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The intarest tigating T ot
advancead Tcoots to the solution oFf a rnumber of gifierent
Diomecical zroblams 1% gGrowling woridwide. Renapiiitation,
ocrosthetics, IrtnoTic tsl2manripulation, sterzotactic surgerw
and megical lancratory automaticn ars same of the ar=sazs in
wOion roCot Tecnnolaogy is 2xpscted to Se increasingly ussg 1
ThE mexT Tulure. In this papber some Jeneral proolems r=ziated to
The  us2 27 roeots for the ranspgiilitaction et? saversly disapled
Tati=2nts ares dliscussed, ang the gurrant state o7 impolementation
37 this type oF roccts is sSummarized.

New ang atfractive apolications of r ot tTecnnology wowuld
alsec e zossible in tha remnacilirtation fField 1T manipulators
Zapanla ot o0

vsically interacting w
availilaole, To this OUCDOsS2 we have in tigacted some Rasic

a]
&
Th the patisnt wares
s
.r‘

lssues associatad ~1th the develoaoment af an advanc=2a robcz
SYStem 2qulisoec  wiinh 4 dextercus end eTfector and wlin
JiTfer=nt TYypes oT S2NsSors, and aesigned ta evantual ly
tNCarsorate a  substantial gqegras  of intelligence., These
drocbliems ar= dlscussad with r=ference to a pratotyoe  rogoc
finger systam, and g lts use for detecting pulse racte and

waveftarm at the wrisg ar<ery, and for sensing hard nooulss in z
TOCK Dreast.

1. INTRODULTIGN

The meaical assistance to seversly disabled and elderly

1

"R00l2 is beczming 2 scclally signiTicant arcolem. Inm TacT, the
Aumbar o7 gaver=2iy impairedg Deaple (i.e. individuals whe have
littia dirsct contral over zheir persondl soaca) in the Unitsa
Statas i @stimated 2t seven nercant of the total pooulation
‘1) wnile ztheres are at leass 300,000 nedridden patisnts who
T2Auirs almost COMNTinuous assistancs in Japan (2.
“"Tarsunately, tnis poouliation is sxpected o lncr=ase  along
~YTo the div us:ion af somewnacx Sengerous activitiss  (persanal
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and to 1is conceptual and‘§FQE¥?EETWYﬁgiicaéEDHé"DFW?Hé“ =sign
of 2 ToBOt system. A5 an example of 1le=mEﬁt3;lOP of some of
thesa ideas, the design and Tabricaticn of a protetype  robot
system developed in our 1aboratory is described, and its usge in
tne ex8Cutlicon o7 simpla sensor-Sasad palpatery procedurss on
body parts 1s discusss=ad.,
2. ROSBOTIC AIDS AND ENVIRONMENTAL CONTROUL

The term "Bnvironmental contrel’ mhas been ysed in  the
reracilitation Tield to mearn  the ability of a disaplad
incdividual to contral his/her environment (1). Althaough in
o2rneral all BEMS0OTrY and motor Capabilities ars necsssary to an
gngividual 1n crder ts achisve camplieta enviranmental contre ol,
in this caper we shall mostly refer te the handicaps deriving
frocm the partial or total loss of upper limbs Turctignal tvy,

Yy

and  tao the conseguent reduced ST onull manigpulatiaon capablility,
This tvpe o7 impairment, gspecially when AS50Clat=d o the
Tuncticnal lcss of the lower Limos Tas i Yo Lpieyyo L3 teo
most critTtical obstacle Tar an individual +tg Carry out a ' number

c C

of 2vervaday’s activities Tanging Trom personal hygiena tp
Tasks. In this axtrs=mne (but untortunately nat sg Tars)

s the subject recaives a-Tlow oFf informatiaon fraom tha
mnt Through thE‘iﬁfaCf sSensas o7 signmt, hearing an
ne 1s not able +o actively aperate ang mogif

i ‘diticns., Hassd on thls cbservaticn n

cn the robotic acpraoach te renapilitation is pfs)
s2 the rohot mamiculatar Merweon the patient and -na
me d Tsgtat zam Se TEgargead as the intar“acs

