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Anotāc i j a 

Ci l vēka p i rks tu kus t ību kon t ro le p rec ī zu man ipu lāc i j u la ikā ba ls tās uz d ivu t ipu m e h ā n i s m i e m . P i rmkā r t , 
tās ir a tg r i ezen i skā sa i tes no tak t ī la j iem m e h a n o r e c e p t o r i e m , kas s igna l i zē par to va i m o t o r ā s 
p r o g r a m m a s mērķ i s ir sasn ieg t s un va i v is i pa ramet r i atb i ls t ga id ī ta j i em. A t g r i e z e n i s k ā sa i te var 
nod roš i nā t p rec īzu p a r a m e t r u kont ro l i , t aču tās t r ū k u m s ir lēna da rb ība un a tb i ldes reakc i j as n o b ī d e 
la ikā. V a i r u m ā g a d ī j u m u prec īzu man ipu lāc i j u n o d r o š i n ā š a n a i nep iec iešam i a p s t e i d z o š ā s r e g u l ā c i j a s 
m e h ā n i s m i , kas ba l s tās uz tā s a u c a m a j i e m iekšē j i em m o d e ļ i e m . Šād i mode ļ i t iek s in tezē t i C N S 
iekš ienē . T ie raks tu ro m a n i p u l ē j a m ā ob jek ta kr i t iskās ī p a š ī b a s un, ba ls to t ies uz iep r iekšē jo p i e r e d z i , 
p r o g n o z ē i e s p ē j a m o ob jek ta u z v e d ī b u man ipu lāc i j u la ikā. Iekšējo m o d e ļ u i z v e i d o š a n ā s , savukā r t , ir 
i e s p ē j a m a t ikai pa te i co t i es sensora ja i in fo rmāc i ja i , k a s tos uz tur un d inamisk i kor iģē . 
M ū s u z inā tn i skā d a r b a mērķ i s ir izpēt ī t p i rkstu m o t o r ā s kon t ro les p r o g r a m m a s kā arī tak t ī lās 
i n fo rmāc i j as k o d ē š a n a s m e h ā n i s m u s , kas nod roš ina p rec ī zas man ipu la t ī vas kus t ības . Konk rē t i e 
u z d e v u m i bi ja n o s k a i d r o t kādā ve idā t iek panāk ta d i v u p i rks tu s a s k a ņ o t a da rb ība , ve ico t k o p ī g u 
m a n i p u l a t ī v u u z d e v u m u . Otrs konk rē ta i s u z d e v u m s b i ja noska id ro t kā takt ī l ie recep to r i p i r ks tga los k o d ē 
t ā d u s lokā los k o n t a k t v i r s m a s p a r a m e t r u s kā t a n g e n c i ā l ā s p ē k a k o m p o n e n t a v i r z i enu . 
Lai p ie raks t ī tu a fe ren to impu lsāc i ju , m ē s i zman to j ām mik rone i rog ra f i j as t ehn i ku , kas ļ au j reģ is t rē t n e r v u 
i m p u l s u s no v i ena v i en īga a k s o n a n o m o d ā e s o š a m c i l v ē k a m . Šī un ikā lā tehn ika a tk lā ja j a u n a s i e s p ē j a s 
ana l i zē t tak f f los ne i rā los m e h ā n i s m u s c i l vēkam ar t ā d u prec iz i tā t i , kas iepr iekš bi ja i e s p ē j a m a t ika i 
e k s p e r i m e n t o s ar na rko t i zē t i em d z ī v n i e k i e m . 
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S u m m a r y 

S u p e r i o r ab i l i t ies of h u m a n s to d e x t e r o u s man ipu la t i ons d e p e n d o n t w o m a i n t ypes of con t ro l 
m e c h a n i s m s . First it is f eedback cont ro l us ing s igna ls f r o m tact i le m e c h a n o r e c e p t o r s enab l i ng a task -
spec i f i c ' l oad- to -g r ip ' senso r imo to r t r ans fo rma t i on . F e e d b a c k con t ro l m a y p rov ide p rec i se cont ro l of 
p a r a m e t e r s , but l imi ta t ion in th is con t ro l is long e v e n t - r e s p o n s e de lays . T h u s , senso ry b a s e d c l o s e d -
loop f e e d b a c k is inef fect ive at m o v e m e n t f requenc ies tha t regu lar ly o c c u r in m a n i p u l a t i o n . In fact , m o s t 
m a n i p u l a t o r y t asks requ i re a lso f eed fo rwa rd cont ro l m e c h a n i s m s . T h e pa rame t r i c a d j u s t m e n t o f 
f inger t ip f o r ces to ob jec t p roper t ies g i ves s t rong e v i d e n c e that the C N S u s e s in ternal m o d e l s o f the 
re levan t phys i ca l p roper t i es o f the ob jec t s that w e in terac t w i th , in con junc t i on w i th s e n s o r i m o t o r 
m e m o r i e s . Dur ing man ipu la t i ons , the in ternal mode ls re la ted to ob jec t p rope r t i es are ac t i va ted a n d 
u p d a t e d b y tact i le s e n s o r s in the h a n d . Internal m o d e l s reta in the cr i t ical pa rame te r s o f ob jec t a n d us ing 
p rev i ous e x p e r i e n c e pred ic ts poss ib le behav io r of ob jec t dur ing m a n i p u l a t i o n . 
In th i s l ight the ma in t ask of o u r s tudy w a s to d isc lose t he m e c h a n i s m s o f mo to r con t ro l p r o g r a m s and 
revea l t he cod ing m e c h a n i s m s in tac t i le a f ferents enab l i ng dex te rous man ipu la t i ons in h u m a n s . 
Spec i f i ca l l y w e a d d r e s s e d ques t i on h o w the coo rd ina t i on o f two d ig i ts is a c h i e v e d w h e n e n g a g e d in 
c o m m o n res t ra in t task . Fur ther w e inves t iga ted h o w t h e tact i le recep to rs in f inger t ips e n c o d e s u c h fo rce 
p a r a m e t e r s at c o n t a c t s i te as d i rec t ion of tangent ia l f o rce c o m p o n e n t . 
W e u s e d t he t e c h n i q u e of m i c r o n e u r o g r a p h y to record s igna ls in h u m a n tact i le a f fe ren ts wh i le app l y i ng 
m e c h a n i c a l s t imul i t o f inger t ips c o m p a t i b l e to those tha t ar ise in e v e r y d a y man ipu la t i ve tasks . 
M i c r o n e u r o g r a p h y is a m e t h o d that a l l ows us to record impu lses in s ing le ne rve f ibers in a w a k e h u m a n 
sub jec t s . It is based o n pe r cu taneous l y inser ted t ungs ten m ic roe lec t r odes tha t impa le t he re levant 
pe r i phe ra l ne rve . W i th th is t echn ique it is poss ib le to a n a l y z e tact i le neura l m e c h a n i s m s in m a n w i th a 
p rec i s ion a n d reso lu t ion p rev ious ly ava i l ab le on ly in e x p e r i m e n t s on a n a e s t h e t i z e d an ima ls , wh i l e at the 
s a m e t ime , the sub jec t can pe r fo rm m o t o r and psychophys i ca l t asks . 

3 



S a m m a n f a t t n i n g 

M ā n n i s k a n s f o r m ā g a att u n d e r s o k a o c h man ipu le ra f o r e m a l med s ina h ā n d e r beror f r ā m s t pā h j ā r n a n s 
a v a n c e r a d e kontro l i av h a n d e n . D e n n a kontro l i fō ru tsā t te r ett for f inat s a m s p e l me l lan s i n n e s s i g n a l e r o c h 
m o t o r i s k a kont ro l l funk t ioner . I kontro l ier i a v man ipu la t i va uppgi f ter , s o m nār m a n tar et t f o r e m a l o c h 
lyf ter de t f r ā n under lage t , k rāvs bl.a. at t d e app l i ce rade kra f terna a n p a s s a s till de t ak tue l l a f o r e m ā l e t s 
f ys i ka l i ska e g e n s k a p e r . S ā a n p a s s a s t ex g r ipk ra f te rna till f o remā le t s v ikt , f o r m och f r i k t ion m o t h u d e n 
sā at t f o r e m ā l e t inte g l ider ur g reppet . Samt id ig t u n d v i k s onod ig t s tā rka gr ipkraf ter . S i g n a l e r f rān 
m e k a n o r e c e p t o r e r i f i nge r toppa rna ār sārsk i l t v ik t iga fō r kont ro l i a v k ra f te rna unde r m a n i p u l a t i o n , m e n 
d e r a s n a c k d e l a r ā r l ānga reak t ions t ider. Of ta kon t ro l l sys temen a rbe ta r m e d f r amfo rhā l l n i ng , d v s 
pred ik t iv t , b a s e r a d p ā m i n n e s i n f o r m a t i o n o m fo remā ls e g e n s k a p e r . T i d i ga re e r f a renhe te r av o m v ā r l d e n s 
f o r e m a l s p e l a r s ā l u n d a e n a v g o r a n d e rol l . H jā rnan a n v ā n d e r sā l unda in te rna mode l le r fo r sāvā l h a n d e n s 
och f o r e m ā l e n s e g e n s k a p e r s o m for uppg i f t ens d y n a m i k . 
I de t t a a r b e t e har ana l yse ra t s hur e n s k i l d a f ingrar ār kon t ro l le rade u n d e r g e m e n s a m m a n i p u l a t i v rō re l se 
nār d e hā l le r ob jek t i j āmv i k t v id p ā v e r k a n ut i f rān. Ti l l sk i l l nad f rān t id igare u n d e r s d k n i n g a r g e r en 
e x p e r i m e n t e l l s i tua t ion moj l ighet for sub jek te t att de la n o r m ā l a o c h tangen t ie l l a kraf ter o b e r o e n d e a v 
v a r a n d r a . De t a d d e r a s s ā l e d e s till e n f r ihe tsgrad v id kont ro l i av m a n i p u l a t i v a krafter. U t a n u n d e r s o k n i n g 
av m o t o r i s k a kon t ro l l funk t ioner ana l i se rade vi svare t a v takt i la recep to re r o c h de ras f o r m ā g a k o d a 
r ik tn ing a v tangen t i a l kraft under man ipu la t ioner . M e d m ik roneu rog ra f i reg is t re rade vi ne rv t ra f i k till o c h 
f rān m ā n n i s k a n s h a n d e n . 
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1 In t roduct ion 
W h i l e res t ra in ing a n o b j e c t sub jec ted to unp red i c tab le des tab i l i z ing load fo rces , sub jec t s use s e n s o r y 
i n fo rma t ion re lated to load c h a n g e s to au tomat i ca l l y g e n e r a t e gr ip r e s p o n s e s via a task -spec i f i c ' l o a d - t o -
gr ip ' s e n s o r i m o t o r t r a n s f o r m a t i o n . Tac t i le recep to rs o f the sk in in con tac t w i t h the ob jec t a re the on ly 
t ype o f m e c h a n o r e c e p t o r s capab le of t r igger ing a n d sca l i ng app rop r i a te g r ip r e s p o n s e s , bu t m u s c l e a n d 
jo in t a f fe ren ts m a y p rov i de in format ion re la ted to the reac t i ve fo rces p roduced by t he sub jec t . The 
e m p l o y e d s e n s o r i m o t o r t r ans fo rma t i on a p p e a r s to exp lo i t shor t t e r m pred ic t ions o f t he ra te o f load 
c h a n g e s . F u r t h e r m o r e , t h e f r ict ion in the ob jec t -d ig i t i n te r face mod i f i es the ga in of the en t i re l oad - to -g r ip 
fo rce t r a n s f o r m a t i o n b a s e d on f r ic t ional i n fo rmat ion o b t a i n e d du r ing init ial sk in -ob jec t con tac t . 

