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Alslruct

i Ui paget soe npplivatioss of deglerons tebutie hawls o foe wnnipulathon aperulions uie
avtot Lo Uhids kind of eperstious is Lhe hspo bt toly pluyed by e frictivenl

dizieussed.

churpctetistics of Ui Rngess and of waaipelutal vhjects, The puper discusses @ procadure
for mensitiing npparssl coellicients of Liction belween the Ilngc-ll';ps and manipulated ob-
jeels, Dy take tulo acconut renl vontnet phednsmant, die distinetion is introduced Letween
Leausintionnl and olational fiiclion limits. Reporled sxpesinienis tely on force-hased {in-
Liiusic) suunluet sensing devices, plementod du the phalnnges of wo wrdiculated robol haad
{Salisbuey Mawl). Dnta collected during thuse procadnres aun be subsequently wsed for tasks
such as ceeopnizing the supedicial fentures of olijects, coutecting the internnl grasp foroes
exertad by e hand on delicute vbjeets, wrd Followinyg the suntours of Lhe sutfuce of snknows

I julroduction

Wile roliols seenn Lo Tave sal wealil Uie easiest applicalious in e Gactory cnvicunment, a great
putentiol reiing for robula to b erployal n unsteuclured surpoundings aml aun conveutivnal
Liaks. i woder Lot w vuliot 1o prove wschul in such condilious, howsver, a Wigher level of dexterity
i ids eperstions thio i3 curreutly avathehie Las suild L be achivval, Dexterous acticulated hands
have leen propused siace the eary 180 by severnl roscascheis, g Mason and Sulisbary {1,
¢

Tacobsen of al {21 Tuwever, Fail caploitution of theic capabilitivs hiss not yet been aceornplished,
wiainly because of Uhe lack of adegquate conlact sensiog Lechuology. Conventianal, wakiu-like"
Lactile sunsing devives in fact, thaugh intriguing for their shmilarity to the biological wodet,
Jaited su lar o provide an aeeurate, relisible Tedback uf the interactions between Lke robut haed
anl grasped objerts, These devices wlsn sulfer frum sene olher drawhucks, such as Hited
resolutiug and/ur hwndwidih, encunibrance, lorge nnniber of conueclors. A detailed report oi
e stateof: theart Tor eonventional taclile sensors cun I Tound ju 3.

Prohalily, tis st severe lisnitation ol shin-like Lactile sensors is that frictional furces Lrans-
it thrangl contact can nol be satislactorily seusel. Ploieering work in desigaing skin-like

Antonin Bicehl iy curtently w Bescurch Agsuciule vn jcnve tram the Depnriment of Blectric Sysicas sl
Antortion (UBEEA) sl Centro "B Paggio,” Univeesitd Ji Piua, [atio,

1), Kennetl Sulisbuay s cureamily a flesenrch Sslentist at vhe Aciificial luteligeace Lubuoratory at Muy-
suchusetls [istituce of Techuology.

Yuvin] Brsck fu currently a B0, anntilare in the Degatmant of Meslianical Buglneering at blussuchusetls
Lustitube ul 'Tochalogy.
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Lactile seusors with the capubilivy of discersing Lungentinl stressey, such nx that praseuled by

L
Hackwowl ef al {1], and by Domeniei el al. 18], Sies wal Gl yet Becn applicd Lo bdlng practical
devices, On the conlriry, in duine cases (vg. lor sosue plegoelecteic lilin Snsed sensurs) Lricliou
forees praduce aliasing In contacl pressure meastrenients,

Tl Gl wnpentat ol pluyed by Ieiclton inthe contisl af manipulation opecations §s upparcal.
TRamins rely on friction forces in nany of Lheic grisping or manipadating operations: thiy is
perhnps rellected to onr uneasiness wilhi slippery hands, Controbling the stppuge of grasped
objects, an Uhe other finsd, sllows ua Lo achieve high dexterity u object nanipaintion. [ order
Lo ceplicate at lenst parl of the lnnsn sipulntive capabifitios, it s tierelore nceessary Lo [
whle 1o sense friction, uud ta control (to uvoid, or, suimetinies, to albow) slippuge.