I
i

an “‘ﬁte:l:naﬁr” are

2nvirarnment, 50 a rsnabilitaxi

1

c2rntral svstem oF 4 saver=sly
T

lowed in the design  af
% veraly disaplied: ocTre
Ilection of sancial—purnose
e im/hersels, curn pages
roach is based cn tTha
=arved bv a zgingle,
r ftham a sat af Zdedicateq dnvices.
S bening fthe design DHLLDSOD 3T the
ingle roboc, gwing to the ™1
Y the cocmbirmation af its
e Smoutaer  r=orogramman
isaclec user in difTQFEﬂt tasks sSuCHh
ving (e.g. feed pre2parationm  and
theneev——a—eﬂ——pﬁy5+ua¢%tbe:apyqand

ic testing), persanal and vecaticnal

0 o
M o
1'0»—4

e Uitimars anilitv af¥ a ropot sSvstem to  exscute the

¥Cave MEBNTigneg rtasks decends on itg degres of autanamy, iLa.
3N 1ig capap:lity oFf detecting ang AooTogriately reacting oo
fﬁvlrﬂﬂm&htal variatigns. Sinc2 present Tobots ares not very
SSatciva tar, almest 2Guivalently, "intslliagsngt), 2
;jr:ff}i?atiVE“ "msersonal” robqt must.operate under the direec+t
mg:: Yis1on  gf Tne user. Thig csmmlffment may rcgrﬂsent a

T =21y glsanied: Patient. Zucn

Al Durogn intolerapls




consideratien 1s a major motivation For further res=arch
effarts aimsd  at incorporating as much "inteiligence" ag
possible in the robot system, in order to alleviate the uger’g
involvent in the direct control of the rabot aid and ta
ultimately reducs his/ber committmen:t to that of formulatiné
synthetic commands. Thus, besides posing extramely demanding

specifications on the performance of the robot systam, the
development ot an intelligent rabot "assistant®
rehabllitatiaon alsc reguires particular attenticon to

problems of man-machine interactian.

2. THE STATE OF THE ART: EXAMPLES OF ROBOTIC MANIPULATION AIDS .
-

The cencept of a comoutarized orthotic telemanipulatar
(i.e. an =2xoskesletal structurs that supparts angd moves tha
usear’s  arm  and that is usdally driven by an external pOower
saurce) nas been imolemente2g ov researchers at Case Institutesid
aT iecnnology, Cleveland, U.S5.8., in the sarly &0s (4). Thod
Casa SysStam, a Jour—degrzs—of-fTreedam, sxternally powerod

2xoskeleton carried the paralyzed ussr’s arm thrcugnh a varietY
of wmanipulation SBQUEBNCaS under the contral of the users
nim/hersal? who dirscted 2 hneag-mountse lignht beam :

rnotorec=2piaors. locatad on selected objscts. The technology
emplaoyed and the concszot of computer—augmented manipulation o

the Case system wer= alr=agy very sophisticateda, and the Casa
group invested alsao signiticant raesegarch =2fforts ana

trials, juss like ths desigrners of the "Rancho L
Colcen  Arm 4 T2w ys=ars ilatear (2. AowEvar , The
Ilmitaticons af snis type of OrThnosiss tnat attempts Ta animate
& Daraivied numen aFT Taving Ao rEsideas: mooor Exatal Eensczr”
TuUnCcIicons,; could met be overcome. :
In <the lata 4Cs anc =2arly ’'7Cs, wOrk  began  witle
manipulators that waere not atitached %o the user’'s limo, art
thus hnad completgp Tuncticnal autonomy. The fi-st grouo

exolore  this solution Oy utilizing an industria: manipulatas
angd 2 Nighly SITUCTUr2g wWark 2nvirgnment was the one  at the
University of Heidelzerg, west Germany (&). The aporoacn basad
T a T2R0t manioulator ssparated Trom the user arag caonTroliszss
Yy him/her nas tnen a2volvea signiticantly sg as  to include”
generalized comouter conirel, automatic routines, imoroved manz;
machine cCommunicaticn means and aven some simole Sensor;
functiaons (7Y8) (%), -y
Japanes2 investigators have also been active in the i
oT medizal roecetics in general and of remanilitative raocQtics
In  parTicular. AT fthe Mecnanical Engineerin Laporatary

aQ

I TOr 2xamplE,T g with- the—cotblanor ation—at CTEUr Iver sy
ot Tokvya, a robot system has been develaoped comprising 2

PawertTul mobile robct ("MELKCONG") intendea ‘ar executing heavs
maniculations af bedridden patients hoth in heospitals a§¢
arivate noussas (10 . iaopan 1s alsa participatings 3
gartnersnio with tne U.5.A., Canada ang U.x. (wnicn leads O
ara ject) te an important initiative pramoted Dy the Q.Z.C-03#
{drganization for Eccnemic Co-aperation & Cevelopment,) in %
ars2a oT advancad ropgts 7or nealih cares. In this contex

Uox, Desartmenz of Tradge & Industry nas organizedg a study
TOBCTICS in Olagnosiss surgery, reman:litation. nursing

arug nanaling, whnosa ConcCiusions nave igent:iTied



ment oT robots for tihe sssistance

o]

ot
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Cl
al

“=velcp the ocisabl oS
=iderly as a key area ot application for robotilc i meZicins,
aith a significant markaet expect=d for it (11).