1.1 Grasp stability 
In m a n y man ipu la t i ve t a s k s it's c ruc ia l t ha t the hand m a i n t a i n s a s tab le con tac t w i th t he m a n i p u l a t e d 
ob jec t . W h i l e s l ips at s o m e con tac t su r f aces m a y be a n e c e s s a r y e l e m e n t o f the task , ' g rasp stabi l i ty ' as 
used in th i s thes is imp l i es tha t the ob jec t is hand led in s u c h a m a n n e r that the ob jec t d o e s n ' t 
acc iden ta l l y e s c a p e t he g r a s p . If a digi t app l i es too little n o r m a l fo rce in re la t ion to the load a n d f r ic t ion 
at its c o n t a c t su r face , it w i l l s l ip a n d t he ob jec t m a y c o n s e q u e n t l y be lost. T h e load c o r r e s p o n d s in th is 
con tex t to t h e fo rce a n d t o r q u e tangen t ia l to the con tac t s u r f a c e (K inosh i ta et al, 1997) . 
A n u m b e r of f ac to rs d e t e r m i n e the m i n i m a l fo rce c o m p a t i b l e w i th a s tab le con tac t at s i ng le d ig i t -ob jec t 
i n te r faces . T w o o b v i o u s fac to rs w h e n l i ft ing an ob jec t w i th ver t ica l con tac t su r f aces us ing an o p p o s i t i o n 
g rasp a re the weight o f t he ob jec t and t he friction b e t w e e n the ob jec t and t he digi ts e n g a g e d in the t ask 
(e .g . , W e s t l i n g & J o h a n s s o n , 1984) . For a g iven f r ic t ional cond i t i on a heav ie r ob jec t r equ i res both m o r e 
ver t ica l l i f t ing fo rce a n d m o r e no rma l f o r ce . On the o the r h a n d , for a g iven we igh t a m o r e s l ippery ob jec t 
requ i res m o r e n o r m a l f o r c e than a less s l ippery ob jec t . No tab ly , the f r ic t ion m a y va ry f r o m o n e t ime to 
a n o t h e r for a g i ven ob jec t , for i ns tance , b e c a u s e of va ry ing a m o u n t s o f s w e a t at t he d ig i t -ob jec t 
in te r face (Cado re t & S m i t h , 1996; J o h a n s s o n & W e s t l i n g , 1984b ; Sm i t h , C a d o r e t & S t - A m o u r , 1997) . 
Mo reove r , the d ig i t -ob jec t in ter faces m a y s h o w f r ic t ional an i so t rop ies and c o n s e q u e n t l y t h e f r ic t ion m a y 
be d i f fe ren t d e p e n d i n g o n the d i rec t ion o f the tangen t ia l f o r c e ( H ā g e r - R o s s , Co le & J o h a n s s o n , 1 9 9 6 ) . 
The ob jec t ' s shape a l so in f luences the n o r m a l fo rce requ i red to ma in ta in g r a s p stabi l i ty . I n d e e d , 
J e n m a l m et at ( 1997) d e m o n s t r a t e d tha t sub jec ts in a pu rpose fu l m a n n e r ad jus t the app l i ed no rma l 
fo rce to t he a n g l e o f t he con tac t su r f ace in re la t ion to the g rav i ta t iona l f ie ld . L i kew ise , the cu r va tu re o f 
the c o n t a c t su r face a f fec ts g rasp stabi l i ty but its e f fect is m o r e c o m p l e x . W h e r e a s su r f ace cu r va tu re per 
se ba re ly i n f l uences t h e requ i red and t he e m p l o y e d n o r m a l fo rce as long a s the load is l inear ( J e n m a l m , 
G o o d w i n & J o h a n s s o n , 1998) , it d ramat i ca l l y i nc reases t h e force r e q u i r e m e n t s w h e n t h e r e are t o r q u e s 
tangen t ia l to the c o n t a c t su r face ( G o o d w i n , J e n m a l m & J o h a n s s o n , 1998) . 
We igh t , su r face cha rac te r i s t i cs a n d ob jec t s h a p e a re all m o r e or less intr insic ob jec t p roper t i es that 
af fect g r a s p stabi l i ty . B u t e v e n if t hese fac to rs a re t aken into accoun t , g r a s p stabi l i ty m a y , of c o u r s e , be 
j e o p a r d i z e d by ex te rna l f o rces (Co le & A b b s , 1988 ; J o h a n s s o n & Wes t l i ng , 1988a) . 

1.2 Strategies for achieving grasp stability 
Man ipu la t i ve t asks can in theory be d i v ided into t w o pr inc ip le c l asses on the bas is of the p roper t i es of 
the m a n i p u l a t e d ob jec t : a passive object is sub jec ted on l y to g rav i ta t iona l a n d inert ial f o r ces w h e r e a s an 
active object in add i t ion m a y be a f fec ted by ex terna l f o rces at unp red i c tab le m o m e n t s in t ime 
( J o h a n s s o n et al, 1992) . A typ ica l e x a m p l e of a pass i ve ob jec t is a g lass w i th wa te r wh i l e a dog 's l eash 
r e p r e s e n t s a potent ia l l y ac t ive object . It shou ld be noted tha t the d i c h o t o m y of m a n i p u l a t e d ob jec ts into 
pass i ve and ac t ive o b j e c t s is pr imar i ly d idac t ic in pu rpose : an ob jec t m a y as a c o n s e q u e n c e of 
man ipu la t i on qu ick ly c h a n g e f rom be ing a 'pass ive ' ob jec t into 'ac t ive ' ob jec t , e .g . , w h e n a power tool is 
tu rned on and b rough t into use. 
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P r e v i o u s s tud ies on senso r imo to r con t ro l of f inger t ip fo rces dur ing m a n i p u l a t i v e t a s k s h a v e revea led 
tha t t h e n e r v o u s s y s t e m ma in ta ins a p rec i se ba lance b e t w e e n fo rces n o r m a l a n d t a n g e n t i a l to t he g r a s p 
s u r f a c e t h r o u g h a sub t le interp lay o f f e e d f o r w a r d and f e e d b a c k cont ro l m e c h a n i s m s ( J o h a n s s o n , 1 9 9 6 ) . 
W h i l e s u c h m e c h a n i s m s a lways p lay c ruc ia l ro les dur ing man ipu la t i on , the i r re la t ive i m p o r t a n c e va r i es . 
R e l e v a n t p roper t ies o f pass ive ob jec ts a r e s tab le ove r t i m e and moto r o u t p u t s du r ing the i r m a n i p u l a t i o n 
a r e s e l f - p a c e d . The re fo re , based on m e m o r y i n fo rma t ion f r om p rev ious e x p e r i e n c e s w i t h the s a m e or 
s im i la r o b j e c t s the bra in can to a large e x t e n t re ly on an t i c ipa to ry cont ro l m e c h a n i s m s to adap t t he 
m o t o r c o m m a n d s pr ior to their e x e c u t i o n . In cont ras t , w i th ac t ive ob jec ts , an t i c ipa to ry con t ro l 
m e c h a n i s m s are o f l imi ted use and t he con t ro l s y s t e m s mus t rely to a h i ghe r d e g r e e o n s o m a t o s e n s o r y 
f e e d b a c k to ad jus t the fo rces to load c h a n g e s ( J o h a n s s o n et al, 1992) . 

F i g u r e 1 . 1 . Schematic illustration of a passive object and a sample trial. A: Schemat ic illustration of the 
apparatus used in Paper I and the measured fingertip forces. B: Single trial in which the thumb contacted 
sandpaper and the index finger contacted the more slippery material suede. Kinemat ic and kinetic records as a 
function of t ime: From top to bottom, superimposed normal:tangential force ratios, normal forces, vertical 
tangential forces (load) and vertical posit ion. To prevent slips between a digit and its contact surface the ratio 
between normal force and tangential force (load) has to be greater than a min imum ratio, the slip ratio. This 
critical normal-force-to-load ratio coincides with the inverse of the coefficient of linear friction. The vertical 
distance between the applied force ratio and the slip ratio (horizontal lines) represents a safety margin against 
slips (black and gray areas). Shaded bars delineate the trial in to the various phases observed during self-paced 
lifting tasks . Adapted from Bursteadt et al 1997a. 

1.2.1 Lifting passive objects 

J o h a n s s o n et al ( 1984 ) f irst desc r i bed t he sequen t ia l coord ina t ion of f o r ces du r i ng two-d ig i t l i ft ing us ing 
an o p p o s i t i o n g rasp (F ig . 1.1). Dur ing t h e preload phase, the d ig i ts con tac t t he ob jec t , the no rma l fo rce 
('grip fo rce ' ) beg ins to inc rease and c o n t a c t is es tab l i shed . The fo l low ing load phase is cha rac te r i zed by 
a para l le l i nc rease in t he gr ip (no rma l f o rce ) and lift f o rce (vert ical t angen t ia l f o r c e s ; ' l oad ' ) . W h e n the 
ver t ica l f o r c e o v e r c o m e s the we igh t of t h e ob jec t , l ift-off f r om the suppo r t o c c u r s and the ob ject s tar ts to 
m o v e (transitional phase) to the d e s i r e d ver t ica l pos i t ion (static hold phase). T h e n o r m a l force a n d load 
d e c r e a s e in paral le l shor t l y after the o b j e c t is r ep laced o n the suppor t (unload phase) a n d , f inal ly, the 
ob jec t is r e l eased . T h i s kind of m a n i p u l a t o r y t asks thus p r o g r e s s e s in a se r ies o f d is t inc t phases , each 
c h a r a c t e r i z e d by a spec i f i c goa l , e .g . , t he p re load p h a s e t e rm ina tes o n c e con tac t has been es tab l i shed 
and t h e s u b s e q u e n t load phase t e rm ina tes at ob jec t lift-off. 
The para l le l c h a n g e in no rma l fo rce a n d load obv ious l y p rov ides a part ia l so lu t ion to t he p rob lem of 
g rasp s tab i l i ty : w h e n the load at the c o n t a c t su r face i nc reases , so d o e s the n o r m a l fo rce . Impor tant ly , if 
th is c o o r d i n a t i v e cons t ra in t is to suppo r t g rasp stabi l i ty in an ef f ic ient m a n n e r , the m o t o r p rog ram must 
be p a r a m e t e r i z e d appropr ia te ly to the t ask r equ i r emen ts , i.e.. the ver t ica l l ift ing f o r ce mus t fit the ob jec t ' s 
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weigh t a n d t he no rma l fo rce m u s t be sca led to fit the load g iven the f r ic t ional cond i t i on . T h e c o o r d i n a t i o n 
o f the n o r m a l fo rce a n d load dur ing se l f -paced m a n i p u l a t i o n of pass i ve ob jec ts rely to a la rge ex ten t on 
m e m o r y m e c h a n i s m s . O n c e an ob jec t has been l i f ted, t he force coo rd ina t i on in s u b s e q u e n t lifts re f lec ts 
both the ob jec t ' s f r ic t iona l charac te r is t i cs a n d its inert ia ( F l a n a g a n & Tres i l i an , 1994; F l a n a g a n , T res i l i an 
& W i n g , 1 9 9 3 ; F l a n a g a n & W i n g , 1993, 1 9 9 5 , 1 9 9 7 ; J o h a n s s o n & W e s t l i n g , 1984a, 1 9 8 8 b ; Wes t l i ng & 
J o h a n s s o n , 1984) . But th i s is a lso the c a s e for the t o r q u e s that deve lop tangent ia l to t he ind iv idua l 
con tac t s u r f a c e s du r ing a lifting tr ial ( G o o d w i n , J e n m a l m & J o h a n s s o n , 1998 ; J o h a n s s o n , Back l in & 
Burs tedt , 1 9 9 9 ; K inosh i ta etal, 1997; W i n g & L e d e r m a n , 1998) . Moreove r , normal s u b j e c t s use v i s ion in 
a power fu l w a y to e n a b l e p roper an t ic ipa t ion o f f e r e e r equ i r emen ts . Th is is t rue not on ly fo r ob jec t s h a p e 
( J e n m a l m & J o h a n s s o n , 1997) but a lso w h e n sub jec t u s e s v is ion a n d t a k e s a d v a n t a g e o f a gene ra l 
k n o w l e d g e o f t he dens i t y o f spec i f ic ob jec ts ( G o r d o n et al, 1991 a-b , 1993) and locat ion o f ob jec ts ' 
cen te r o f m a s s ( G o o d w i n , J e n m a l m & J o h a n s s o n , 1998) . 