In the folhuwing, we will prosent som experiments intended Lo assess U feasibility of friction
sensing with a noi conventiunal contact seasing device, nanely a lorce/lorque buseld, o inlrinsic,
contact sensor, While the theory wnderlying this sensing principle ds presented elsewhere [6],
we show lere thut those

ceqears are welh suiled 4o deal with friction forces in fine praaipnlation
upeeations, wiil can provide for a major advancemonl i the dexterity af rabuls,

9 Contact nud Bricltion Model

An acedrale mdel of the phenomenology related Lo conlact s very diticult bu deseribe, I Tacl,
contact involves so many faclors, buth intrinsic wo the louciag budivs (suck as their maeeo- el
wiicruseopic geometry snd cliustic properkics), sl exteinsic (lobricution, Leperature ele), that
a cotuprehvisive modeliznlion is hapeless, exeepl Jur very bbenlized cases. Hescareh iy the field of
tribology has evidentinted the difficulty in praviding o single woudel of friction valid aver a broad
range of circumstances. Armastrong |7] [8] provides a good refercuce and a vasle biltiography
concerning tribetogle problems relevant tu robstic actuation adid control. Por aur purposes here,
however, so fine & physical deseription ol conlact phocnomens is nol pecessary. Fur inslauce,
i many dexlrous mnnipulatios operations sBppage s Lo be consideral an undesirabiv loss of

contsob Lo be nvoided, so that we are prisnarily concerned with stadde [riction Tinits, H o relative
ynation of Lthe fingers on the vbijoct surfuce is desired {suelt is the case Tn the surface follawing
task described by Bulestrinu and Biccld (9], or o advapead dexterily operations as deseribed
by Brack [H}), it usually cunsisls of a constant speed, quasi-slatic motion, In modeiing the
coutnel iniernction between the end effectur and Uhe abjoct swrfaces, therelnre, we will make
sorne shplilying nssomptions, such thal an operalive madel of contact and friclion vesully,

2.1 Contucl Muodel and Gondacl Sensors

Considur Lhe contact of two deforinulile budies pressed agatnsl cach other, as depicted in Pig, 12

we will refer o these bodies ns Lo the finger and the object. 'The conlact arca will Le in-

gensral cosnposad of several aon-connecied small zones, distrittel over the deforial surfaces
in coulnet, i . S

A foreef/turque Dinsed (inteiasic) contiel sensur can e renlized i the dingers ol the robaot
lunul by einploying s six-uxis force sensor Lo mensure e resubtant Joree ad Lorgue sxerled va
the finger suilisce through coutact [6]. Since intrinsie coulacl sensors nee instrusuentai ln the
imsnipuintive operations Lhal we wre going Lo desecibe, e concepts underlying their funclioning
will Le bricly recatled,

A contact centroid on & contact surface is defined us & point ¢ such thal there exists a furce
p through that point, and & womeat g normal Lo the surface at Uit podol, which form a set
of furces equivaient Lo the setual contuct boad, T cun e shown thal, aander certain commaonly
verblicd assiaptivis, Ui contact cenlroid cujoys the properly of helng unigue, aod lies luside

\ -

e
T i

Fignre 13 Suit-Minger contacl maded

Uhe convex hodl § thai cuciuses every contacl zone. An intrinsic conbicl sensor is capable ol
providing the Joestion of The contael centrold on Uhe finger susface, aloug wilh Ulee messurements
of Lhe components of the coutact furee nul targue. ‘ .

The nhove wenlivaeld assumplisug rogard cunyexily and snoollmuoss of The Bager sinface; 1L
is also nesuaned That aely compressive forees e execled by contact (na adhesion). A further
Youieatlon applies o the allowable warping of the contact aren over the contact surfaces; Lhis
bousnd ey be guanlilatively expresied in terins of the frictional properties of (he surfaces und
of their geometry. For & precise statenent of these hypotheses, and for o pruof of the contact
ceniroiil properties, the interested readec is veferred Lo (6] In ihe context al this paper, we
witl ke n stranger assumption, Le. bhal the conlacl srea warpiag ever Lhe cucyed coulacting
surfnees s aegligible sltugather, Phis comlithon will e nseful i menleling friction etfects, sl
is salisfied i west practicnl circmmnstanees of robotic manipulation,

Clousider o cartesion reforence feame with orighy i the contacl centroid ¢ and z-axis uligned
with the norwinl 1o Hhe contacting surfaces. At cuch polul r = (r,,ru]r of Lhe contact asen, budise
mntadly exert Lraetions hiv) whose norwsal component by s wsually relerred ba ns pressurs,
whife i, aad Iy, wre liicton copnponenis. Wit respect Lo that reference lrame, e resullant

contiet furce vector pois defloed ns

p= j;h(r) dy .

white Lhe componels of the resutlant Lorygie vector g are ghven, by definition of contact centroid,
iy . .