&lthoughn in the U.: &, some othar greoups have besn active
ar have recently initiated new programs in the Tizld of
rmhabilitative robhotics {far instance; at Carnegie Mellon
miversity, Pitisburgh, PAa) (12), the project an rohabitlitative
~ahotics hbeing carried out fer about f2n years at the
aeshabilitation Nesoarch and Development Service at the Yetarans
scdministratisn Medical Center in Palc Alto, CA, jointly with
Stantord University, and directed by Larry Leiter, can be
regarced as an excellant examole of thorough consideraticn of
-ne real meads af the disablad, skill in oractical
imolamentation ang nxtewsive ciinical fasiing ohd some =
fungamental conca2pts af re=nabilitative robotics (13).

The Stantord resgsarchers nave pursued a. very pragmatic
zppreoach fasad an the =xplicit statament that trying to re2staora
-he manipulation capabilitiss of a disapleg¢ by imitating Ihe

¥

v

ana<comy et the last limo rather that its fFunctiorms X
aisleading. According ta the Stantora rescar e 2, 27 T2ac7T. the
wisn oF replicating the anatomlcal Tzatures of the lost upp=er
lime 1mposas at presant, too severe technological consiraints
o the cesign cof & robetic aild, ultimazaeiy limiting Tne
Func*ional performanc=s .ot the system. The most significant
acn: evcme i ot tne Stanford growp is probably & TORATIC aid
workstation Ffor =2napling a guadriplsglc o accamplish  sScome
avervyaay =ating and hygisne Tasks. The systam, developea By 2
_ taam of =2nginesers; therapists ang users, lnoIrpgracas & numan«T
s=alo incustrial manipulater (Unimazion FUMAI, MLCroDTrOC2sS307
Sased wvoicm cammand and synthesizsd vQic2 7e2sSOons2 LUnNLTS, 4 Two -
o Tinger=2g gripper with simpi2 sSensars  anc mixesd mco & ’\~
’ Nlerarsnicszl Ccontraol seT twarz  FTunning 1A nume ar o7 -
Incepencent MmICToCOMOUT2rS. Tests carrisd cut ann agrea than one
- nuncrao T aguagariplegic usaers nave irndlcatad that Tne
- osyecmalagical accsotanility o7 the ~apnabtic aid 1s SatlsTacIorys
anc tnat 1t can make a Qéluamle ang =ffeacitlive CcaniriduTion T2
N the ronagilitation of saversly alsaolead individuals.

3 4. A SCENARIQ FUOR AN INTELwrolieT 2EHARILITATIVE ROBOTIC 41D

z As  alrsady oscinted out, a r=zhaoiiitative robgtit  aid
- shnauic incorporate  same degree 27 Lntaliigencs in a@roer o
= reguca the mental load of the usar. In pracsice, 1t would 5@
;' fignly desiracie thac The rcoov systam wara capaboi= i
o Understanding and sxecuting sucn synthertic cammands ass o
: Zxamole, "qive me a glass cf water’ or "sarve me i ripe zear’,

=5 on. ”Among“fhe'manVﬂ:3mcfex~ﬁﬁaa4ems__;mgt;eq in Ine
design of an intelligent ingteriacs bhetween tne usear and | =0
fcoot system agle tao manage tne apgve  Tasks, Qur rasearch
Interest has oeen drawn by the speciTic praoblem of
;:;iztiiat;ng now  Tactile ;ensiﬁg can be used Far execuTing
2uilring sopnisticated manipulation capapliliti=s.

Orne aof ne implicarions oF the apilicy o intararet

Svnther-; - a

o C gorders is abwviausly Lhe =xistznce  arT n acequst
Cde ] = : . s -
g &2 of the =2nvironment, or the ablility cT the 3sysIzm IO
en - . . . L. - .
i Erate it i¥ not awvallable. A4 fundamental contributlon T2 a
P -0 - T T - I ; " -
: 2ugn (o ',:}“ world mgoef" for cthe ropotic  aid
b S




S At ek a3 b e i S

derives from fTacitile exploration. In Tact, the senss o7 touch /1
Ccan be usad: a) to integrate other sensery modalitiss (vision, T
oroximity, nearing, smell, 2te.) in order to generate i
infTarmation (what is the shaps cof the bottie and coTf the aglass?
what is a "ripe" pear?) useful to creats a model of  the
environment; B to assist the system in the identificaticn of

the actual status of the snvironment when the robcot is resguired

Tunctigos

il

to execut2 some  tasks; ang o2 To drive sensor—hased
manipulation during these tasks.