By s ta t ing t ha t an t i c ipa to ry , f eed fo rward m e c h a n i s m s p lay an impor tan t ro le in the con t ro l of 
m a n i p u l a t i o n it is impl ic i t ly a s s u m e d that t he re ex is t in terna l m o d e l s of the l imb-ob jec t s y s t e m 
( B l a k e m o r e , G o o d b o d y & Wo lper t , 1998 ; F l anagan & W i n g , 1997; G h e z , Hen ing & G o r d o n , 1 9 9 1 ; 
J o h a n s s o n & Co le , 1992 ; J o h a n s s o n & W e s t l i n g , 1 9 8 8 a ; Lacquan i t i , B o r g h e s e & C a r r o z z o , 1992 ; Mial l 
& W o l p e r t , 1 9 9 6 ) . T h a t is, the cont ro l s y s t e m s m u s t an t i c ipa te the stat ic a n d d y n a m i c p rope r t i es o f t he 
m a n i p u l a t e d ob jec t as we l l as the l imb-ob jec t s y s t e m . T h e b io log ica l bas is for th is is u n k n o w n but w e 
k n o w fo r s u r e that t hese m o d e l s , as e x p r e s s e d by the an t i c ipa to ry f e e d f o r w a r d con t ro l , q u i c k l y a n d 
secu re l y c a n be mod i f i ed by s e n s o r y inpu ts . If, fo r i ns tance , the f r ic t ion at ind iv idua l d ig i t -ob jec t 
i n te r faces u n e x p e c t e d l y has d e c r e a s e d f r o m o n e tr ial to another , the n o r m a l fo rce mus t i n c r e a s e in 
re lat ion to t he load to avo id s l ips. Acco rd ing l y , t he fo rce coo rd ina t i on is ad jus ted wi th in a b o u t 100 m s 
af ter the init ial con tac t w i t h the ob ject , a n d the n e w fo rce coord ina t ion is re ta ined for t he res t of t h e tr ial 
as we l l a s in s u b s e q u e n t t r ia ls invo lv ing t h e s a m e ob jec t (Ed in , Wes t l i ng & J o h a n s s o n , 1 9 9 2 ; J o h a n s s o n 
& W e s t l i n g , 1984a ) . S imi la r ly , t he force pro f i les dur ing t he load p h a s e ref lect the an t i c i pa ted w e i g h t of 
the ob jec t bu t o n c e t he ob jec t h a s been success fu l l y l i f ted, sub jec t ' s impl ic i t ly k n o w the f o r c e s requ i red 
to lift t he o b j e c t in s u b s e q u e n t lifts ( J o h a n s s o n & W e s t l i n g , 1988b) . F inal ly , on bases o f hap t i c c u e s 
a lone s u b j e c t s adap t in s ing le t r ia ls to c h a n g e s in ob jec t s h a p e ( J e n m a l m & J o h a n s s o n , 1997 ) . 
Impor tan t l y n o t e d , w h e t h e r the behav io r so le ly evo l ves by an t ic ipa tory m e c h a n i s m s or is ad jus ted by 
senso ry c u e s , the n o r m a l fo rces app l ied to the con tac t su r f aces a re c o u p l e d to the l oad . W e do not ye t 
unde rs tand t he m e c h a n i s m s under ly ing th is coup l i ng . A l t h o u g h the force app l ied by a f i n g e r t ip c a n be 
d e c o m p o s e d into c o m p o n e n t s that are no rma l and tangen t ia l to t he con tac t su r face , t h e s e c o m p o n e n t s 
do not c o r r e s p o n d to spec i f i c m u s c l e s . I n d e e d , w h i c h m u s c l e s to e n g a g e in order to a c h i e v e g rasp 
stabi l i ty, i.e., p roper n o r m a l f o rces in re la t ion to des tab i l i z ing tangent ia l fo rces , d e p e n d o n the gr ip 
con f i gu ra t i on , pos tu re o f the hand and ob jec t s h a p e . Mo reove r , no s imp le re la t ionsh ip ex i s t s in s o m e 
tasks b e t w e e n the requ i red f inger t ip f o r ces and the neura l dr ive to spec i f i c musc les . W h e n an ob jec t is 
held w i t h t h e index f i nge r and the t h u m b , concom i tan t wr is t ro ta t ions c h a n g e the fo rce o u t p u t f r o m the 
long e x t e n s o r a n d f lexor f inger m u s c l e s a s a d i rec t c o n s e q u e n c e o f c h a n g e s in m u s c l e l eng th . Ye t this 
ef fect is no t o b s e r v e d e i ther du r ing s low or rapid f lex ion a n d ex tens ion m o v e m e n t s at t he wrist : the 
f inger t ip f o r c e s are v i r tua l ly una f fec ted by s low wr is t ro ta t ions ( J o h a n s s o n & Wes t l i ng , 1 9 8 4 a ) , w h e r e a s 
dur ing rap id wr is t ro ta t ions the norma l f o r c e s inc rease ( W e r r e m e y e r & Co le , 1997) . 
Edin et al ( 1992 ) let sub jec t s lift an ob jec t us ing their i ndex f inger a n d t h u m b . T h e d ig i ts e i the r con tac ted 
ver t ica l s u r f a c e s wi th s im i la r or d i f ferent f r ic t ion in re lat ion to the sk in . A s imp le s t ra tegy to success fu l l y 
a c c o m p l i s h th is task w o u l d have been to take up the s a m e a m o u n t of tangent ia l fo rce at t h e two d ig i ts 
and at bo th su r faces a p p l y a n o r m a l fo rce sca led approp r ia te l y for the m o s t s l ippery su r f ace . Th is wou ld 
cer ta in ly h a v e resu l ted in a s tab le g rasp at both d ig i t -ob jec t in ter faces but wou ld have resu l ted in an 
u n n e c e s s a r y large n o r m a l force at the less s l ippery su r face . After the init ial trial w i th a n e w c o m b i n a t i o n 
of su r face mate r ia l s at the con tac t d isks , sub jec ts ins tead took up m o r e tangent ia l force at the less 
s l ippery s u r f a c e and c o n s e q u e n t l y they cou ld app ly less norma l fo rce ( b e c a u s e the ob jec t had a low 
center o f m a s s in t hese expe r imen ts , the a s y m m e t r i c d is t r ibut ion o f ver t ica l lift fo rce resu l ted in on ly a 
smal l tilt of the ob ject a f ter l i f t-off). The f inger t ip fo rces a re thus ad jus ted to the loca l f r ic t iona l cond i t ion 
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i.e., t he re ex i s t s m e c h a n i s m s that e n s u r e s a proper re la t ionsh ip b e t w e e n the fo rces n o r m a l and 
tangen t ia l to ind iv idua l con tac t su r faces . 
F rom th is sho r t expos i t i on it shou ld be c lear tha t the s e n s o r i m o t o r con t ro l o f e v e n s imp le l i f t ing t asks is 
r e m a r k a b l y c o m p l e x . I ndeed , s tud ies o n ch i l d ren s h o w tha t the ma tu re pat te rn of an t i c ipa to ry con t ro l 
a n d f o r ce coo rd i na t i on is not e x p r e s s e d unti l they have r e a c h e d 8-10 y e a r s of age (E l i asson et al, 1 9 9 5 ; 
F o r s s b e r g etal, 1 9 9 1 , 1992 , 1995; G o r d o n etal, 1992) . 

1.2.2 Restraint of active objects 

W h e n an ob jec t is held in a p rec is ion gr ip , u n e x p e c t e d des tab i l i z ing load f o r ces p romp t l y t r iggers an 
i nc rease in t h e no rma l fo rce (Co le & A b b s , 1988 ; J o h a n s s o n & Wes t l i ng , 1988a ; W i n s t e i n , A b b s & 
Pe tashn i ck , 1991) . Impor tan t l y no ted , a l t h o u g h these g r ip r esponses c o m m e n c e wi th in 100 m s a f te r a 
load c h a l l e n g e , t h e y are still t oo s l ow to ac tua l l y p reven t the ob jec t f r o m be ing lost f r om the g r a s p . 
Rather , t he m a i n te leo log ica l r eason for t he gr ip r esponses is to qu ick ly re -es tab l i sh a n d ma in ta in an 
a d e q u a t e coo rd i na t i on b e t w e e n the n o r m a l fo rce and t he load at the d ig i t -ob jec t i n te r faces . S imi la r g r i p 
r e s p o n s e s h a v e been o b s e r v e d w h e n t he g r a s p is des tab i l i zed by a r a m p inc rease in t he load force 
( J o h a n s s o n , H ā g e r & R iso , 1992 ; J o h a n s s o n etal, 1992) . P rov ided that the sub jec ts — in an t i c ipa t ion o f 
the des tab i l i z i ng load r a m p — had kep t a suf f ic ient ly la rge no rma l fo rce pr ior to the load c h a n g e , a br isk 
n o r m a l f o r c e i nc rease ( ' ca tch-up response ' ) w a s fo l l owed by a norma l f o r ce inc rease in para l le l w i th t h e 
i nc reas ing l oad fo rce ( ' t rack ing response ' ) . Impor tant ly , the sub jec ts ' reac t i ve g rasp b e h a v i o r e m e r g e d 
a u t o m a t i c a l l y a n d p r o c e e d e d w i thou t i ns t ruc t ions to the sub jec ts to r e s p o n d in any par t i cu la r m a n n e r 
(F ig . 1.2). 

Top view 
L o a d I b z c e 

a n g e n t i a l T P r #1 T a n g e : 
fo rces 
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F i g u r e 1.2. Schematic illustration of an active oh/ect and sample trials. A : Schematic illustration of t he 
apparatus used in Paper and the measured fingertip forces. B: Restraint trials carried out unimanually wi th 
a two-digit grasp with similar or different friction at the two contact disks. Trial in the left panel carried out with 
sandpaper at both contact disks and the trial in the right panel with sandpaper at one of the contact disks and the 
more slippery material rayon at the other. Kinematic and kinetic records as a function of t ime: From top to 
bottom, superimposed normaktangential force ratios, normal forces rates, normal forces, horizontal tangential 
forces (load) and horizontal position of the contact disks. Horizontal lines in the force ratio records indicate for 
each digit the estimated slip ratio. The vertical distance between the applied force ratio and the slip rat io 
represents a safety margin against slips. Dotted lines superimposed on the tangential force records represents the 
sum of the tangential forces, that is the restrained load force. The position traces represent the movement of the 
contact disks (positive in the distal direction}. Shaded bars delineate the [rial in to the sequences tvpicnlly 
observed during restraint tasks. Adapted from BurswaJi al iWh. 
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T h e sca l i ng of the sub jec ts ' r e s p o n s e s to t he load ramp d e p e n d e d on both the a m p l i t u d e ( J o h a n s s o n et 
al, 1992) a n d the rate of load fo rce i nc rease ( J o h a n s s o n , Hāge r & Riso, 1992) . T h e s e s t i m u l u s 
p a r a m e t e r s are ev iden t l y pr imar i ly e n c o d e d by c u t a n e o u s af ferents with recep t i ve f ie lds in c o n t a c t w i th 
the ob jec t ( J o h a n s s o n , H ā g e r & B a c k s t r o m , 1992; Mace f i e l d , Hāge r -Ross & J o h a n s s o n , 1 9 9 6 ) , w h e r e a s 
m u s c l e a f fe ren ts a re unab le to re l iably r e s p o n d unti l t he no rma l fo rce r e s p o n s e has a l r e a d y been 
in i t iated ( M a c e f i e l d & J o h a n s s o n , 1996) . 
A l t h o u g h t h e a d v a n t a g e o f an t i c ipa to ry con t ro l s t ra teg ies is l imited w h e n ne i ther t he m a g n i t u d e nor the 
t e m p o r a l a s p e c t s o f a des tab i l i z ing fo rce is k n o w n , sub jec ts def in i te ly m a k e use o f m e m o r y i n fo rma t i on . 
T h e f r i c t iona l cond i t i on at ind iv idua l d ig i t -ob jec t in te r faces can be de tec ted w h e n the o b j e c t is g r a s p e d 
and th is in tu rn d e t e r m i n e the m in ima l n o r m a l fo rce in re la t ion to the tangent ia l f o rce n e c e s s a r y for 
g rasp s tab i l i ty . Acco rd i ng l y , sub jec ts au toma t i ca l l y ad jus t t he no rma l - fo rce - to - load c o o r d i n a t i o n to the 
p reva i l ing f r ic t iona l cond i t i ons (Co le & J o h a n s s o n , 1993) . Moreover , as no ted a b o v e , s u b j e c t s typ ica l ly 
app ly m o r e n o r m a l fo rce if they e x p e c t e d a load i nc rease then if t hey don ' t ( J o h a n s s o n , H ā g e r & 
B ā c k s t r o m , 1992 ; J o h a n s s o n & Wes t l i ng , 1988a ) . B e c a u s e of the s ign i f icant s e n s o r i m o t o r d e l a y s , th is 
p re load n o r m a l fo rce m u s t be large e n o u g h to p reven t s l i ppage desp i te inc reas ing load d u r i n g the 
la tency pe r i od . 

1.2.3 Independent control of human finger tip forces 

T h e r e is no sys tema t i c s tudy d o n e c o n c e r n i n g the i ndependen t cont ro l of h u m a n f inger - t ip f o r ces be fo re 
the s t u d y b y Edin and co l l abora to rs ( 1992 ) . Sub jec t s l ifted a n ob jec t wi th t w o paral le l ve r t i ca l gr ip 
su r faces a n d a l ow cen t re of grav i ty us ing the p rec is ion g r ip be tween the t ips of the t h u m b a n d index 
f inger. T h e f r ic t ion b e t w e e n the ob jec t a n d the digi t w a s va r ied i ndependen t l y at e a c h d ig i t by c h a n g i n g 
the c o n t a c t s u r f a c e s b e t w e e n lifts o r ro ta t ing the ob jec t . In cont rast to the cu r ren t s tudy , t h e l i f t ing t ask 
w a s u s e d a n d , c o n s e q u e n t l y , the re w e r e no poss ib i l i ty to use di f ferent no rma l fo rces o n e a c h digi t . 
T h e m a i n f ind ing is that t he no rma l fo rce / tangen t ia l f o rce (NF /TF) rat io is ad jus ted to the f r ic t ion at the 
ind iv idua l c o n t a c t a reas . W i th equa l f r ic t iona l cond i t i ons at two grip su r faces , the f inger t ip f o r ces are 
abou t e q u a l at the t w o d ig i ts , i.e., s imi la r ver t ica l l ift ing fo rces and gr ip f o rces are u s e d . W i t h d i f fe rent 
f r ic t ion, t h e dig i t t ouch ing the mos t s l i ppe ry su r face exer ts less vert ical l ift ing fo rce t h a n t he d ig i t in 
con tac t w i t h the roughe r su r face (F ig . 1.2). Dev ia t ion in t he tangent ia l fo rce ba lance b e t w e e n t he index 
f inger a n d t h u m b cou ld be o b s e r v e d a s ea r l y as 0 .1s af ter the start of the i nc rease in t a n g e n t i a l fo rce 
and wel l be fo re the start o f the ver t ica l m o v e m e n t . T h e d e l a y in the force sepa ra t i on i nd i ca ted that the 
tangen t ia l f o r ce par t i t ion ing w a s not a n e c e s s a r y m e c h a n i c a l c o n s e q u e n c e o f the d i f fe ren t su r f ace 
cha rac te r i s t i cs . T h u s the par t i t ion ing of t he ver t ica l l ift ing fo rce is d e p e n d e n t on dig i t a f fe ren t inpu ts a n d 
resul t f r o m ac t i ve au toma t i c regu la t ion a n d not jus t f r om the mechan i cs of the task. 
T h e sa fe t y m a r g i n e m p l o y e d at a par t i cu la r digi t is ma in ly de te rm ined by the f r ic t ional cond i t i ons 
e n c o u n t e r e d by the digit and to a less d e g r e e by the su r face condi t ion at the s a m e digi t in the p rev ious 
lift ( an t i c ipa to ry con t ro l ) , but is bare ly i n f l uenced by the su r f ace condi t ion at the o the r d ig i t . W h e n a s m a l l 
sl ip o c c u r r e d at o n e digit , the tangent ia l f o r c e at that digit sudden l y d e c r e a s e s wh i le it i n c r e a s e s at the 
o the r d ig i t . S u c h p a s s i v e red is t r ibut ion o f t he tangent ia l f o rce caused by over t s l ips are a l w a y s fo l l owed 
by t r i gge red force ad jus tmen ts . T h e f inal net o u t c o m e is a n increased sa fe ty marg in at the s l ipp ing digi t 
but a v i r tua l l y una f fec ted safe ty marg in at the o ther digit . 
T h e t a n g e n t i a l fo rce t ra jec tor ies are m a r k e d l y in f luenced by object ro tat ion. In cont ras t , the t ra jec to r ies 
of the n o r m a l f o rces and the s u m of tangen t ia l f o r ces are not in f luenced. Th is ind ica tes tha t the cont ro l 
of the to ta l t angen t i a l fo rce and the par t i t ion ing of the fo rce be tween the d ig i ts are g o v e r n e d by d i f ferent 
m e c h a n i s m s . 
T h e f i nd ings s u g g e s t that the force d is t r ibu t ion a m o n g the digi ts rep resen ts a d ig i t -spec i f i c l owe r ievel 
neura l con t r o l es tab l i sh ing a s tab le g rasp acco rd ing to a "non-s l ip s t ra tegy" . 
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1.2.4 Coordination of forces among digits engaged in a task 