(e = 1

w = 0,
W, o= f“‘v"ﬂ e, ) dS.
k1
I order Lo conteol manipuistion, we are interesled in the physieal conslrnints hupused on

tie componmls of poand . Fhe pressures on (e ohjeel, nid Uwis pesultant pg, vt e
conpressive and nol larges than a linit vnhee, whieh depends on L ahjecl andfor the finger

o
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strengll. The Himit yalue for the allowable conlact foree is an tmporiant fnctor in the chuite
of Lthe grasyp forces. Since complex and nol yel completely nnderstvor rechanics nre Tnvolved
i Lhe resistance of materials tor contacl forces, we will adopt conservative bownds on p, (or
possibly nn the intensity of the force contact veclor p). The remaining components of contact
foree and torgue are generated by Triction phenomens, amdl hence thelr Tinilations depenid on

the nustrrred friction mnodel, briclly diseugsed in the follewing sulsection.

2.2 Friction Model

In the Tollowing we will consider the classical, stenplified moded wnoiriged as follows:

Lhe [riction force exerted on a poinl lying on surface with zéro relalive velacily is
equal and opposite le the sum of external furces Lemling o move the peinl, The
ruaxitnnin force thal can be sustnined in Lthis way by [riction is proportional {by &
static cocflcient?of friction ¢1,) to the noreinl loree pressing {he.poin on the surface.
If the ohject in anoving with respect to the sirface, the friclion Ferce opposes the
relative velocity with an Intensity propottional (by a kinelic cocfliciend of frickion ju,
genesaily Towet than j1x) to the nortnu force.

Fhis model of friction is expressed by the relationship !

h, = [ y. =
hy = f, \/h§ T by

—¥
T et } 40
e |07

b
hy,

T

it

whese v == {v,, vv]'r i3 the velacily of the point relative Lo Uhe surface in Uhe contact plane (see
Fig. 1), wd [ the cxternal solicitution on thie contact, As i con e seen, possilide depandencies
of friction nu slip rate or hislory are digregardued in Lhis wodel, and a discoutipmity ia Ll [riction
lerce In corrispontence of o starting wotion is admitled.

When n finite ares of contact is considered, limitations on alowable [viclion forces are more
involved. 17 we conatder now rigiid suelnces, in particutar, we linve thint sowme points in the coutacl
area may move, while others da ot Therclere, it s possible to have wixed static and kinetic
Friction effects, Moreaver, even in the assumption thal the contact area i and remaing in the
contnel plane before and smmediately after slippage, the conliined clfect of soliciting furces L., [,
and torque t, mnst he considesed,

Consider frst the case Liat a pure furee [ is applied Lo the bulies in costact ab the contacl
centrod, and that the tnggential corponent of T ts gradually incrensed. AL a certaia nstant (and
in relation with the detatls of hew Ty transmitied to the contact interface), stippage will sturt

st some coulact points, where friction will abirubUy drop Lo its kinetic vabie. A redistribution ol

the contuct load Lhen follaws, and more puints will be lead to slip, Il the Langeptial eomponent
of £ i5 incrensel cnungh, tie stip eavefront® witl sweep the whale rontacl area, andl the two
surfacas will start sliding on each allier {ths phenawanon, which has stmilucitics wilh classical
plusticity models, gives rise Lo acomnstic waves propagalingin the bodies, whase detection conkd
be ueeil g o means for detecting slippage {11]). Since the conlacl cenbroid, for planar contacts,
coincides wilh the center of friction of Lhe conlact nren |1, the act of relative mustion bumesdliately
follnwing is a translation, The Jaximu intensily of the tangential cotupnuenl of Lhe conlack
force £ that cun be absorhed by [viction in this case obeys the Hnhation

i

i

\/{:é §[§ < fs i} 1, (k) 5. (3]

where p{r) eqnats eeher podr) or palr)s deypending upon the selulive velotity ¥(r) at the contact
aren element d§. Yrom nn operative paint of view tlis expression 1s tmpraciical, and a wnore
convoninonl expresslon can be ahtnined if we assme thal an equivalent coeflicivnt of friction fleg
exists such that, ab the instant when the Inst contacl point starls slippiug, we have