Based an this premisa, we =2lected To investigats
artiticial tactile percenition az a means to orovide
Tundamental skill 5 a Tuturs Truly advancead. rshaoilit
robotic 210, In parzicular, the ability to physically inter
with the numan body would be guite impertant Tor an advan
ropoctic  aig in oarder to execuits same simole dlagnostic
therapeuwtic orocesdureses an the user, for instanc=z by palpati
Such apility waould alsc De attractive for some at
anplicatioms of broader potential interest in  the fi=ld
—ismmmdiszl TShoticss Tor LnStanceE To¢ automated diagnosim (17

in order ta investigate this problem we concslved
idealized general sceznario, such as the one sketched in ~ig.l,
I which, “or =masz a7 investigation, manipulative and sansory

ra2 se 3 i ttributed ta a PUMA arm and to 3
o

r, resgectively.

0
0
3w

single anthreo rohic Ting

TACTILZ i
AND bo-

PROXIMITY

SENSCRS

a7 a3 possible -obot
sisabled assistances

In =the focllecwing, sgme meculiar features of tnhe rcobetic
~Finger systTam ars discussad. We inteng to incaoroorate  thes@
Fingers and in the centrol archnitecture of
Rand, wnich will be eventually mounted o0

PUMA arm. A few  experimental results
i ta carry out deliicate

agilitv oT The systam
sSalgatory =srocadures aimed at sensing  same  diTTiarant boay
Tmagrur=as ar=s alsa r2ocoritec.

oh
[£3]
&%)



TEHDONM

SHEAT

2: Cross seaction of the fingerzio showing IThe
Tauge—nasad Taorcs sensor, the goteeliectronice
2 sensar and the US range sensor.
8B0T FINEER
exploraTtory finger is compossd of four migid iinks
Y oninge olnts. Ccmpar=ad wiith a preEvigus versionm of
wZ dEscrived in oTner zacers [(1S)014) (amd thaf we
YouS2C 1N some 27 Ihe a2xcerimants descorifbes in sois
& lmzertant moeclivicatigns ars o=2ing studi=a Tor the
nc ToE® actuagors iIn orgsr Tz sgTimize Fimgss
S Juring tThe Zellcate sensarv—mator Sroc2curos we
investligata, A oreliminary cescrigtiscm  a¥  Shis
Tinmgertizs has been grosented it (17).
fele a7 the Timgersiz, shocwing the three diffsrsnt
sors it ircoroerates, is raported in =ig. Z.
ine structura oT the Fingertip has been designea to
o a ra2sultant forces/torQque samscr =t She base, an array
toelacirsnic tactils sernsors ar thne caver, and ap =x<=rnal
2%®d arvav of giszselsciric polymer ulitrasonic (US) mange
ducars cocnftorming To the Taciile sensor underneach.
A seeming dilemma  that w~e have tried ta salve is that
2N the need fTor acgurate Torcs sansing and the intersst
lzcal inTarmation on gantact T=atures. The solution we
is <3 assign thess twg sensing roles +to distinct
(ig8): ~ne Toro=/torous sansor iS5 curposasly designes o
- acziﬁEEEEEH??§WEEﬁSing_?ﬂﬁc?TEH%WFEEETFEE“?b?‘fiﬁqvf—%cw~~%avel
; E3moliant mozion control, while the tactile sensar array has
e arimar Tunction oF sensing lcgal coject features maimly
al purccoses. The US range sensor also contributass
er abilifty to Zomoliy with  variaocle sarvironmental
Ev  oroviging net only ralatively iong—range
2N the pra2sencs of Soj;2cts, but alsao mrddle- and
fata usable to reconsiruct scme geometrical caoject

the range
an oo iect

r~
Jow o

Q

to

Tensing arravy al
as

well as ko

2xtract

te contral the
"precactile”
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3
'BX~sansi
N

non  ccontact inTormation on the
exploratory movaments,

{2t uwus mow Dbrietly consider
individual sensov.