Lift ing a n ob jec t not on ly requi res es tab l i shmen t o f a s tab le g rasp at each d ig i t -ob jec t in te r face . T h e t a s k 
a lso i m p o s e s cons t ra in t s re lated to the coo rd ina t i on o f f e r e e s app l ied by t he digi ts e n g a g e d . Ho ld ing a 
pass i ve ob jec t s ta t i ona ry in air, for e x a m p l e , requ i res tha t the total force a n d total t o r q u e ac t ing o n t he 
ob jec t a r e zero . C o n s e q u e n t l y , success fu l pe r f o rmance o f a lifting task requ i res both an a d e q u a t e 
a d j u s t m e n t s o f f inger t ip fo rces at each d ig i t -ob jec t in te r faces to p reven t acc i den ta l s l ips a n d a 
c o o r d i n a t i o n o f f o rces a m o n g the digi ts e n g a g e d . H e n c e , es tab l i shmen t o f a s tab le g r a s p requ i res a 
prec ise con t ro l o f the f inger t ip fo rces . 
P rev ious s tud ies of p rec is ion gr ip cont ro l has pr imar i ly f ocused on g rasp invo lv ing t w o d ig i ts , typ ica l l y 
the t h u m b and index f inger . In s u c h oppos i t i on g r ips n o r m a l fo rces at e a c h digit a re c o n s t r a i n e d : 
reac t ive g r i p r e s p o n s e at o n e digi t wil l c a u s e c h a n g e s in no rma l fo rce c o m p o n e n t at bo th dig i ts. In 
con t ras t , w e d e s i g n e d ob jec t w i th two para l le l g rasp s i tes wh i ch e n a b l e sub jec t s use d i f fe rent no rma l 
a n d t a n g e n t i a l fo rce c o m b i n a t i o n s at e a c h digit. In such s i tuat ion the C N S mus t d e a l w i th the add i t i ona l 
d e g r e e s o f f r e e d o m tha t a r ises f r om the fac t that g r a s p stabi l i ty c a n be ach ieved w i t h e v e n m o r e 
c o m b i n a t i o n s o f f inger t ip fo rces and the re fo re requ i res spec ia l m e c h a n i s m s cont ro l l ing co l l abo ra t i on 
b e t w e e n d ig i ts . 

1.3 Tactile afferent signals in the control of precision grip and manipulative 
actions 

1.3.1 Behavioural observations 

1.3.1.1 Parameterization for object weight - anticipation and updating 
T h e w e i g h t of t h e ob jec t pr inc ipa l ly mod i f i es the dura t ion of the load ing (and un load ing ) p h a s e a n d t he 
force r a t e s du r ing th is p h a s e . T h e heav ie r the ob jec t the m o r e ex tended t he phase o f para l le l fo rce 
i nc rease a n d h ighe r t he fo rce rates. H o w e v e r , t he ratio b e t w e e n the gr ip a n d load f o r ces a re not 
i n f l u e n c e d . In l i f t ing se r i es with u n e x p e c t e d we igh t c h a n g e s be tween lifts, it was e s t a b l i s h e d that t h e s e 
force ra te pro f i les w e r e p r o g r a m m e d on t h e bas is of the p rev ious we igh t ( J o h a n s s o n a n d Wes t l i ng , 
1988) . T h e m a x i m u m ra tes of t he gr ip a n d load fo rces typ ica l ly o c c u r at a load fo rce of ha l f the v a l u e of 
the fo rce w h e n the ob jec t lifts off. Then t h e y are s t rong ly reduced pr ior to e x p e c t e d lift off. 
C o n s e q u e n t l y , w i t h lifts p r o g r a m m e d for a l ighter we igh t t he ob jec t do not m o v e at t he e n d of the 
c o n t i n u o u s f o r ce i nc rease . However , the fo rces then con t i nuous to i nc rease but in a d i scon t i nuous 
fash ion unt i l t he fo rce o f grav i ty is o v e r c o m e . W i th lifts p r o g r a m m e d for a heav ie r we igh t , on the o the r 
hand t h e h igh l oad and g r ip fo rce rates a t the m o m e n t t he load fo rce o v e r c o m e the fo rce of grav i ty 
cause a p r o n o u n c e d pos i t iona l o v e r s h o o t and a h igh gr ip fo rce peak , respec t i ve ly . In t h e s e cond i t i ons 
s o m a t o s e n s o r y s igna ls e l ic i ted by the s ta r t of the m o v e m e n t au tomat i ca l l y t e rm ina te the e r r o n e o u s 
p r o g r a m m e d c o m m a n d s . 

1.3.1.2 Achieving a stable grasp and friction - related parameterization 
The f r ic t iona l cond i t i on b e t w e e n the ob jec t ' s su r face and t he skin in f luence the para l le l co -o rd ina t i on a n d 
ratio b e t w e e n t w o fo r ces . The m o r e s l ippery the mate r ia l , the h igher the ra te of gr ip fo rce inc rease , and 
the h i g h e r the f ina l gr ip fo rce . In con t ras t , the cou rse of t h e lifting m o v e m e n t and t he rate of 
d e v e l o p m e n t o f t he load force a re essen t ia l l y unaf fec ted by the f r ic t ional cond i t i on . T h e force co
o rd ina t i on a d a p t s to a n e w fr ict ional cond i t i on s u c h that a fairy sma l l sa fe ty ma rg i ns to p reven t s l ips is 
e s t a b l i s h e d . A n init ial a d j u s t m e n t s to the n e w f r ic t ional cond i t i ons a p p e a r s a l ready 0 .1-0 .2 s after ini t ial 
t ouch . S o m e t i m e s this is insuf f ic ient for es tab l i sh ing an a d e q u a t e sa fe ty m a r g i n , a n d "secondary " 
a d j u s t m e n t s wi l l occur la ter dur ing the lift ( J o h a n s s o n a n d Wes t l i ng , 1984a ; 1987) . In both cases s i g n a l 
in tact i le a f fe ren ts are i nd i spensab le for th is regu la t ion a n d fur ther f i nd ings ind ica te that the adap ta t i on is 
m a d e to the f r ic t ion per se , rather than o n the bas is of d i f ferent tex tu re p rope r t i es of the touched 
mate r ia l s ( J o h a n s s o n a n d West l ing , 1984b ) . However , a s in the c a s e of we igh t a d a p t a t i o n , the init ial 
force p a r a m e t e r s prior to any a d j u s t m e n t s to a n e w f r ic t ional cond i t ion is pr inc ipa l ly based on 
"an t i c ipa to ry p a r a m e t e r cont ro l " us ing sensorimotor memories, i.e.. an in terna l rep resen ta t i on of the 
ob ject 's p roper t i es b a s e d on prev ious man ipu la t i ve expe r i ences . S o m a t o s e n s o r y a f fe rent s ignals on ly 
i n te rvene in termi t ten t ly acco rd ing to an "even t d r i ven" con t ro l pol icy. 
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1.3.2 Tactile afferent signals and their rele vance 

1.3.2.1 In itial afferen t responses 

1.3.2.1.1 Triggering of the motor commands accounting for the loading phase 
E x p e r i m e n t s w i th dig i ta l a n a e s t h e s i a h a v e shown that s i gna l s in c u t a n e o u s af ferents ar is ing dur ing t h e 
p re load p h a s e a re impor tan t for the re lease of the motor c o m m a n d s accoun t i ng for the load ing p h a s e 
( J o h a n s s o n and W e s t l i n g , 1984b) . T h e r e are init ial con tac t r e s p o n s e s p resen t in SA I a n d FA II un i t s 
(F ig . 1.1), and m o s t d is t inc t in t he FA I un i ts (ca. 3 0 - 2 0 0 imp/s ) ( J o h a n s s o n and W e s t l i n g , 1987) . T h e 
C N S appa ren t l y ut i l ises t h e init ial r e s p o n s e s to con f i rm t ha t a d e q u a t e c o n t a c t has b e e n es tab l i shed 
b e f o r e re leas ing the m u s c l e c o m m a n d s , leading to fu r ther man ipu la t i on . Spat ia l l y a c c u r a t e con tac t ( and 
re lease) i n fo rmat ion is a l s o requ i red for s te reognos t i c d i sc r im ina t i on a n d for de te rm in ing w h i c h par ts o f 
t he f i nge rs are e n g a g e d / d i s e n g a g e d a n d so free for fu r ther tasks . 

1.3.2.1.2 Initial adjustments to friction 
A s m e n t i o n e d be fo re a n e w s t ruc tu re in f luences the rate o f gr ip f o r c e i nc rease a l ready af ter abou t 0.1 
sec , i.e. app rox ima te l y a t the m o m e n t t h e grip and load fo rces b e g i n to i nc rease in para l le l . T h e ini t ial 
r e s p o n s e s in the FA I un i t s are c o n s i d e r e d respons ib le fo r th is a d j u s t m e n t b e c a u s e they a re i n f l uenced 
by the su r f ace mater ia l s t rong ly e n o u g h to p redomina te o v e r o the r fac to rs caus ing r e s p o n s e va r ia t i on , 
for i ns tance , ra te o f gr ip fo rce i nc rease . T h e es t imat ion o f the f r ic t ion b e t w e e n the sk in a n d the ob jec t is 
mos t l i ke ly d e p e n d e n t o n af ferent s igna ls re lated to sl ip e v e n t s . T h e ex i s t ence of sma l l loca l i sed s l ips 
w i th in t h e con tac t su r f ace m a y be exp la i ned on the basis o f the u n e q u a l d is t r ibu t ion o f p ressu re o v e r t h e 
a reas o f con tac t d u e to t h e e last ic p roper t ies and cu rva tu re of s k i n . Wi th t h e t ouched su r f ace be ing f lat 
the p r e s s u r e is h ighes t a t the c e n t r e of t h e area in con tac t and d e c r e a s i n g t owa rds its pe r iphery . T h e 
g e n e r a t i o n of s h e a r f o r c e s b e t w e e n the ob jec t a n d the sk in wi l l e l ic i t s l ips w i th in t he pe r iphe ra l pa r t s o f 
the a r e a o f con tac t w h e r e the p ressu re is low, be fo re overa l l sl ip o c c u r s . In pract ise, s u c h fo rces ex i s t a s 
s o o n a s a n ob jec t is g r i p p e d : e .g . , even dur ing t he p re load phase d u e to t h e de fo rma t ion c h a n g e s o f the 
f inger t ip and d u e to the phys io log ica l m u s c l e t remor . The probability of the occurrence of this kind of 
slips would be related to the ratio between the two forces which would vary across the contact surface, 
but also to the coefficient of friction between the surface and the skin - the lower the friction the higher 
the probability. T h u s , m e c h a n o r e c e p t i v e af ferent uni ts cou ld p rov ide the cent ra l ne r vous s y s t e m w i th 
s igna ls re la ted to the f r ic t ional c o n d i t i o n s a l ready dur ing t he p re load p h a s e ( J o h a n s s o n a n d W e s t l i n g , 
1987) . 

1.3.2.2 Responses at the start and the termination of movement 
The m o s t str ik ing fea tu re of the FA II un i ts is d ist inct burs t r e s p o n s e s at t h e start of the ver t ica l 
m o v e m e n t of the ob jec t a n d at t h e s u d d e n cessat ion of t h e m o v e m e n t e n d i n g the r e p l a c e m e n t p h a s e 
(Fig 1.1). Remo te l y l oca ted FA II uni ts a l so respond readi ly to t h e s e t rans ien t mechan i ca l even ts . F A II 
units w i t h end ings l oca ted at the t rans i t i on be tween the p a l m a n d wr is t r e s p o n d a n d p rov ide t r igger 
s igna ls e v e n du r i ng d ig i ta l anaes thes i a . Th is is in a g r e e m e n t w i th the e v i d e n c e tha t P a c i n i a n c o r p u s c l e 
units a r e easi ly exc i ted b y h i gh - f r equency v ibrat ions sp read ing t h rough t h e t i ssues (Ta lbo t et a l . , 1 9 6 8 ; 
J o h a n s s o n , L a n d s t r o m a n d L u n d s t r o m , 1982) . T h e o ther three t y p e s of tac t i le uni ts in the g lab rous sk in 
are v i r tua l ly indi f ferent t o the m e c h a n i c a l t rans ien ts p resen t at t h e s e m o m e n t s . F u r t h e r m o r e , the 
m u s c u l o t e n d i o u s a f fe ren ts cou ld hard ly ma tch the sensi t iv i ty of t he FA II uni ts to these even ts . 
The func t iona l s i gn i f i cance of t h e s e responses is apparen t l y to sw i t ch m o t o r p r o g r a m m e s b e t w e e n l i f t ing 
phases a n d to con t r i bu te to upda te the senso ry -mo to r per ta in ing to the we igh t of ob jec ts ( J o h a n s s o n 
and W e s t l i n g , 1988) . 

1.3.2.3 Release responses 
There a r e w e l l - d e m a r c a t e d " re lease r e s p o n s e s " in the F A I uni ts a n d ha l f o f the SA I uni ts c lose to the 

very re lease of the ob jec t . Most FA II un i t s also r e s p o n d e d , a l t hough less rel iably. 
The s igna l s re lated to t h e loss o f con tac t might be of g rea t impo r tance du r i ng man ipu la t i on . For 
i ns tance , they m a y p r o v i d e in fo rmat ion abou t w h i c h par ts of the f i nge rs a re d i sengaged a n d free for 
fur ther tasks ( J o h a n s s o n and W e s t l i n g , 1990) . 
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1.3.2.4 Responses during holding 
R e s p o n s e s in SA II un i ts are c o n s i d e r e d mos t impor tan t dur ing hold ing a n d m a n i p u l a t i o n . The 
popu la t ion o f SA II un i ts m a y play a ro le in reg is ter ing t he magn i t udes a n d d i rec t ions o f load f o r ces a n d 
the b a l a n c e b e t w e e n t he gr ip fo rces a n d o the r man ipu la t i ve fo rces (F ig . 1.1). 