Vi

Such relalionship cus alse be interpreled ns il all points in Lhe area of contacl were starting to

. Fé = plegle {2)

Calip sl Uhe s instaab the Yaenl static, cogllicient of Trietion is substituted everywhere by &

tower ealie, fleg, (o thke into aceount the apporent decrement of friction due to partial slip.

ansider now the case that & purcly normal contacl force i exerted hetween the finger
and the object, and that the Lorsion b, is graduaily incrensed, until slippage occurs ab every
contact point. By symmmetey reasons, the instastnueons cenber of sotation (COR) of the melion
imsadintely faliowiog the first occurrence of sliding colnchiles with the contact cestruid, so that
we can write Lhe npper hound of [riction torgue as

o [ e i) o 45 (3)

Phe evalnation of ey, 3 is vol simple in genernl, Jameson [12] assumes that the results of
Wertzian theory congerning the noemat pressure disttilmtion aml the coninct area shape hold
even in U presence of friclion farces, and gives un axpression lor a spherical fingerlip and
ohjact:

1, < 050 g o' 1R (1)

where the eguivalent Triction confliciunt jioy 18 introdnced, as above, Lo inke inlo account pragres-
shve stippage phocnomesa, and o is a constant depending vjron gevinetric and clastic properlies
of the conlneting bodies {12,

Prant eq. 4 o genenl propartionality relatiouship may be hypothesized for generic aen-
conlurmak surfaces pressed ngainst each otlier hy u normal conlact fosce £t

by S ¥y f:"‘ux {5)

where 1, is a characleristic of the peculinr coutact conditions, Nole that tle muore-than-linear
depenedance of Lhe maxinuu Teiction latque upon the contact foree, nay be interpreted as the
resull, of Lhe twofold effect of contact forer, which increases loeal friction furces nud enlarges the
contact wrea (due o deformntions of the budicg) ag well.

i u Lorsien is applied at Lhe contact along with Langential forces, Lhe COW of slippage
wation s not ol the contact controil, and therefors ey (8) does not hold. The Hits of frfction
reslstance wnider combined shear and torsion loading have reen studied by Jasieson {12} and by
Hlowe, Kao nud Cutkosky {13}, with reference to Lhe case of contacl belween nm\-cunibrlj‘ml (in

particular, spherical) podies. Tn Lhis case, only the intensily of shear [orces, I = \/i-‘, | £ 18
of inlerest, due to the symnetey ol the problens, fu the cited papers, il is shown Lk slippnge
weenrs for eombined loadings whose represeptative points in a shear force - torsion plane lic
oulside n convex enrve {see Fig. 2). The puibors niso show thal, given the Jinit vahies of friclion

under pure shear foree (e, (2)) and under pure torsion (eq. {5)), an llipse approxiinates well

the timit eurve, while a Yinear inLerpalation provides n congurvative npproximulion of the actunt

friction it curve,
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Figure 2: 8liding nuder combined torsion and shear loadiug for spherical seefaces (adapted hom
Howe, Kao and Untkosky {12]

Figme 3 Slidiog under combined tossion nad shisar Soading Lo planar surfuces

The genural case of conkacl belween conlermnal surluces {such as Lwa portions ol parailel
plancs, ng oceurs in gragping by pasallel jaw grippers), is even more cotsplex. Will refesence Lo
fig. 3, let the position of the CON in the contnet centroid frame be the veclor w.