In general, a force sensar is a device whilch m@asuras, In
a particular coordinate Trame, the six componenis oT the
"generalized Toroe' vectaor (i.=2. three pur=a Torcsz anc  thr=se
torgues) that is exeritad through the sansor itsz2lf during
contact. This task is wusually carrisd out oy measur in the
defarmations that the aaplied load originatas in & suitablie
mechanical —mart of the sa2nsor. So far, most fargce sensors have
been deveihbed ta it the wrrist T a f1obot
specifications concerning  siz2; weiaght, aobus
differ cansiderably from thaose reqguirsgd for a Tinm
sensor. A Tingartlp forgs sensor has seen rec=ntl
be incorporatzc in the fTinger af the Stanferd/JFL
Although this sansor turned out to ne rather 2771
rather zomolex and delicate; a simpler struct
Adecirable in  Order tao 1ntegrata the 7orce s=isul WL
sernsors in The same Tingeriip.

We devisad an extramely simole mintaturized sensar
contTiguratian in which the defcrmatxons of a Tnin walled
cylinder srigimated by thne contact Torce ara ftransduced by the
minimal numoer {i.e, six? gt sTraln gauges (201}, in the
theorstical analysis that suwoport the design of this ocptimlzed
farce sSenscr, Narticuiar attsntion has been devolteg 2 rencer
the linear svscam'of 2guatigns that ra2late stralm measursments
ta the unknown cmponents  of Tne external lcaa as well
cornoilTionsd 3S :css;ble.

Tz is aliso w=wdr:h aps=rving that a TardsE sSaEnssr mountad in
ft et TinzsrTizs il 2 roDosTiz maEno Zzn 2 ocsatul o nes omly ota)
cetzc= =She six comuenents of the rasulifant mantact Toro=E veoTor
{ZTnus B=21ng immeciately uwsafiul Tar fhe forga-sarve looo
contiroll, o2utT Ai1s50, orovideo thiat some rzasonable hygotheses
ar=s wvariTtlad, +n calculata the acint af apolicaticn and the
dir=2ctian af tme resultant Torcs vectar  (fhus providing
imformacion usaib.e also Tir garceptual tasks) (=37, wea  havea
verifiad sxperimentally mat a simole and gheao Toil strain
cauge-basas forg2®  sSensor lacateg at the T2se oF a2 snmerical
fingertis naving 25 mm ciametear can detact 7 1
.l N wizn  an accuracy aof &% The sansgr
maiculaze The location af tne soint o  apol
rzsuliant cantact farce with an arrac smaller
forc=z range of 0.1 — Z0 M.

One af the above mentianed hybdotheses
Tarces {nm tarcuesi are exersaa throaugh the
ar=a. - Sucn— DOinNT-SORTICT-— iS5 SOASWR & —aRT el
fra2quent Zase o7 very campliant 7inger oads (a convenlient
soiution Tov achieving bDetier grasoing staoility). FurTnermars;s
fine manisulaTticn and palpation may raguirs  2xIr0 acting very
detailed intformatian on local contacsts moth 1mn kerms of fTorc

T1viTv aneg af spatial T®soluTIONn. Skin—like cac:zle

lsenseors  gistriputed  on the fingertip pad ana capaole afF
resolving the 1gcal Jdiasributionm oF  Cohntact  ToroeEs naY
effectively integrate the JTarge sensor far the control o7
delirate maniculatian as well as provide specitic infarmation
cn  geometrical ang oTher onysical featuras  ofF The opjects
belanging to h@ ~Ork 2nviranment.
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Fig. 3: Principls of transduciicn
c? the optoelesctraonic tactile sensor

We have investigated an approach to the design of &
conTarmal Tingertic tactile sensor basad an an cptical
transduction orinciple that involves the Trustratisn of toctal
intermal light ref¥leczicn. This principle can be illustrated
reftarving toe Fig. 3.

The light amivr+tadg By a congtant i tensity gptical sgures
is gulded inte a transparenc plate, shaped z2s the TFingesriis
oad, by total inmternal reflsctionm 2t the air-aolate intartacs.
I¥ a rubger =lement lecatedg azt the “20  surTacz af the
transoarant oplate igs arssseag on LT v The sxi=rnal icad, the
Tuster-alate contact swurface ¥Ari2s, Tnus inTlusncing the ilacal
lignt raflecticn congiticns. The lignt diffusss osut of znas
ar=a, 1T an  amount BroQorTional TS tha Simensioms o f e
“eéntact ar=a ang hencs <o the lccal indentation of tha Tunoer.,

Sy mRraving an gravicus sxamolss  of tactiles sensing
d2vices pased cn the zotal internal lignt reflec=ion t2chnique,
w&  fSave designed a fingertis-—-shapeo tactils  sensor that
inczrpcrates  an arTay o7 microlevers capabls of Zeteciing
lscally btecth normal and tangential actiaons, The array of
microlevers 13 =mbedorad in an “ncu.ateds wur=thare laver Torming