1.3.2.5 Afferent slip responses 
In c a s e o f insuf f ic ient a d j u s t m e n t s to t he f r ic t ional cond i t i ons smal l s l ips o c c u r a n d a f fe ren t sl ip 
r e s p o n s e s cou ld be o b s e r v e d in FA I, F A II, SA I un i ts , a n d each o f the t h ree uni t t ypes a p p e a r c a p a b l e 
of re l iab ly s igna l l ing t he o c c u r r e n c e o f overa l l s l ips. 
R e s p o n s e s or ig ina ted f r o m sma l l s l ips loca l i sed to on ly a par t of the sk in a rea a n d o c c u r r e d in the 
a b s e n c e o f de tec tab le overa l l s l ips w e r e d e n o t e d as localised afferent slip responses ( J o h a n s s o n a n d 
W e s t l i n g , 1987) . Loca l i sed sl ip r e s p o n s e s are on ly o b s e r v e d in the FA I a n d S A I uni ts . 
Fo l low ing the a f fe rent s l ip r esponse , t he re is an upg rad ing in the gr ip f o r ce / l oad fo rce ra t io to a h igher 
and s tab le va lue , tha t is, the sa fe ty m a r g i n is res tored p reven t ing fur ther s l ips ( J o h a n s s o n and W e s t l i n g , 
1984b) . O f par t icu lar in te res t is that t he resu l tan t n e w fo r ce coo rd ina t i ons fo l low ing s l ips in e a c h 
ins tance a r e m a i n t a i n e d th roughou t t he l i f t ing t r ia l , s u g g e s t i n g that the re la t ionsh ip b e t w e e n the t w o 
fo rces is con t ro l l ed o n t h e bas is of a m e m o r y t race ( see above ; J o h a n s s o n and W e s t l i n g , 1984b) . T h e 
upda t ing o f th is t race w a s mos t l ikely a c c o u n t e d for by tact i le in fo rmat ion en te r ing in te rmi t ten t l y at 
i napp rop r ia te fo rce co -o rd ina t i on , as du r i ng s l ips. Fu r the r ev idence for a m e m o r y in f l uenc ing the fo rce 
co -o rd ina t i on is the fac t tha t t he f r ic t iona l cond i t ion in t he p rev ious trial c o u l d exe r t ce r ta in in f luences on 
the f o r ce co -o rd ina t i on rema in ing t h r o u g h o u t the cu r ren t tr ial (West l ing a n d J o h a n s s o n , 1984) . 
M o r e o v e r , a n a e s t h e s i a o f the f ingers a p p e a r e d not to pr inc ipa l ly a l ter t he m o t o r behav iou r , excep t for 
the lack o f t he a d j u s t m e n t s to f r ic t ion. T h i s ind ica ted tha t , once set, t he co -o rd ina t i on c o u l d be 
m a i n t a i n e d w i thou t requ i r ing c u t a n e o u s a f fe rent i n fo rma t ion . A m e m o r y , set t ing t h e co -o rd ina t i on , 
w o u l d , if a d e q u a t e l y u p d a t e d , a l low t he C N S to s imu l t aneous l y c h a n g e t he gr ip and load fo rces in a 
m a n n e r app rop r i a t e for t he cur ren t f r i c t ion . 

1.4 General objectives 
In E x p e r i m e n t I and II w e inves t iga ted con t ro l p r inc ip les of man ipu la t i ve f o r c e s o f the t w o e n g a g e d 
f ingers w h e n shear ing t he restra in t ask a n d h o w coo rd ina t i on a m o n g f i nge rs is a c h i e v e d . 
E x p e r i m e n t III w a s d e s i g n e d to i nves t i ga te the capac i t y o f the va r ious t y p e s of tact i le a f fe ren ts to 
e n c o d e p a r a m e t e r s o f man ipu la t i ve f o r ces . Par t icu lar ly w e ana lyzed the sens i t iv i ty of tact i le a f fe ren ts to 
d i rec t ion o f f e r e e v e c t o r at m a g n i t u d e s a n d ra tes c o m p a t i b l e wi th those ar is ing in e v e r y d a y man ipu la t i ve 
tasks . 

Spec i f i c a i m s 
1 . T o e x a m i n e h o w sub jec ts a d a p t the re lat ion b e t w e e n the no rma l / t angen t i a l f o r ce to the 

loca l f r ic t ional cond i t i on du r ing t w o f inger man ipu la t i ons w h e n the task doesn ' t cons t ra in 
the ind iv idua l f i ngers to app ly s im i la r no rma l f o r ces (Experiment I). 

2. T o ident i fy m e c h a n i s m s r e s p o n s i b l e for the a d j u s t m e n t s to p reva i l ing local f r ic t ional 
cond i t i ons in the c a s e of unp red i c tab le f r ic t ional c h a n g e s at ind iv idua l f i ngers (Experiment 
II). 

3. T o d e t e r m i n e if g rasp stabi l i ty is ach ieved in a s imi lar m a n n e r desp i te o b v i o u s d i f fe rences in the 
a n a t o m i c a l a n d neura l subs t ra tes that i m p l e m e n t s the cont ro l du r i ng u n i m a n u a l and b i m a n u a l 
t a s k s (Experiment /-//). 

4. T o s h o w h o w sens i t i ve are d i f fe ren t t ypes of tact i le af ferents to the d i rec t ion of tangent ia l fo rce 
c o m p o n e n t app l i ed to f inger t ip (Experiment III). 

14 



2 E x p e r i m e n t I 

2.1 Introduction 
It is not k n o w n w h e t h e r c h a n g e s in no rma l fo rces app l ied at the e n g a g e d d ig i t s are u s e d to cont ro l f o r c e 
rat ios at t h e s e p a r a t e d ig i t -ob jec t i n te r faces in s i tua t ions w h e n the task a l l o w s var ious d is t r ibu t ions of 
no rma l f o r ces a c r o s s the e n g a g e d d ig i ts . Moreover , a d ig i t -speci f ic adap ta t i on o f f e r e e ra t ios has so far 
on ly been d e m o n s t r a t e d in l ift ing t a s k s in w h i c h the mo to r output is fu l ly se l f - paced . It is not known 
w h e t h e r s u c h a d a p t a t i o n s a lso o c c u r w h e n we hand le ob jec ts w h i c h are sub jec ted to unp red i c tab le 
loading fo rces . It has recent ly b e e n d e m o n s t r a t e d tha t w h e n sub jec ts res t ra in a m a n i p u l a n d u m he ld in 
an oppos i t i on g r a s p b e t w e e n the index f i nge r and t h u m b , normal fo rce r e s p o n s e s are t r i gge red by 
load ing o f the m a n i p u l a n d u m . F u r t h e r m o r e , these r e s p o n s e s are sca led to t he load rate a n d a m p l i t u d e 
by cont ro l m e c h a n i s m s us ing s e n s o r y in fo rmat ion abou t t h e d e v e l o p m e n t of the load fo rce ( J o h a n s s o n 
et a l . 1992a -c ) . T h e s e n s o r y con t ro l o f the norma l fo rce is based on s igna ls in c u t a n e o u s a f fe ren ts w i t h 
recep t i ve f ie lds in con tac t w i th the ob jec t ( J o h a n s s o n etal. 1992a; Mace f i e l d et a l . 1 9 9 6 ) . In con t ras t to 
tact i le a f fe rents , m u s c l e a f fe ren ts d o not re l iab ly r e s p o n d unt i l the n o r m a l force r e s p o n s e is in i t ia ted a n d 
the i r d i s c h a r g e ra te t hen fo l lows t h e d e v e l o p m e n t o f the no rma l fo rce (Mace f i e l d a n d J o h a n s s o n 1996 ) . 
Impor tan t l y , the m a g n i t u d e of the no rma l fo rce response c a n be g a i n e d in a f eed - fo rwa rd m a n n e r o n t h e 
bas is o f i n fo rmat ion abou t the f r ic t ional cond i t i on init ial ly ob ta ined as the ob jec t is g r a s p e d (Co le and 
J o h a n s s o n 1993) . Th is reac t ive g r a s p behav io r , w h i c h obv ious ly s u p p o r t s g rasp s tab i l i ty e m e r g e s 
au tomat i ca l l y and p r o c e e d s e v e n w i t h o u t ins t ruc t ions to t h e sub jec ts to r e s p o n d wi th gr ip c h a n g e s . 
In the p resen t s tudy , w e let sub jec t s use t he t ips of t w o d ig i ts to res t ra in a m a n i p u l a n d u m w i th 
hor i zon ta l l y o r ien ted gr ip su r f aces s u b j e c t e d to d is ta l load ing occur r ing at unp red i c tab le t imes . B e c a u s e 
t he d ig i ts app l ied f o r ces o n the s a m e s ide o f the m a n i p u l a n d u m , t w o m e c h a n i c a l cons t ra in ts usua l l y 
a s s o c i a t e d wi th man ipu la t i ve t asks w e r e e l im ina ted . First, the norma l f o r c e s app l ied at t he e n g a g e d 
dig i ts c o u l d be i n d e p e n d e n t l y con t ro l l ed . S e c o n d , a l t hough the total load f o r c e tangen t ia l to the gr ip 
su r f aces w a s spec i f ied by the task , it cou ld be par t i t ioned be tween t he d ig i ts in any w a y f o u n d su i tab le 
to the sub jec t . In lifting t a s k s p e r f o r m e d w i t h the p rec is ion gr ip the par t i t ion ing of the load c a n be 
c h a n g e d b y t i l t ing the ob jec t (Ed in et a l . 1992) or by repos i t ion ing o f the d ig i ts . In the p resen t task, 
howeve r , sub jec ts cou ld if t hey s o des i r ed use a s ing le dig i t to res t ra ined t h e object . A natura l 
coun te r pa r t s to th is task is to p lace the i n d e x and m idd le f ingers o n a b o o k tha t lays on a d e s k and to 
rest ra in t h e book f r om m o v i n g wh i l e s o m e o n e e lse t r ies to drag it a w a y . 
W i th th is task , seve ra l d i f ferent con t ro l s t ra teg ies c a n be e m p l o y e d to avo id loos ing t he ob jec t b e c a u s e 
o f f r ic t iona l s l i ppage . For e x a m p l e : (1) T h e sub ject m a y a l w a y s app ly s imi la r t angen t ia l a n d no rma l 
fo rces a t t he two gr ip su r faces . H o w e v e r , w i th d i f ferent f r ic t ional cha rac te r i s t i c s at t he two gr ip su r f aces , 
t he sa fe ty marg in aga ins t s l i ppage wou ld b e unnecessa r i l y h igh at t he d ig i t in con tac t w i th the less 
s l ippery su r face . (2) T h e sub jec t m a y e m p l o y s imi lar tangent ia l fo rces at t he two gr ip su r f aces and a p p l y 
a s t ronge r no rma l fo rce at the m o r e s l i ppery sur face to ob ta in s imi lar sa fe ty marg ins at both dig i ts. (3) 
T h e sub jec t may u s e s imi la r n o r m a l f o r ces at both gr ip su r faces but par t i t ion the tangen t ia l f o r ces 
a c c o r d i n g to the f r ic t ional cond i t i on s u c h tha t the tangen t ia l force is sma l l e r at the m o r e s l ippery su r f ace 
a n d la rger at the less s l ippery su r face . A g a i n , such a s t ra tegy could yield s im i la r sa fe ty m a r g i n s at bo th 
d ig i ts . C o m p a r e d to the f i rst a l te rna t ive w i t h s imi lar tangen t ia l and no rma l f o r ces the s e c o n d and thi rd 
a l te rna t i ve wou ld requi re a sma l l e r total f o r ce ou tpu t f rom the sub ject 's h a n d . (4) T o m in im i ze the to ta l 
fo rce o u t p u t sub jec ts , however , s h o u l d on l y use the digit at the least s l i ppery su r face . 

2.2 Methods 
2.2.1 Subject and general procedure 

S e v e n hea l thy adu l t s (22 -42 yea rs o ld , 4 m e n ; 3 w o m e n ) par t ic ipated in t he e x p e r i m e n t s af ter g iv ing 
their i n fo rmed consen t . T h e y w e r e u n a w a r e of the speci f ic purpose of the s tudy . 
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The s u b j e c t s w e r e s e a t e d in a chai r w i th the i r upper a r m app rox ima te l y paral le l to t he t r u n k a n d the i r 
f o r e a r m s e x t e n d e d an te r io r l y and the wr is t s l ight ly do rs i f l exed (abou t 30 d e g r e e s ) . V a c u u m cas ts 
suppo r ted the f o r e a r m s up to the pa lms . In this pos i t ion t h e sub jec t used the f inger t ips o f t w o digi ts 
pos i t ioned s i de -by -s i de to restrain an i ns t rumen ted m a n i p u l a n d u m wi th t w o hor i zon ta l l y o r i en ted f lat g r i p 
su r faces w h i c h cou ld be l oaded in the d is ta l d i rect ion (F ig . 2.1) . T h e dig i ts w e r e s l igh t ly f l exed and t h e 
p lane o f t h e gr ip s u r f a c e s app rox ima te l y in te rsec ted the cen te r s o f the m e t a c a r p o p h a l a n g e a l j o in ts . W i t h 
such a pos tu re w e a v o i d e d pass ive n o r m a l fo rce c h a n g e s caused by smal l m o v e m e n t s o f the 
m a n i p u l a n d u m w h e n it w a s loaded . A cu r ta i n p reven ted t h e sub jec ts f rom see ing the i r h a n d s and the 
m a n i p u l a n d u m wh i l e t h e y per fo rmed the task . T h e sub jec t s w a s h e d their h a n d s w i th s o a p a n d w a t e r 
before e a c h of t he se r i es . 

