilmtion level to  proceed. Thc 
ineasiirenient~ noise in the joint. torque sensors is about 2 counts or 
0.1X f d l  scale. 

1\11 iissnr- 
ancc Teclinology FT 500/3000 model six-axis force/torqne sensor 
was ciiiploycd as the est.erna1 wrench sensor. Its full scale of ,500 Ibs 
for force and 3000 in-lbs for torqne \y('ilS selected to accomniotla.te 
the niasi~nnm wrenches esertetl hy the arm. and thus niaxiniize the 
measiirenient accuracy. The inauufacturer specifies an accuracy for 
the force/torque sensor of around 1%'. 

t ransmit ter  

\ 
Figure I: Diagrani of Sarcos Dextrous Arm for CPA calibration. 

cij is the tlistancc along axis xj from rotation axis zj-1 to rotation 
axis z,j. 

8, is the distance along axis z,-l froin axes xJ-l to x j .  

cIj is the slielv angle about xj  from zj-1 t,o zj. 

#;'" is tlie joint angle offset. 

The D-II parameters derived from the miinnfacturer's specifications 
are listed i n  Table 1, and are used as a point of reference for the 
experimental results. 

3. l  Open-Loop Method 

The procedure presented in [Il l  was impltemented using tlie OPTO- 
TRAK 3020, which has a stated accuracy of 0.1-0.1.5 inin in a 1 
1 1 1 ~  workspace. .4 calibration frame was a.ttachetl to the endpoint of 
the Sarcos Dextrous .4rni. and six IREDs (infrared light emitting 
diodes) were attached in the shape of a rectangle. 

'The calilxation fra.mc was placed by the manipulator into 250 
pos,es. carefully chosen to be in view of the camera system. At each 
p o x ,  0ptot.rak IREDS and joint angle :iensors were sampletl and 
averaged for 200 times. 

From the six IREDs, the position and orientat.ion of the cali- 
bration frame were derived at  each pose and compared to  those 
predictcd from the nominal parameters to  yield t.lie position and 
orientation errors. i\ standard iterative lea.st squares inetliod was 
employed t.0 derive the D-€1 paramet.ers, imcluding ext,ra parameters 
to locate the ca1il)ration frame in t,lie last link and tlie base of the 
robot relat.ive to  the camera. coordinate system. 

3.2 Circle Point Analysis 

The procedure present.ed i n  [14. 161 was implemented using an As- 
cen:iion Teclinology Bird sensor, \vhich has a stated accuracy of 2.5 
inn1 in translation and 0.5" rotation in a r:pherical \vorkspa.ce of 1.2 
i n  diaineter. Each joint of the arm was robted  I)y steps tlirougliout 
its entire range. At each pose tlie position ant1 orientation of the 
Bird seusor attached to  the end-effector was sampled and averaged 
2.5 times. 

'I'l~roretically. t.lie resulting trajectory is a circle const rained t.0 
a plane. I n  practice. we first fit a plane to tlie experimental data. 
project tlrr data  points onto this plane, and tlien fit a circle to 
the prc)jected data .  Tlie resulting normal to tlie plane throng11 the 
center o f t  I I C  circle uniquely tletermines al ine nliicli is the scrc71' nris 
of tlie rot;iting joint. \\'it11 all the  screw ases available, the arm's 
11-14 para inc te r~  can be determined immediately exploiting simple 
geoinet rir relationsliips. 

4 Experiiiiental Results 

The results from die  open-loop nictliotl. the CP.4. and the Jacobian 
nieasnreinent method are prescntetl in Tablcs 2. 3. and 4 respec- 
tively. Tlie terms that are noted as Y I / U  are not considered as t.liey 
are tlepciident 011 the fixtures of the bane aut1 of the end-effector and 
are not part of the arm's D-11 paraineter sct. 

In comparing the calibrated parameters to  the manufacturer's 
parameters, we nse tlie statistical root mean sqnare (RhIS) measure. 
For the lengtli components. tlie R N S  error $1 is defined as: 

K 
7 / /  = 1 / 2 8  C(0,; - a y ) 2  + (Sj - am J )' 2 (16) d j = I  

where u?' and s y  are the niauaf;lcturer's parameters (Table I) ,  o j  

ant1 sj ,"re the parametcrs ca~ibra te t~  I)? otic of the three met11ot1s 
(Tables 2 - 4), and 3 is tlie number of joints. For the angle compo- 
neuts. the RMS error +" is defined similarly: 

5 Discussion 

Statist,ical analysis (Table 5 )  slrows tlhat t.lie open-loop ~ n e t l ~ o d  using 
the Optotrak yielded the most accnratc results, \r.ltich was espected. 
The RMS crror i u  (lie length paranicrers was 2 mtn {vliile that 
in tlie angle parameters kc, mas 0.3 degrees. These are reasonal~le 
results. considering t.lie lack of precision in  the R\!DT angle seiisors. 
In the future. we plan to redo tlic exlicriments using t,lie substan- 
tially more accurat.e digital encoders. 

The results from CP,\ using (lie Bird sensor w c w  the Iea.st ac- 
curate. with a 61 of -15 inn i  and I"" of 1.2 degrees. The length 
parameter errors using the 13ird scnsor were about 20 times worse 
tl ian for the Optotiak. \vllich is roughly proportional t.o the price 
ratio of the t\vo systems. 