The maxhmn valies thst can be attalned by frivtions Torees and Lorguie can e vapressed o
grneral ay

Ll < fs‘.‘_”gﬁ“(.—) I (x) d5, ‘ (6)

Il 5 [ g7 ) by s, (%
el < [l = i) Balo) 48 wary =y (8)

In practice, the problem is posed in o differenl way: given the applicd friclion forees wnd

torque {e.g. by means of intrinsic conlact sensors: [, o == t), we wish Lo know how cloge Lhe

danger of stppage is. Since the COR pasitian is nat koowe o priort, we aced Lo solve sny two
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of Lhe thiree egualions sbove for v, and then oblain the hound on the thitd compornent of Lhe
Irictinund load. However, such solutton requires Both the knowludge of the contact aren shiape
antd af Lhe pressure distribulion over ity awd ent onty be obtained sinnerically, Heferences to
this prallun ean be funnd in several aulliors’ work, xong whicl 1], {£4], [t} experiniental
vesults willi au integented {skin-like |- indrinsic) tactile sensor hive Bren described i {15].

3 Measuremend of Friction Characleristics

LERIL
pebeviglios of the contnels oeenrsing b Gne meendpelation aperalions. CGo Lhe other haoad, wneh

b nhove, 1L B eather aliflicuit Lo predict, on Lheoretical growneds, the feictional char-

dnta are vary fmportant for the corteet control ol e rebol o, It s the authors' helied
thad, For peast practival upplicalions of sobot ands, the evaluation of Triclion lnits provided by
the approxcmations deseribed in Mg 2 §s sufliclent Lo ghatades praper upesntion of the hand,
Ta use Vhose approximations (nanely, the conservadive lincar approgimation and the eliipticy
approximation), il is necessary to kuow the linsil values of [tiction resistance in the cases of
pre

car tead and pure torsion. ‘Po this puepese, we devised a procedure fur characlerizing
frictional ellecls by means of dicect measuranents i opetabive comditions, i.e. using exactly Lhe
anme apparatus (Land, fingeetips, ebjects) and in te same eavironmental conditions that are
going tn be nsel in the manipndative task,

3.1 Experimental Setup

The experiments deseribed helow have been cacried ol b ihe MIT A Lals using coulacl sensors
srmenibeid on e distal pliadnsx of e Bugers of the Salisbury articututed hand 1], fixed in turn to
the wrist of & Unimation Poma eresipetator, The low-tevel Urajecsory interpolation and cunirul
of the finger joints i perforined by twu 6-axis Untmation induslrial controliers. :
Purt of the expertisents have been earsied ont with a high-Jevel controt architectire cou-
sisting of a dedicaled DIRC VAK computer and o Lisp maceline (see [46]), runming e hand
progeaemeing eavirmmment QULAH (KT Later on, the ligh-teved vontrol system urchitecture
Juns Been nodifhee and consisls now of Uiree processors Molorola GEOSD s s VME s, working
tn Lhe paaadlel-processing, read-thne cuvironment peavided by Uie WV Warks aperaling systen.
We catployed jolnl position gensors (encoders located al the actuator shaftsh. The foree
bused coutact sensors described ju J18] have heen used inlerchangeshly with those described
fe {107 The rest of e sensory equipment of Uie Salishury hand {Lendou Lensiva seasors, pulin
contnel sensor, and athers) lave not been employed in Uie experimients deseribed helowr.
4.2 Transhationn) Priction Churneterislivs
B Vg 4 o generie object is grasped by means of Lhe lingers of a robot hawl, The flingers are
suppased Lo be eguipped with contact seusors, providing measurements of coutnct forces and
torques. The position of the fngers relalive to the grasped object is supposed to be such that
the resulting grasp is stable enough to be robust with respect to small perturbalions of the

Toenlion of the figers. Vhe procedure to oblain static and kinelic coefficients of friction rebalive

to Lennstational slippage (due to pure shem ) of the 1O linger oo the grasped ob ject surfuee is
us ullows:

o One of the Rngees, e.g. the thivoh, bearing the sensorized lingertip and opposing the other
Lwe fingers in Lhe geasp, §s Bnpoeted o Lime-beveastng foree in the contact plane, tending
Lo move the fnger along Lhe object snrface, while the nerwal compornent of the contuct
furce §s regulaled al oo canslant value;
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Figure 4: The robot hand fingertips and the object during the weasurezent ol transintional

fiiction limnity

The staeting mation of the finger is sdeteeled by joink position sensors, anel Lhe foger is

stapped alter a very shorl wotion {1 nun);

Plie force and Lorque Lrausmilled Ly contacl are messurad by the Rngerlip sensor;

The normal and tangenttn] compouents of the conlact force are computed by applying the

-

intrinsic contact sensing algorithm ta the force/torque data.