A L o a d f o r c e 
T o r q u e 

F i g u r e 2 . 1 . Side and top v iew of the apparatus and the hand during the unimanual grasp configuration; in the 
bimanual grasp configuration the subjects restrained the manipulandum with right and left index finger. The 
straight arrows illustrate the positive direction of the normal and tangential forces recorded at each grip surface 
and the servo controlled load force that the subjects had to restrain. The load force was generated by a torque 
motor and the exchangeable surfaces disks (black) were attached side-by-side in the horizontal plane, each on a 
stiff beam connected to the rotational axis of the torque motor. 

2.2.2 Apparatus 

W e d e v e l o p e d a mod i f i ed vers ion of the appa ra tus tha t h a s been desc r i bed in a p r e v i o u s s tudy 
( J o h a n s s o n et al. 1 9 9 2 c ) : First, the ro ta t ion axis of the t o r q u e mo to r w a s o r ien ted ver t i ca l l y ins tead of 
hor izonta l ly . S e c o n d , the e x c h a n g e a b l e g r ip su r faces (30 m m in d iamete r , s p a c e d 2 m m apar t ) w e r e 
a t t ached s i de by s i de in t he hor izonta l p l a n e , each o n a st i f f b e a m c o n n e c t e d to the ro ta t iona l ax is o f the 
to rque m o t o r ( the b e a m s w e r e 100 and 1 3 2 m m long, respec t i ve ly , cf. F ig . 2.1) . T h e g r ip su r faces w e r e 
cove red by e i ther rayon o r 320 gra in s a n d p a p e r . 
A mu l t ip le e l e m e n t s t ra in g a u g e t r a n s d u c e r sys tem at e a c h b e a m m e a s u r e d the f inger t ip f o rces at the 
sepa ra te p la tes as o r t h o g o n a l c o m p o n e n t s ( D C - 1 2 0 Hz) : t he fo rce pe rpend icu la r to the gr ip su r face 
{normal force) a n d the f o r ce in the p lane o f the gr ip s u r f a c e oppos ing the d i rec t ion o f t he pul l ing fo rce 
[tangential force). T o accu ra te l y m e a s u r e the ac tua l f o r c e s i r respect ive o f the exac t loca t ion of the dig i t 
at the g r i p su r face , e a c h b e a m w a s e q u i p p e d wi th two t r ansduce r s y s t e m s wi th d i f ferent d i s tances to t h e 
rotat ional ax is . T h e c ross - ta lk be tween t he norma l a n d tangent ia l fo rce m e a s u r e m e n t s w a s less t h a n 
5 % o v e r t he w h o l e gr ip su r face . Norma l a n d tangent ia l f o r ces repor ted in the text re fer to the fo rces 
appl ied at the s e p a r a t e d ig i t -ob ject in te r faces un less o the rw i se s ta ted . A po ten t i ome te r a t tached to the 
shaft of t h e motor m o n i t o r e d the angu la r posi t ion o f the m a n i p u l a n d u m and this pos i t ion w a s used to 
ca lcu la te t he arc d i s p l a c e m e n t of the cen te r of the inner gr ip su r face at 0 .05 m m reso lu t i on . De tec t i on of 
s l ips, i.e., re lat ive m o t i o n be tween the m a n i p u l a n d u m a n d the pulp su r face , w a s fac i l i ta ted by an 
a c c e l e r o m e t e r ( 1 0 - 6 0 0 Hz) at the m a n i p u l a n d u m ( J o h a n s s o n and Wes t l i ng 1984) . 
The tota l load fo rce g e n e r a t e d at the gr ip sur faces w a s s e r v o regu la ted by a labora to ry c o m p u t e r o n the 
basis of the s igna ls f r o m the tangent ia l f o r ce t ransduce rs ( torque motor ; 0 -10 N load fo rce amp l i t ude in 
p rox ima l o r d is ta l d i r ec t i on , bandwid th 0 -15 Hz). T h u s , sub jec ts w e r e able to part i t ion the load force 
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f ree ly b e t w e e n the d ig i ts dur ing tasks invo lv ing two d ig i ts . T h e m a n i p u l a n d u m w a s s e r v o - r e g u l a t e d to a 
cons tan t pos i t ion (s t i f fness 1.2 N/mm) w h e n un touched . 

2 .2 .3 Task and experimental procedures 

W e a n a l y z e d the res t ra in t task wi th two g r a s p con f igu ra t ions : (i) In the unimanual se r ies , the sub jec ts 
res t ra ined the m a n i p u l a n d u m wi th the r ight index f inger a n d the m idd le f inger and (ii) in t he bimanual 
ser ies the sub jec ts u s e d the left and r ight index f ingers . Sub jec t s w e r e ins t ruc ted to k e e p the d ig i ts no t 
invo lved in the rest ra in t task f lexed a r o u n d the suppor t i ng v a c u u m cas ts . E i ther both d ig i t s invo lved in 
the task c o n t a c t e d s a n d p a p e r or s a n d p a p e r w a s used at o n e gr ip su r face a n d rayon at t he other . T h u s , 
the s e v e n sub jec ts ca r r ied out six ser ies w i th d i f ferent c o m b i n a t i o n s of d ig i ts a n d s u r f a c e mater ia ls : (i) 
Th ree u n i m a n u a l se r i es du r i ng wh i ch bo th d ig i ts c o n t a c t e d s a n d p a p e r or the right i ndex o r m idd le f i nge r 
c o n t a c t e d rayon ; (ii) T h r e e b imanua l se r ies dur ing w h i c h bo th d ig i ts c o n t a c t e d s a n d p a p e r or the r ight o r 
left index f i nge r c o n t a c t e d rayon . T h e d i f ferent sur face mate r ia l s used in t he e x p e r i m e n t s r ep resen ted 
low ( rayon ) a n d h igh ( s a n d p a p e r ) su r f ace f r ic t ion (Co le a n d J o h a n s s o n 1993) . T h e se r i es w e r e 
p resen ted in d i f ferent o r d e r s to all sub jec t s . 
Each o f t h e ser ies cons i s t ed o f thir ty t r ia ls o f distal pu l l ing loads . A tr ial s ta r ted w h e n a br ie f s o u n d c u e 
ind ica ted t ha t the se rvo h a d m o v e d the gr ip su r faces to the init ial pos i t ion under pos i t ion se rvo con t ro l . 
T h e sub jec t t hen c o n t a c t e d the m a n i p u l a n d u m wi th the f inger t ips . A tr ial c o m m e n c e d w h e n the 
c o m p u t e r d e t e c t e d a b a c k g r o u n d no rma l fo rce of at least 0.7 N at bo th gr ip su r faces . E a c h trial cou ld 
c o n v e n i e n t l y be d i v ided in four phases : T h e pre-ramp phase b e g a n o n c e the sub jec t h a d con tac ted t he 
p lates w i th both d ig i ts . T h e load fo rce w a s ze ro dur ing th is phase that w a s of a du ra t ion r andom ly 
d is t r ibu ted b e t w e e n 1.0 a n d 3.0 s. Dur ing t he load phase t he load fo rce i nc reased at 4 N/s for a per iod 
of 1 s. D u r i n g t he hold phase the tota l load w a s ma in ta ined at 4 N. T h e du ra t i on o f t he ho ld p h a s e w a s 
r a n d o m i z e d in the r a n g e 3 to 6 s. F inal ly , dur ing the release phase, t he sub jec t w a s ins t ruc ted to s l ow ly 
d e c r e a s e t h e f inger f o r c e s at a s e c o n d s o u n d cue s o that f r ic t ional s l ips occu r red a n d t h e y lost the 
m a n i p u l a n d u m . 
Sub jec t s w e r e f ree to a d o p t any se l f - chosen s t ra tegy to rest ra in the m a n i p u l a n d u m . If t h e y acc iden ta l l y 
lost it du r i ng a t r ia l , w h i c h occur red in 8 . 5 % of the t r ia ls , t he lost tr ial w a s repea ted a n d t h e test se r ies 
r e s u m e d . S u c h lost t r ia ls w e r e ignored du r i ng data ana lys i s . 
Pr ior to d a t a co l lec t ion e a c h sub jec t w a s g i ven a prac t ice se r ies wi th ten t r ia ls, du r ing t h e s e tr ials the 
appa ra tus w a s fu l ly v is ib le . T h e sub jec t s d id not rece ive ins t ruc t ions a b o u t w h a t fo rces to app ly du r ing 
t hese se r i es , un less t h e y app l ied p r e - r a m p no rma l fo rces o f s u c h h igh m a g n i t u d e s that the i r f o rce 
r e s p o n s e s to the load r a m p w e r e ve ry w e a k (Co le and J o h a n s s o n 1993) . Th i s occu r red on ly 
occas iona l l y in the beg inn ing of the p rac t i ce ser ies but in s u c h c a s e s t he e x p e r i m e n t e r s imp l y a s k e d the 
sub jec t to app ly less f o r ce w h e n ho ld ing t he m a n i p u l a n d u m . 

2.2.4 Data collection and analysis 

Data w e r e co l lec ted at 12 bit reso lu t ion a n d ana l yzed wi th a mu l t i - func t iona l labora to ry c o m p u t e r s y s t e m 
( S C / Z O O M , d e v e l o p e d at the D e p a r t m e n t o f Phys io logy , Urnea Un ivers i t y ) . T h e a c c e l e r o m e t e r s igna l 
w a s rec t i f ied us ing an on- l i ne r o o t - m e a n - s q u a r e p rocess ing w i th r ise a n d d e c a y t ime cons tan t s of 1 m s 
and 3 m s , respec t i ve ly . T h e force a n d a c c e l e r o m e t e r s igna ls we re s a m p l e d at 4 0 0 Hz a n d the pos i t ion 
s igna l at 100 Hz. 
T h e normal hold force (NF) and the tangential hold force (TF) app l ied dur ing the hold p h a s e we re 
m e a s u r e d as the m e a n no rma l and tangen t i a l force du r ing a 300 m s pe r iod that c o m m e n c e d 7 0 0 m s 
af ter the e n d of the load phase . T h e pre-ramp normal force w a s m e a s u r e d as the m e a n of the no rma l 
fo rce app l i ed dur ing the 3 0 0 ms per iod jus t before the o n s e t of the load fo rce inc rease . W e ca lcu la ted 
the normaftangential hold force ratio for e a c h digit us ing the abso lu te va lue of the tangent ia l fo rces 
b e c a u s e o n e of the d ig i ts , rarely but occas iona l l y , app l ied a negat ive tangen t ia l fo rce , i.e., it pushed 
ra ther t h a n pu l led . 
T h e m o m e n t of f r ic t ional sl ip at the end of e a c h trial for each of the d ig i ts w a s ident i f ied of f- l ine by v i sua l 
i nspec t ion of the fo rce and a c c e l e r o m e t e r records . T h e force ratio at e a c h of the digi ts at the m o m e n t of 
sl ip w a s de f i ned as the slip ratio (this rat io t hus c o r r e s p o n d s to the inve rse of the coef f ic ient of stat ic 
f r ic t ion) . T h e safety margin was ca l cu la ted for each trial by subt rac t ing the sl ip ratio f r o m the 
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norma l : t angen t i a l hold fo rce ratio in l ine w i th p rev ious s tud ies on h u m a n prec is ion gr ip ( J o h a n s s o n a n d 
Wes t l i ng 1984 ; Ed in e t a l . 1992 ; Co le and J o h a n s s o n 1993) . 
To c o m p a r e the f inger t ip fo rces app l ied by the t w o coope ra t i ng d ig i ts , we ca lcu la ted t h e d i f f e rences 
b e t w e e n the fo rces app l i ed by the r ight index f inger and the o the r digit : pre-ramp normal force 
difference, normal hold force difference a n d tangential hold force difference. S imi la r ly , t he slip ratio 
difference w a s ca l cu la ted . 
For e a c h o f the t w o g r a s p con f igura t ions , 6 3 0 tr ials w e r e car r ied ou t m a k i n g a tota l o f 1 2 6 0 tr ia ls. Ou t o f 
t hese t r ia ls success fu l l y pe r fo rmed by t he sub jec ts , a to ta l of 1245 tr ials w e r e inc luded in t he ana lys is . 
T h u s on ly 15 tr ia ls w e r e exc l uded f r om ana lys is d u e to samp l i ng er rors . 