Tlie J;i cobi an nirasu rcnieii t inet Iiod 11 sing joint torque sc'nsi ng 
and an Assurance Tecl~nology wrist forcc/torqne sensor yieltletl a i.1 
of 17 i n i n  aiici a ti.a of 0.4 drgrces. 
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-90.0 13.5.0 
-1so.o 

-90.0 
90.0 

Table 1: D-I1 parameters according to  manufacturer’s specifications. 

aJ (111) sJ ( in)  aJ ((leg) I)”” (des) 
-89s 

0.000 0.003 -89.9 135.9 
0.001 0.335 -1SO.O 
0.000 0.003 -s9.s 13.5.0 

5 n/a 0.232 n/a 90.2 

Tlie main 1imit.ation in this implemeiitalioii of the Jacobian mea.- 
surement method ims t.lie accnracy of the wrist. force/t.orqne sensor. 
\\'bile t.he stated accura.cy is 1Z:. the  iIctual accuracy is likely to be 
worse because of nonlinear coupling among force directions. Hirose 
et al. (1990) have shown t.liat such nonlinear coupling can degrade 
the accuracy for sensors initially rated a t  0.2% down t,o 3%, anti 
have proposed a compensation method that  reduces t.lie error below 
1%,. If only on-asis wrenches are generat,ed. wrist force sensors a.re 
at. t.lieir most, accurate. For this purpose, it is possible to recast 
this niet.liod into a multi-step procetlnre. first generating a rougli 
model with the mctliotl presented, tlicn using this model to gener- 
a te  approximately oil-asis wrench components, and finally refining 
these components tlirongli a small experinientd search procedure t.0 
produce on-axis wrenches. Future force sensor developments should 
also result in more accurate sensors. sncli as tlie optically-based forcc 
sensors in [8] or force sensors based on magnetic levitation, which 
have no coupling. 

For CPX, one liniitation in ow esperimcntal results was deflec- 
tions in stationary joints during motion of the joint t.o be calil)rated, 
up t.o 1 degree. This was due to inadequa.te st.iffness in  the  PD con- 
troller. IVe will implement a. PID controller t.o compensate for these 
deflection errors. 

Table 2: D-€I parameters derived froni open-loop method. 

6 Conclusion 
j I “j (m)  I sj (m) I  CY^ (deg) IO;’’ (deg) 
1 1 0.016 I 0.034 I ss.l I -90.8 1 a I -0.012 I 0.060 1 -@& I 134.F 1 

-0.009 0.350 -179.8 
0.005 0.091 -89.4 134s 

5 0.013 n/a n/a n/a 

Table 3:  D-11 parameters derived froni CPA. 

Table 1: 
i n  et hod. 

D-H parameters derived from Jacobian measureiiient 

Method I ?i.r (in) +’a ((leg) 

Table 5: R U S  errors relative to tlie manufacturer’s specifications for 
the D-H length parameters ( $ r )  and for the D-11 angle parameters 
($U). 

The primary purpose of this paper was an experimental implementa- 
tion of the Jacobian measurement method. using joint. torque sensing 
coupled wit.11 wrist force/torque sensing. This method was imple- 
mented on the Sarcos Drxt.rous Arm. which has joint t,orque sensing 
at. cvery joint. Because onr arm was coilfigured for 5 DOFs, we 
extencled our original approach [‘I]: developed €or 6-DOF arms, t.o 
overconstrained arms wit.1) less than 6 DOFs. The  main issue in t,he 
extension \vas  that  G indepentlent wreiiches could not be generated, 
and t.lie proposed solut.ion involved the pseudoinverse of t lie wrench 
ma.t.rix W. Our arm is currently configured as a redundant 7-DOF 
arni. and so the method \vas also est ended t.o redundant arms. Tlie 
main issue in this extension is to prevent internal motion of the ma.- 
nipulator wlien joint torques are esertetl. and a soIut.ioii 1va.s devised 
in which one of the joint torques is treated as a dependent variable. 

\Ye also showed how the Jac0bia.n measurement method is related 
to  another calibration method, circle point analysis (CPii). Both 
methods determine t,lie screw axes of the joints. and we suggested 
the t,erni semi: uzis nicoswerncnt t.o enconipass t,liese two and other 
conceivable approaches. 

The experimental results of Ja.cobian nieasurement met.liod were 
compared to experimental results using the open-loop method a.nd 
also CPA. For t.lie open-loop method. the Optotrak system was em- 
ployed to provide high-accuracy posit ion incasurenients of the entl- 
point. For CPA. we clecitled to employ t lie much less espensive Bird 
sensor for interest to see how well calibration could be performed. 
For both open-loop and CPA method: the R\’DT sensors were used 
to  provide joint-angle ” w r e m e n t s .  Baseline results were chosen 
t,o be tlie manufacturer‘s specifications. 

These results indicate that a t  t.he moment the Jacobian nieasure- 
inent. niethotl using force a n d  torque seiising is suitable for coarse cal- 
ibration, but not for Iiigli-accuracy parameter determination. One 
use for the nietliod is that. the fraiiie of the wrist, force/torque sensor 
wi th  regard to the end link can be determined. Another nse i s  to  
check, or tleterniine an  initial value for the joint angle offset. wllich 
in many manipulat.ors has to be reca1il)rated frequently. 
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