Finally, lcom ohservation of Lhie Lime bistory of the frictivn ratio

:
the desired infrmation on friction cocilieients can be derived. A iypicul plot of the (adimen-

sional) values of fiy vs, time (in lenths of nsecond) in Uie experiment above deseribed is eepoited
in Fig. 5 {datn are relative to an urethane-steel contact).

Observing this and many ather experimental disgrams, o commeon pattern could be recog-
nized by sighl, esnsisting ol bwo sepuente parts: jnitinfly, there is nn almost lincar lnerease of the
friction ralio up to a waximom valae, then a more ot Jess nbrupt change to o lower value, ‘Che
latter is subsaquently hetd without significant varialions. Such palleru is in good agreement
with the expuctations Lnged om Lhe shiplified clnssical wndel of fricticn disensaed in seetion 2:
the Iriction ratio increnses during phase 1, until it reachics the (apparent} static coclliciend of
Frictiou, aller which Ry drops to o walue coreesponding do kinetic conlitions,

The desiced friclion coefficients, j1, and g, might be olained by considuring the n sanples
of Lhe friction ratio, Ry(i),1 = 1, n correspanding 1o instants € = 4T {1 Is the sampling period),

sitnply as

peo= max{i (i) ()
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Figuie 5: Friction ratiu va. Lime v a typical comlacl experiment helween steel and wrethane
surfaces

where o 35 the sample cnresponding to the madinn iy, innudiately precoding slopage,
However, experiments) tests tepeatedly cacrled out on the same object i apparently similar
condilions, slrewed Lhat the estimates oblabned through eq. {8) and eq. {10) are too sensitive o
sl perburbalions of data, such as those due to sensor naise, vilirations of the robat ateucture,
and in general Lo the poestly deterministic characler of Uhe complex phessmenon of friction.

o even corn Ahis profilan, o more robust algoritlng las heen devised, based on The idea of
matching expecimental data with the expected patteru of [riction. The sel ol msasnrements
R(i) is splil in lwo pacts, preceding and follmwing Lhe ™ sample. A least-squares lineas
approximation of the subset of datn preceding the Lt sample is evalualed as

(1}

(12)

ft(f) =
iy,

(L)

by

Phe rembning eamples 00}, 2 < § € noare approximated by a conslant o equal tu their
senn value, 'Phe nveruge quadenlic errors correspanding to the approgimalions of the first and

osecotmt duta set vre evalunted as

() - oui - )’ "

mb} = i

- o)

aa(k) = {15)
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Figure i Friction vadio plot for as ADS plastic-stesl pair

and their sum, 7 = o402, is compnted as b spans the time axis; the value & = & that minimizes

a(k}is asemmed Lo correspond with the beginning of slippage. Aceordingly, the estimmated friction
eocllicients are:

Hy = (l;i’ | b;', {18)
1

M= g (17

while the swmn of average quadralic errors U(j:} is usedd as a measure of the dependahility of these
estimates.

The resulls of experimental tests carried out with Lhree ditferent pairs ol Bnger amd object
cover malerials are reported in Pig, 6, Flg. 7, and Fig. 8, respectively,

Superposeil te the frictivn ratio measurements {sinall sguares) are the lines cortusponding to
Lhe approximating pattern above described. Particularly inleresting is the plot of Fig, 8 (steel on
a thickly painted woaden Wock}, showing how the measnzed friction ratio bounces sevural timey
between the static and kinetic Siction cocffielent vabnes bofore seltling at the lower {kinetic)
value. Phis phenamenor is due lo stick-slip molion of the finger on the object snclace {Lhis
irregular motion could Sie easity verified also by visusk ingpection). s

1t should he poinled sut that the value of the estimates obiained through the wethod shove
is relalive ontly Lo the peculiar opecative conditions in which they have been oitained. This
meana that a coriparison with iriclion coellicient measurements obtaineld by claasical and more
precise inethods would not make moch sense in this context, snd are therefore avoided here,
Therefvre, reference ta “apparent” friction coellicients I3 meanl in the above diseussion. The
point in cstimuting friction charsclerislics with the inethods above deseribied s thal their results
are repentable in similar operntive conditions.
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Fignre 7t Friction taliv plot for an urethane steck pair