2 .2 .5 Statistics 

To a n a l y z e the u n i m a n u a l and b i m a n u a l g rasp con f igu ra t ions , w e used o n e ana lys i s o f v a r i a n c e that 
inc luded four d e p e n d e n t var iab les in m i xed b e t w e e n - g r o u p s and wi th in sub jec ts M A N O V A des ign (2 X 
(2 X 3) ) ; b e t w e e n the 2 e n g a g e d dig i ts ( r ight index f inger and the r ight m idd le or left i n d e x f inger 
d e p e n d i n g on the g r a s p ) and w i th in 2 g rasp con f igu ra t i ons and 3 su r face c o m b i n a t i o n s . F o u r va r iab les 
w e r e i n c l u d e d in t he ana lys i s as d e p e n d e n t va r iab les ; (i) the p re - ramp no rma l fo rce , (ii) t h e no rma l hold 
fo rce, (ii i) t he no rma l . t angen t i a l ho ld fo rce ratio a n d (iv) the sa fe ty marg in . W e u s e d p l a n n e d 
c o m p a r i s o n s to test spec i f i c h y p o t h e s e s in the M A N O V A . To ob ta in app rox ima te l y n o r m a l d is t r ibu t ions , 
w e t r a n s f o r m e d the va r iab les us ing the natura l logar i thm pr ior to the s tat is t ica l a n a l y s e s . Acco rd ing l y , 
popu la t i on s ta t is t ics are p resen ted as t he geomet r i c m e a n s 7 + s tanda rd dev ia t i ons a n d re fer to da ta 
poo led ac r oss sub jec ts un less s ta ted o therw ise . 
To a n a l y z e the coo rd ina t i on of the f inger t ip fo rces in the u n i m a n u a l and b imanua l g r a s p con f i gu ra t i on , 
w e app l i ed mul t ip le l i near - regress ion m o d e l s as d e s c r i b e d in R E S U L T S . T O a s s e s s the i m p a c t s of g rasp 
con f i gu ra t i on a n d s u r f a c e cond i t i on , t hese we re inc luded in the m o d e l s as ind ica to r va r i ab les ( ' d u m m y 
var iab les ' , Neter et a l . 1989) . T h e adjusted R2 (a lso ca l led the adjusted coefficient of multiple 
determination) m e a s u r e d the p ropo r t i ona te reduc t ion in t he total var ia t ion in the d e p e n d e n t var iab le wi th 
the u s e o f the en t i re se t of i ndependen t va r iab les in the m o d e l w h e n the d e g r e e s o f f r e e d o m assoc ia ted 
wi th t h e s e va r iab les a r e taken into accoun t (Neter et a l . 1989) . To a s s e s s the con t r i bu t i on of ind iv idua l 
i n d e p e n d e n t va r iab les to the reg ress ion m o d e l , w e used the s q u a r e d partial correlation, (a lso cal led 
coefficient of partial determination), i.e., t he re lat ive marg ina l reduc t ion of the var ia t ion in t he d e p e n d e n t 
va r iab le a s s o c i a t e d w i th o n e of t he i ndependen t var iab le w h e n all t he o the r i n d e p e n d e n t var iab les 
a l ready h a v e been inc luded in the m o d e l (Neter et a l . 1989) . 
W e c o n s i d e r e d test o u t c o m e s wi th p-va lues < 0.01 to be 's igni f icant ' . In par t icu lar , all r epo r ted 
co r re la t i on coef f i c ien ts a re s ign i f icant . If not o the rw ise s ta ted , the ana l yses w e r e p e r f o r m e d wi th the 
da ta p o o l e d ac r oss sub jec ts and g rasp con f igu ra t i on . Al l s tat is t ical ana lys is w a s car r ied ou t us ing 
S T A T I S T I C A ™ 5.0 for W i n d o w s (Sta tSof t , Inc.). 
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2.3 Results 
2.3.1 General performance 

A s imi la r s e q u e n c e o f fo rce responses cha rac te r i zed t he sub jec ts ' p e r f o r m a n c e w h e t h e r t hey ca r r i ed o u t 
the res t ra in t task u n i m a n u a l l y or b imanua l l y . First, w h e n t h e y held the ob jec t pr ior to t h e r a m p l o a d 
i nc rease ( l oad p h a s e ) , t hey used a cer ta in p r e - r a m p n o r m a l fo rce. The s u b s e q u e n t l oad ing t r i g g e r e d 
n o r m a l f o r c e r e s p o n s e s w i th both g r a s p con f i gu ra t i ons s imi la r to t hose o b s e r v e d in s u b j e c t s ca r r y i ng o u t 
a rest ra in t t ask w i t h a p inch grasp ( J o h a n s s o n et al. 1 9 9 2 c ) . A s s u c h , t hese no rma l f o r c e r e s p o n s e s 
o c c u r r e d in bo th d ig i ts and cons i s ted o f a c a t c h - u p a n d a t rack ing response , i.e., a f ter a ce r t a i n d e l a y 
the d ig i ts r e s p o n d e d to the loading w i th a rap id n o r m a l fo rce increase fo l l owed by an i n c r e a s e in n o r m a l 
fo rce in para l le l w i t h the increas ing tangen t ia l fo rce. 
F igure 2.2 s h o w s e x a m p l e s of s ing le t r ia ls w i th the u n i m a n u a l and b imanua l g rasp c o n f i g u r a t i o n s . 
S imi lar t a n g e n t i a l f o r c e s and norma l f o rces w e r e a p p l i e d at t he two dig i ts w h e n they m a d e c o n t a c t w i t h 
s a n d p a p e r (F ig . 2 .2 A and B). Howeve r , w h e n o n e o f t h e dig i ts con tac ted rayon , sub jec t s pa r t i t i oned t h e 
load a s y m m e t r i c a l l y b e t w e e n the d ig i ts a n d let the d ig i t con tac t i ng the less s l ippery ma te r i a l ( s a n d p a p e r ) 
t ake up a la rger par t o f the load (F ig . 2.2 C and D) . In con t ras t , the two dig i ts app l ied s im i la r n o r m a l 
fo rces e v e n w h e n t h e y con tac ted d i f ferent su r face ma te r i a l s . In fact, the par t i t ion ing o f t he load f o r ce 
b e t w e e n t h e d ig i ts re f lec ted the f r ic t ional cond i t i ons at t h e d ig i t -ob ject in ter faces (F ig . 2 .5 ) : t he 
n o r m a h t a n g e n t i a l f o r ce rat io at each d ig i t -ob jec t in te r face w a s ad jus ted to the preva i l ing sl ip ra t io (F i g . 
2.6) . T h e d ig i t s a p p l i e d no rmah tangen t i a l f o r ce rat ios o f s imi la r magn i t ude w h e n both c o n t a c t e d 

A B 

Normal fo rce 
Tangential fo rce 

Normal force 
rate (N/s) 

Normal 
force (N) 

Tangential 
force (N) 

Posit ion 
(mm) 

10 

Sl ip ratio 

D 3L 

J W # » v - ^ v ^ v ^ * - *-̂ W\vV'4 n A t ^ H ^ ^ 

R i g h t Index - S a n d p a p e r 

A c c o m p a n y i n g digit - S a n d p a p e r 

- Load force (N) 

500 ms Right Index - S a n d p a p e r 

A c c o m p a n y i n g digit - R a y o n 

F i g u r e 2 .2 . Single trials carried out unimanually and bimanually with similar or different friction at the two 
digit-object interfaces. A and B, unimanual and bimanual grasp with sandpaper at both digits. C a n d D. 
unimanual and bimanual grasp when the index finger of the right hand contacted sandpaper and the 
accompanying digit contacted rayon. A - O, horizontal lines in the force ratio records indicate for each digit the 
estimated minimum normahtangential force ratio required to prevent frictional slips, i.e.. the slip ratio. Rlack 
and hatched areas represent safety margins against frictional slips, i.e.. the difference between the employed 
normahtangential force ratio and the slip ratio, for right index finger and accompanying digit, respectively. 
Dotted lines superimposed on the tangential force records represents the sum of the tangential forces, i.e.. the 
load force. The position traces represent the movement of the grip surfaces ( positive in the distal direction). 
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s a n d p a p e r , but of s t r i k ing ly d i f ferent m a g n i t u d e w h e n the d ig i ts w e r e in con tac t wi th d i f fe ren t ma te r ia l s . 
In both s i tua t ions the fo rce rat ios coo rd i na ted by the sub jec t we re ad jus ted to the local f r ic t iona l 
cond i t i on a n d e x c e e d e d t he slip rat ios by a safety m a r g i n . 
A l r e a d y du r i ng t he load p h a s e the d ig i ts t ook up load in a m a n n e r tha t re f lected the f r ic t iona l cond i t i on at 
the two d ig i t -ob jec t in te r faces (F ig . 2.2) a n d this w a s t rue a lso in s o m e tr ials before a n y d i sce rn ib le s l ips 
h a d t aken p lace (F ig . 2 .2 C) . T h e a s y m m e t r i c par t i t ion ing o f the load cou ld beg in a l r e a d y w i th in the f i rst 
0.2 s of t h e load p h a s e a l t hough the e x a c t m o m e n t of its o n s e t var ied be tween ser ies a n d a lso f r o m tr ia l 
to tr ial w i t h i n a s ing le se r i es (cf. F igs . 2.3 C, D, G and H) . In s o m e ser ies the load b e c a m e 
a s y m m e t r i c a l l y pa r t i t i oned a l though the su r face s t ruc tu res w e r e the s a m e at the t w o gr ip su r f aces (F ig . 
2.3 E a n d F). O c c a s i o n a l l y sub jec ts app l i ed tangent ia l f o r c e s even pr ior to the load ing o f the 
m a n i p u l a n d u m , i.e., o n e dig i t pushed a n d the o ther digi t pu l led the m a n i p u l a n d u m du r i ng t he p r e - r a m p 
phase (F i g . 2.3 E, a lso cf. F igs. 2.2 D, 2 .3 G) . Howeve r , t h e abso lu te va lue o f the t angen t i a l fo rce at 
ze ro load fo rce w a s less than 0.22 N in 7 5 percent o f the t r ia ls . 
Fr ic t iona l s l ips t yp ica l l y occu r red dur ing t he load p h a s e ra ther than du r ing t he hold p h a s e . T h e s e s l ips 
resu l ted in a red is t r ibu t ion of the load b e t w e e n the d ig i ts tha t was ma in ta ined for the r e m a i n d e r o f t he 
t r ia l : an u n l o a d i n g of t he d ig i t that s l i pped and an i nc reased load ing of the o the r digit. 

2.3.2 Pre-ramp normal forces 

I r respec t i ve o f the g r a s p con f igu ra t ion , w h e n s a n d p a p e r w a s used at both gr ip su r faces the p r e - r a m p 
no rma l f o r c e w a s s imi la r at the two d ig i ts for da ta a v e r a g e d ac ross all sub jec ts (F ig . 2 .4 8 ) . Sub jec t s 
app l ied s ign i f i can t l y h i ghe r p re - ramp n o r m a l fo rces w h e n o n e of the d ig i ts con tac ted r ayon t h a n w h e n 
both d ig i ts c o n t a c t e d s a n d p a p e r (geomet r i c m e a n s 1.93 N vs . 1.44 N; F(1 ,12) = 16 .84 , p < 0 .005, 
poo led a c r o s s d ig i ts a n d g r a s p con f i gu ra t i ons ; cf. F ig . 2 .4 B). Impor tant ly , the digit c o n t a c t i n g r ayon a n d 
the digit c o n t a c t i n g s a n d p a p e r app l ied s im i la r p re - ramp n o r m a l fo rces on ave rage ( g e o m e t r i c m e a n s 
1.95 N vs . 1.88 N) . T h u s , e a c h dig i t 's p r e - r a m p no rma l f o r c e was i n f l uenced in the s a m e w a y by bo th 
the local s u r f a c e cond i t i on and the su r face cond i t ion at t h e o ther digi t . T h i s app l ied to bo th the 
u n i m a n u a l a n d t he b i m a n u a l g rasp con f igu ra t ions . H o w e v e r , the p r e - r a m p norma l f o r ces w e r e typ ica l l y 
h igher in t h e b i m a n u a l cond i t i on t h a n in t he un imanua l cond i t i ons (geomet r i c m e a n s 1.92 N vs . 1.59 N 
for the r igh t index f inger a n d 1.96 N vs. 1.56 N poo led a c r o s s both d ig i ts , F (1 ,12) = 2 0 . 7 0 , p < 0 .001 ) . 
Th is , in t u rn , m igh t be e x p l a i n e d by a s l igh t ly h igher f r ic t ion for the m idd le f inger t h a n for the r ight i ndex 
f inger w h e n those d ig i ts con tac ted rayon ( see slip rat ios in F ig . 2.4 C). 
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Subject KP 

Norma l f o rce 
Tangent ia l f o r c e 

4 

N o r m a l 
f o rce (N) 

Tangent ia l 
fo rce (N) 

Subject SM 
i 

Norma l f o rce 

No rma l 
fo rce (N) 

Tangent ia l 
fo rce (N) 

Right Index - S a n d p a p e r 
A c c o m p a n y i n g dig i t - S a n d p a p e r 1 s 

R igh t Index - R a y o n 
A c c o m p a n y i n g digi t - S a n d p a p e r 

F i g u r e 2 . 3 . Superimposed load trials during four types of test series each performed by two different subjects 
(A - D, s u b j e c t K P ; E - H, subject SM) . A - B and E - F refer to test series in which both digits contacted 
sandpaper, whereas the right index fingers contacted rayon in C - D and G - H. The subjects performed the task 
unimanually in A, C, E and G and bimanually in B, D, F and / / . For further details see legend to Fig. 2 . 2 . 

At the leve l of i nd iv idua l sub jec ts , the t w o dig i ts occas iona l l y app l ied s o m e w h a t d i f ferent p r e - r a m p 
no rma l f o r c e s o n a v e r a g e (see th in l ines in Fig. 2.4 8 ) . T h e ex ten t to w h i c h these d i f fe rences w e r e d u e 
to d i f f e rences b e t w e e n t he f r ic t ional cond i t i on at the two d ig i t -ob jec t in te r faces w a s a n a l y z e d wi th a 
mu l t ip le - l inear r e g r e s s i o n mode l in w h i c h g rasp con f i gu ra t i on w a s used a s an ind ica tor va r iab le 
(ad jus ted R 2 = 0 .10) . T h e p re - ramp no rma l force and the sl ip ratio d i f fe rence w a s w e a k l y but pos i t i ve ly 
co r re la ted ( r 2 = 0 .086 ) . T h i s ind icated tha t the d i f fe rences in the p r e - r a m p no rma l fo rces w e r e on ly to a 
smal l d e g r e e d e p e n d e n t o n di f ferent f r ic t ional cond i t i ons at the two d ig i t -ob jec t in te r faces . T h u s , w e 
c o n c l u d e d that the ' a v e r a g e ' f r ic t ional cond i t i on ac ross t h e two gr ip su r f aces pr inc ipa l ly a c c o u n t e d for 
the f r ic t iona l i n f l uences o n the p re - ramp norma l fo rces ra ther than the local f r ic t ional cond i t i on . 
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F i g u r e 2 .4 . Fingertip forces during hold phase for unimanual and bimanual configurations. Filled columns refer 
to the right index finger and hol low columns to the accompanying finger. The height of the co lumns represent 
the geometr ic mean and the vertical bar the values representing 3 4 % of the distribution (•+ S.D.) for data pooled 
across all subjects. Geometr ic mean values for individual subjects are indicated by the lines superimposed on the 
pairs of adjacent columns. Pairs of columns refer to unimanual and bimanual grasp with sandpaper at both digit-
object interfaces, and unimanual and bimanual grasps with rayon at one of the digit-object interfaces. A. 
tangential hold force. B, normal hold force and pre-ramp normal force (lower column and thin lines). C, 
normaktangential hold force ratio and minimum force ratio necessary to prevent frictional slips (lower column 
and thin lines). The asterisks indicate one subject that used an atypically large safety margin at the right index 
finger when the accompanying digit contacted rayon. 