) the caomgliant cover of the Tingertip. AsS snawn in Fig. 3, =ach
micralesver is rigialy commeciac I a Dase incorcorazlhg thrazo
~Snlcal  rubber slzments. When the micralever tilsts wpen  thne
dfpl:icaciorn af an external locag, the three Zones prass on the
Slate origina &ting 2 distributisn af CifTused light intensities
That can te =2ither cellected by indiwvidual optical Yibers and

2a¢ by an array aof phnotgcetactars, er detected directiy by a
. CCJ tccated inside the Fingertic with the intergssiticen of a
S suizacis iens systam. During oralimifdary o 28TS, " TFEaCTT sEnstnge s o ——— — -
2lement egxhicited a ‘aorcs Sansitivity at 0.01 N, with nan
linmearity and Mystherssis (compinea) betier than 3.4 % F.3.43.,
2 measuracls Teorze range oF O0-1 N and 2 Dandwidth a¥ 25 Mz,
Mars aetails en smis sansar have been given in (22 .

As praliminariiy invesctigateg Sy Schoenwald ang  Martin
(23, i i1s possinle ta use poiyvinylidene fluorics (PYFZ) —
dasag curved tramsducers to emit anrmg receive US waves. “e mnave
2lanorated this i1dea anc designed arm  array of curvad,
*ltarnative ely zZsncave and convex, Transducsrs ysing a 25 micron
Nin Fiim af tne siezomiectri oelyvmer FYFZ, S=cn  zZoncave
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The PWFZ array has been designed sc a5 ver, as

illustratedg im Fig. 2, the undulatad patiern aT senslng
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af Zne counteracting unif (“antagenistic™)
temperaturm. Tme agonistic unit 1S

LI |
i
02
of 1«
Jow I
M
-
m =~ -
= 4t
iTF e N
I M I o
0O M p w
T D oa
Ad [ o+
a

3
1Y
1]
W
3
o

fu—

zci=d

M
L n
i

llhl

C
~
30U
DL 0]
3
A
4,0
0 = reer Ul

ot
!
V4
n
1
[
4 3

3
o
N
4}

i
W o 0
3R
y—s
i}
n
<h

3
m

m 3
0
<
J

“
-
]

]

H
Ja
+

n

J




&
— .
2UNP T
§ 3MA UNIT 2
Fig S rhe  =MA actuating module incoracr
inoa link of the articulated sensaorized <in
AFrnalogously, The antaconistic unit is Zaolsc oy
~hen & unit s neazadg, The 5MA c3iis selenging -
- TENC T IonTrTadt towarz Th= snaos nemor:izeg Turing
< annsaling TrICZ=2ss. The Torze  casuiting fTrom
: tramsition zazurvicg in o the IMA iz Lsa2e in zarz Tz
= ne jminT oanag iH‘ -ars LanDeT e ol =lcn
: ENTACTNISTILS SMS =2ls=ments. = TaIn2r  3gcnistiza
. svgtam nas Teen Zavisac anc is 2=ing lmols
fcnTrolling tne SMA moculs,

Sreiimirary 2xoerimental resultsg incigcatedg Tha
that the M2 zmoeraturs Toes moT excseg a maik
2LTuator Zsn 2xersT  a variaole Tarc= ar cosctans
Tundamenstal SrTocoerty Tar an aciuatsr S5 Zarr-y gus
Tinz maniculaticn tasks. Suring isctonic (.2, can

. 25T, 4 mcculs ingsrcarating Threes SMA Soilsz =
Slamezer 37 1.43 am, a memorizaoa length 27T &2 =m,
3T O.43 amm Ziamezor Titanium Nicke! 2llay wira, H
9 10 N fFor a3 stroke 2F 10 mm. The tctal weight 2f
s le2ss  than S0 3 2ng the “r=cuency raessonse 0.0
law, susz rmeravanle;  suTTicient, anyway. Tor She
= Tine nanizulztion tasks)
S. EXPSIIMENTAL ROCZDURES
i =S Ihe rew Tinger is still in its Jeveloomenta
_ fleciza IS 2s8 an existing versicn 2Ff the Tinger f
- SUT some axperiments aimed at Investigating tactiie
?3Tac1gm5 useaTul, as =xGiaines SETore; Dot 3
lhdlrectly Tar renapiliiation ourposes.  Wa summar
?naractaristics 2¥ The system archit2cture that ars
” N2 sgecivgs 200 1iC&aticn IZansidersd in fhe oresa
E—_
T S—
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g=r.
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The roDot system consisis oF threse olocks: 1) o a migh leve)
“Texger ! systeEm, at the too oF the control NDil=srarchy (thig
"experit', Wi o decides the overall diagnestic Stratsgy
congisﬁihg of saguences of taciile 2xploratory "subroutines®