3.1 Hotationa! Priction Chavaclerishics

Anotlier serfes of experiments have heen carried out in order to evalunte the feasibilily of a
direct ntenswrement of rotationsl friction (pure torsion} ceeflicicents, v, and wy. The procedure
followed in this case is similar to the one for translational friction data, differing only for the
meaus of ablaiving a rotational alippage hetween the olject and the finger (see H":‘:- ¥}

Recalling equation B, we abserve thal i this case the ralio to e monitared buring the Lests
Ts

Phree typical plots of ¥, vs. time are reporbel in Fig. 1 a), b), and <), These plots
correspond to the same linger and ohject cover inaterials, but diflerent vaiues of the normal
component of the contact foree, p,, which was controlled to a reference value of 12N, 9,
amd 6N, respectively, The static and kinetic rolativaal coeflicients of friction are dedved from
raw menstceatents uaing e pattenmalehing algorithn above iliustrated: Fig. 10 shows the
¢ linear approximation superimposed Lo experimental dida, For the three reported cases,
imates of o, and 1y are e, = 0,813 N30, vy = 0.680N vy = 08140 N Bmm,
v o LTSTN M0, 0y, o 012N W, vy 07928 Y 3mn, respectively, 1L can be seen
from Lhese resulls that whe relalionship § s in good ageeemend with experimental data. 1
sl alse be anted Lhat e seallering of data about The expecled pattern in otatinnal iiction
measurements is higher thaw Yor translationad slip: this is cantged by the lower signal-to-noise

rabio i Lhe mmessurenrend of rotational friction coeflickents, whiclk are inherentiy small Tor von-
vonforimal conlact surfaces,

* agr . s . IR

3.4 Object dentification by Friction Charactuecistics

Is oriler Lo assess the sepeatahility of friction charncleristics evalualion by the methods above
doserilied, they have heen repeatedty applisd to & lasge set of ohjects, fallewiag the phases below:
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“igure B: Friclion ratio plot for a painted waod-stecl pair

Figure 9: The expesimental measurernent ol rotational lriction lits

objects of ilillerent shupe and with dilferent cover malerials are collected in groups aceord-
ing Lo their superficial characteristics;

the friction characteristics of an oliject aut of each gronp are evaliated;

the gruups are mecged inle three classes, according to whether their kinetie Lranstational
friction coefficient is py € 0,15, 0.15 < juig < 0.5, a2 0.5 ‘ s

the abjecis are pieked up by the robot hand at tandom, aml o LLa friction e
surement; based golely on friction data, the class of the abjecta e yecognized,
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Pigure Wi Notalional [riction ratiu plols lor ap urethane steel pair. a} p, = 12 N; L) p, = 8 N5
¢)p, =8N,

The groups of objects in the Best class galher stiall ABS boxes and ‘Fellon ob jects of diflerent
shapes. T Lhe second clags are collected wooden blocks with thickly painted surface; the third is
comprised of ub jects with high friction snrfaces (such ag subhber toys and hoses), The experisent
hiag been vepeated wmore than 56 times sver a lwo-inanths period, with Il success.

4 Conclusions

Friction forces play a Fundamental robe in dextervus wanipofation. When planning or execul-
L3, the
kuowledge of the linits of [riction foeces is tnstrsoenial Lo control (or simply aveid) slippage,
Fheoretieal shinly of tiese limits shows that not enly the effeces of pore shear forees (a3 nost

ing an uperalions involving contacts with Uhe epvirorment or with masipultated ohj

ollen is hebit in vobotics Hieesture), but slse those of torstons applied at the contact must be
taken fote accuont, This importad Tact bas been woted in previons works { {12], [13], {45]),
indicating that & good approximation of the frictioe lindt onrve can be obtained startiong from
fitnits i The pure shiear and pure-loesion cosss. I Lhis paper, we presented resalts related to

Sexprertenlal nensirements of sueh Timits, iat ailow practical impleientation of onsipulative

apernbions bagel un friclion sensing, such as object recugnition, adaplive grasping, conlrotled
stippage, cle,
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