cocrdinated &t <the intsrmediate control leavel, might be the -
same disabled user; the *"expert” snould also he capabhle of ~
processing and interpratin the data provided by the finger
sensars) g 2) a middle-level block that controls the execution -
o7 fTactiles subroutines; and 2) a low level nlock cemorising the
hardware companents: the ki ger Wwith SENsors, motors ang
drivers, oreprocaessing 2lscironic wunits, and other sensing
devices {(for instances, a TV came
in <Tne wversiaon used To

Finger, tThat is intanded to
Tinger cf The hand, has Tour rigi
by dc S2rvomoIcocrs via  Sowde
incorparates pasitiaon, velacit

b
j

following experiments the

)

2
imitate .unCuloﬂaliv the index

d links indiwvigually actuated
ta! :ables. ihe Tinger alseg
Y and torgque sansars at 2ach
joint, as well as pilezoelectric polymer—-based tactile sonsors
at the Fingertin.
he Tingeroad—-ghaped tactile sensor comprises a
sensing laver, mace out of twa 40 microm thick
Oom  wnich  an array of 7 circular sensing  sites -

b
(diamster 1.2 mm, cEntar to centar spacing 2.3 mm)  has  been
stbTained. The seansing laver s backed by 2 1.3 mm thick
1 oh the-

er laver, that provides some compliance 4o
cantact =38 ac= and 1ncrzases The straln :angltlvitv ot the
: i 1

Dl1=2zo=laciric ilm  sansor By allowing 1t o goerzie like a
Tiexinle membrans . Svery 'exgloratcry sTrateagy includes
cosizianing Tirst the Tingeroag on the bady parc ta  =swamine;
Then. zocth contacks For: n ; Pm T
A0 ;usIsed n orasr fTa coti
FEaiuers Ihroouon TN Tacoi
that arsa. The Tactil
orimarily to sTvrain, arsz
Tmatures, like roughress, a
such as =lastlc or thermal orccs
cr2ate an agcfurate model of thna enwv
the orazsent caper; however, the tac
& memcrane sensar rascanding ooly
And TETNEENLIS1 siralll auting at its
= num@er at cifferent Tactiis s
For instanca, 1%t is gSossibls z2) o
Tinger Towards an obkject and to a
dangeraus situations (hot or
migh owro— and ciazoelectric
sSensar ; 2} to vollow the surT
3D snape; C) tz sans2 surTac= roughness, crobe d)
= {25 of the materials iKe oBjBCIS

BETIC ang TyoTvirermal proger w
2 made out (2ZT).

<2 hnhave e@elzcted to investigate here the passibility of
us1ing Sur Tactile svstem o carrv out Sroceduras gof ogtential
r2napilifazive intarest, SUET as sansing by palcaticm arcerial
culse ang nard inclusions (1.2, nodules) emosddec in a sctter

The sucroutine "PULEE" 1s a seguencs of sensorv-motor

acts, That has ceen devised ‘o command the rapet  Tinger Lo
. . . N . L. >

ov palpatvion, the radial artery pulse at the patient’s

Suring Tne  ex2cutian a7 PULSE the finger is oressed

(S}
(o
o
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Frg. S: Skestgh of the robot sgtup Tor sensing hea

arterial pulse (laTt). The pulsze waveform rscoroed At

the same wrist locaticn, with Tne calculatea Tirst

(DL anc seccond (D2 tTime cerivatives, allowing =0

metect thne dicrouic natgon, ara alsa shown (rignit).
agalnss the 2Zatlent’'s wrist wiIh an adjustaple cosntacst Tforaes
(m=asured OV the jocint—Ttoriue  Se8nssrs), whlle @xgi@razory
mCvemsnts ars Sommancec 1n OrSer TO J0Timlze the pulseE ~aveTtor:m
signal aetectec ov the tacztils senscr (see Tig.3 i1artz:.

Tne wavstTorm 1 perIzivEZ 2= eornifmal S o & culse
ampliizuge is tne largeasc, ang D The JicraTic nNoTon 1S5 Cifarly
cetecTtanie. The Tivrst Ccong@ltion 1§ m=1la3aTt=2d Ta Tne 2¢si17i4an a7
thne Tinger on The wrist, w«wiils fne secongd depends (iTor tna same
Tingsr pOSiTicnl An the oressurs Sxertaa oy the 7inger an the
artTery. ~t 2resaent, The sSSarcn To8r COT1Im&! PuisSs wavaTerm 1S5
Tarriac Swt  tnrougn 2 Twe—sSiEn  orocsdura, in  wnicn  Tinger
Movem2nts ang T OrS2 2@ jusTmMents ars Cammandec saguentially. el
=xamp iz aT sulse waveiarm detegiec oy the PVFZ sansar ~nen the
f:nge*"lp axeris a contact fToreca2 27 1 M on the WT 18T QT EY
Aealiny patisnt 1S snown 1n Fl1g.2 rignt.

The subroutine "PALPFATIONY 1s intanged Tor gontroliling the
Tooet 7inger tgo sanse hardened reglons 1n sQT I anviranment, as
SNown schnematically in Fig.&, leftto.

A sSprt 27 anthroapomeorpnic phantom Dreast was preEsarag wiith

1g

n aensity urathane rubfer (Young’'s Moculus Y =
1o mEa, in  the small oCeTormaislon Cangel . _5& Tow  schericail

. —_———

nclusians, Nnaving The samg clameter (10 mm), but mace out of

@r:7¥e2rent materials (nign density siyrefeam, wilin ¥ = 2. 10

MPa polvetnylene, wigh ¥ = .3 10 MPa, armd stainless steel,

w1 Tn h = Z.1 10Q MEa, wars smoedaed Detween The Twe rubcer

Sheerts (mpach (0 mm thick’i. The pnantom was posad 1n The ~orking

Ar=2a  gT The robdot Tinger, and the Tinger was tnen cmmanded

Thrzugn the subDroutine "rFACLEATION", o pgress t%e onantom an and
R
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9. a: The Anthropomerohic Tinger sensing a hardenoo o
inclusion in a =sgT+ 2nvircnment Dv paloation - . -T
The Tinger =EenNsar outpurt Tor  diffsrens soherical -
1 ia} (Ciameter = 1 Zm, Se0th = 1 cm) iz  alsag =

7. CONCLUSIONS
The A0CToach .Soroposad in this saoper, although sSUoporitad at
SJrasent orly by verw areliminary theorsthica] analvsig ang
Zxperimental T2sults, gssemg promising Tar a aumoer of reasons.
First,  the crodlem we ar2 investigating is suscsctinie of

ce:ing ?fzeﬂﬁeﬁmmtqnlakeﬁ—&nV&FiEtVMDfmaSDEQtﬁfFETHTEUH_TG the
tic assistanca to the disableag. in Tact rocot te

will nave 3 SigniTicant imoact on Realih cars only att

the hardwar= anad SoTtwars tools T®quirad for a raobot ta b=

Zapabnle g7f TenTtrelling =he Contac:t feores it =2xerts an the
Jatisant  hocv ara avallagcle. In this zantext. the anility of
calpating sort Diclogical tissues is 2 2ert of hasic skil} rhac
=very r=zal "hiomegical robot sroula Ccossess .

A secaong Caomment relatra
ot tne mulitilavel o

S Tt the design o7 the Topot Tinger
antrol Architecturs devised far




:gmmanczné Finger motiol I} v T Zignais.
griginally proposed Tor investigating Dasic senscr;—motor
~pdalities o©F ractile exploraticon, the hardwars ang SoTiware
CngOﬂEﬂtS of the robot system demanstrated ta be veTY
Fiaxible: in faci, hesides the two =xploratory procadures based
an rcalpaticon that we have illustrated 1in this Daper; her

at
sensorywmotor spquences are being considered both for diagnosis
and Tor therapy.
Many nproolems remaln ts be solwved. Same of them are
i

:echnological, and relate mostly to the 7= japility of the

mechanical structursa of the Tinger. and to the pervormancs of

rhe tactlle sensors. Hopetully. Koth =z2spects will be impraved
in  the new version of the Tinger. Other difficuities darive

Fraom sme comoisxiity of the averall cocntrgol arghit=aciurs, =2ven

if mest of the sensory—mator Processas We ars considering are

intrinsically zilow, and nence not really demancing in terms ofF
real—time mperatlcn.
A Fimal observation re2lates to the use af this aporoach

g a r=al ronabilitative roboTic aid. Wa pelisve that, cespitis

its  ComMpiEXiITYs thme aTTEmoT O3 Piiwemiigacing IhE YRS ST

proplems cutlinmed in :tnis paper is ~worth being carri=d oul 1T oa
general scluticn is to be coctain=d for a2 robotic aid.
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Figure 3. Scheme ¢f a push-pull SMA actuator (a), and block diagram of a pessible closed-loop
control architecture (b).
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