2.3.3 Normai and tangential forces during the hold phase 

Tangential hold force. W i th s a n d p a p e r at both gr ip su r f aces , the tangen t ia l hold fo rce w a s s imi la r at the 
two d ig i ts fo r da ta a v e r a g e d ac ross all sub jec ts (Fig. 2.4 A). In ind iv idua l se r ies , h o w e v e r , the tangen t ia l 
force w a s o f t en h ighe r at o n e of the d ig i t -ob jec t in ter faces (see l ines in F ig . 2.4 A). In se r i es wi th 
p r o n o u n c e d dig i ta l a s y m m e t r y in the tangent ia l hold f o r ces , th is a s y m m e t r y cou ld be s e e n in v i r tual ly all 
tr ials. F igure 2.3 A, 8 , E and F exempl i f i es the inter-tr ial var iab i l i ty in f inger t ip fo rces w i th in sub jec ts and 
test se r ies w h e n bo th d ig i ts c o n t a c t e d sandpape r . W h e r e a s subject KP par t i t ioned the load rather 
s y m m e t r i c a l l y b e t w e e n the d ig i ts w h e n both d ig i ts c o n t a c t e d s a n d p a p e r , subject SM p re fe r red to take up 
more load w i t h one o f the d ig i ts . In the b imanua l g rasp con f i gu ra t i on , the right index f i nge r took up t he 
largest load (F igs . 2 .3 F), w h e r e a s it w a s the midd le f inger in the u n i m a n u a l con f igu ra t ion (F igs . 2.3 E). 
Impor tant ly , ac ross se r i es w i th asymmet r i c load par t i t ion ing there w e r e no sys temat i c pat ter as to w h i c h 
digit took up the la rges t load . 
In tes t se r ies wi th r a y o n at o n e gr ip su r face , the digit con tac t i ng rayon took up a sma l le r por t ion of the 
load force (F ig . 2.4 A). Th is d ig i t took up 2 9 % of the load on ave rage (F ig . 2.5 A), but the re cou ld be 
substant ia l va r ia t i ons b e t w e e n and wi th in test ser ies in the par t i t ion ing of the load force, as s h o w n in 
Fig. 2 .4 A a n d exemp l i f i ed in F ig. 2.3 C, D, G and H. 
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Normal hold force. In con t ras t to the tangen t i a l hold f o r ce , the no rma l hold fo rce s h o w e d no o b v i o u s 
d i f fe rence in m a g n i t u d e re la ted to t he local su r face c o n d i t i o n (F ig . 2 .4 8 ) . For e a c h c o m b i n a t i o n of g r a s p 
con f i gu ra t i on and s u r f a c e mate r ia l s on the g r ip su r faces , t he digi ts app l i ed on a v e r a g e s im i la r 
m a g n i t u d e s of n o r m a l hold fo rce in the da ta poo led o v e r all sub jec ts (cf. pairs of c o l u m n s in F ig . 2.4 8 ) . 
As w i th the p re - ramp n o r m a l fo rces w h e n o n e of the d ig i ts con tac ted rayon , both d ig i ts i n c r e a s e d the 
no rma l h o l d force c o m p a r e d to w h e n both con tac ted s a n d p a p e r (geomet r i c m e a n s 4 . 1 8 N vs . 2 .93 N; 
F(1 ,12) = 4 4 . 9 8 , p < 0 . 0 0 1 , poo led ac ross d ig i ts and g r a s p con f igu ra t ions ) . T h e no rma l ho ld fo rces w e r e 
typ ica l ly h igher in t h e b i m a n u a l cond i t ion t h a n in the u n i m a n u a l cond i t ion (geomet r i c m e a n s 3 .98 N vs . 
3 .54 N; F (1 ,12 ) = 1 1 . 0 2 , p < 0 . 0 1 , poo led ac ross bo th d ig i ts ) (F ig. 2 .4 8 ) . However , in ind iv idua l test 
se r ies , sub jec t s o f ten app l i ed subs tan t ia l l y h igher n o r m a l ho ld fo rces at o n e o f the d ig i t -ob jec t i n t e r f a c e s 
(see th ick l ines in F ig . 2.4 8 ) . The no rma l f o r ces app l i ed by the e n g a g e d d ig i ts w e r e s ign i f i can t l y 
d i f ferent in 2 2 out o f the 4 2 ser ies ( 1 2 un imanua l a n d 10 b i m a n u a l se r ies ; pa i red T - tes t ) . T h e dig i t 
p re fe ren t ia l l y used by sub jec t s to app l y n o r m a l f o rces w a s , howeve r , not the s a m e in al l sub jec t s . T h u s , 
t he re w a s n o c o m m o n behav io ra l s t ra tegy o b s e r v e d s u c h as app ly ing mos t no rma l ho ld fo rce w i th a 
cer ta in d ig i t or at t h e m o s t o r the least s l ippery con tac t su r f ace . 

Tangential 
hold force 
difference 

Un imanua l B imanua l 

-3 0 
Slip ratio difference 

3 -3 0 3 
Slip ratio difference 

Arithmetic mean and S.E.M. 

Right index finger: S a n d p a p e r 
Accompanying digit: R a y o n 

S a n d p a p e r 
S a n d p a p e r 

R a y o n 
S a n d p a p e r 

F i g u r e 2.5. Effects by frictional differences between the digit-object interfaces on the partitioning of the 
load force during the hold phase. The difference between the load taken up by right index finger and the 
accompanying digit is plotted against the difference in slip ratio at the two digit-object interfaces. Each l ine 
refers to data by one subject and the horizontal and vertical bars indicate the arithmetic S.E.M. in slip ratio and 
hold force ratio differences, respectively. The vertical lines delineate data points according to the surface 
materials at the digit-object interfaces. Form left to right: (i) right index contacting sandpaper and the 
accompanying digit rayon, (ii) both digits contacting sandpaper and (iii) right index contacting rayon and the 
accompanying digit sandpaper. Asterisks as in Fig. 2 . 4 . 

Regression analysis of the application of the fingertip forces. A t the s ing le tr ial level , t he par t i t ion ing o f 
the load du r i ng t he ho ld p h a s e w a s re la ted to d i f fe rences in sl ip ra t ios and no rma l ho ld f o r ces , but no t to 
d i f f e rences in p r e - r a m p n o r m a l f o r ces nor to the g r a s p con f i gu ra t i on . Th is w a s s h o w n by a mu l t ip le -
l inear reg ress ion m o d e l tha t inc luded g rasp con f igu ra t ion as an ind ica tor var iab le and e x p l a i n e d as 
m u c h as 8 8 % of t he total va r i ance (ad jus ted R 2 = 0 .88 ) . T h e resul ts repor ted w e r e o b t a i n e d f rom 
ana l yses o f data poo led a c r o s s all sub jec t s , but w e r e qua l i ta t ive ly s imi la r to t hose o b t a i n e d f r om 
ana l yses o n s ing le sub jec ts . 
T h e reg ress ion a n a l y s e s desc r i bed be low s h o w e d tha t the par t i t ion ing of the load w a s ma in l y 
d e t e r m i n e d by the d i f f e rence be tween the fr ict ional cond i t i on at the t w o d ig i ts . Moreove r , t h e s e a n a l y s e s 
s u g g e s t e d that the d e v e l o p m e n t of no rma l forces app l i ed at the separa te d ig i ts may h a v e in f l uenced 
h o w the l oad force w a s par t i t i oned . In cont ras t , the g rasp con f igu ra t ion in f luenced ne i ther the load 
par t i t ion ing nor the d i f f e rence in app l ied n o r m a l fo rces . 
T h e tangen t ia l ho ld force d i f f e rence w a s negat i ve ly co r re la ted wi th the slip ratio difference ( r 2 = 0 .68) . 
The pe rcen tage of va r i ance accoun ted for by the s l ip rat io d i f fe rence was s l ight ly h igher w h e n the e f fec t 
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of the g rasp con f i gu ra t i on , p r e - r a m p n o r m a l fo rce and no rma l hold fo rce d i f fe rence w a s t aken into 
accoun t (par t ia l r2 = 0 .78 ) . O f t hese f ac to r s , the normal hold fo rce d i f fe rence w a s the m o s t impor tan t : 
The tangen t i a l hold f o r c e d i f f e rence w a s pos i t ive ly co r re la ted w i th the normal hold force difference 
(r 2 = 0 .30 , par t ia l r 2 = 0 .58) , bu t on ly w e a k l y and negat i ve ly cor re la ted to the pre-ramp normal force 
difference ( r 2 = 0 .016 , par t ia l r 2 = 0 .046 ) . T h e part ial co r re la t ion b e t w e e n the tangen t ia l ho ld f o r c e 
d i f fe rence a n d grasp configuration failed to s h o w stat is t ica l s ign i f i cance . W e a lso p e r f o r m e d an 
a l te rnat ive regress ion ana lys i s inc lud ing t he s a m e va r iab les as a b o v e but in w h i c h the n o r m a l ho ld f o r c e 
d i f fe rence w a s t rea ted as t he d e p e n d e n t va r iab le and t he tangent ia l ho ld fo rce d i f f e rence as an 
i ndependen t var iab le (ad jus ted R 2 = 0 .69 ) . A s expec ted , the pos i t ive cor re la t ion b e t w e e n the n o r m a l 
hold fo rce d i f fe rence a n d the s l ip rat io d i f f e rence (part ia l r 2 = 0.33) w a s substant ia l l y w e a k e r t h a n the 
nega t i ve cor re la t ion b e t w e e n t he t angen t i a l hold force d i f f e rence and t he slip rat io d i f f e rence (par t ia l 
r2 = 0 .78) . In con t ras t to the tangen t i a l ho ld fo rce d i f fe rence (part ia l r 2 = 0 .046) , the n o r m a l fo rce 
d i f fe rence s h o w e d an pos i t i ve and s l igh t ly s t ronger co r re la t i on to the p re - ramp no rma l fo rce d i f f e rence 
(r 2 = 0 .15 , par t ia l r 2 = 0 .22 ) . A g a i n , t he g r a s p con f igu ra t ion w a s found to be accoun tab le for a m i n u t e 
a m o u n t of t he va r i ance in the no rma l ho ld fo rce d i f fe rence. 

N o r m a l f o r c e 
T a n g e n t i a l f o r c e 

5 

N o r m a l f o r c e 
T a n g e n t i a l f o r c e 

5 

U n i m a n u a 
Right Index 

Bimanua l 
Right Index 

Sl ip ra t io Sl ip ra t io 

Gr ip s u r f a c e at i n d i c a t e d dig i t : : S a n d p a p e r 
A c c o m p a n y i n g dig i t : ; R a y o n 

R a y o n 
S a n d p a p e r 

F i g u r e 2 .6 . Effects by friction on employed normaktangential force ratios during the hold phase. T h e 
normaktangential force ratio employed by the indicated digit as a function of local slip ratio. The solid l ines 
through origin indicate the minimum force ratio required to prevent slip; the vertical distance between this l ine 
and employed ratio corresponds to the safety margin to prevent slips. Ordinate values at the left and right end o f 
each line corresponds to the geometric means when the digit contacted sandpaper or rayon, respectively, and 
each line refers to data by one subject. Horizontal and vertical bars indicate the geometric S.I V.. in slip rat io 
and hold force ratio, respectively. The boxes encloses data points according to the surface materials at the g r ip 
surfaces. Left and right co lumns refer to data collected in the unimanual and bimanual grasp configurat ion, 
respectively. Asterisks as in Fig. 2 . 4 . 

2.3.4 NormaUangential hold force ratios at the separate digit-object interfaces 
With s a n d p a p e r on b o t h gr ip su r f aces , the no rma l i t angen t ia l hold fo rce ratio w a s pract ica l ly the s a m e 
w h e t h e r on no t there w a s an i m b a l a n c e in the app l ica t ion of the f inger tip fo rces b e t w e e n the d ig i ts (cf. 
F igs. 2.3 A, B and F igs . 2.3 E, F). F u r t h e r m o r e , the fo rce ratio w a s a lso the s a m e at the d ig i t -ob jec t 
in ter faces w i th s a n d p a p e r w h e t h e r the o ther digit con tac ted s a n d p a p e r or rayon (1 .52 vs. 1.55). T h e 
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behav io r in test se r i es w i th rayon at o n e g r ip sur face and s a n d p a p e r at the o ther a lso i nd i ca ted tha t the 
f o r c e ra t ios were con t ro l l ed va r iab les . T h a t is, at the ind iv idua l digi t the n o r m a h t a n g e n t i a l f o rce rat io w a s 
ef f ic ient ly ad jus ted to the loca l sl ip rat io (F ig . 2.6). A s can be seen in F ig . 2.6 s o m e s u b j e c t s i nc reased 
t h e no rmak tangen t i a l f o rce ratio in para l le l wi th the sl ip rat io, keep ing a s imi la r sa fe ty m a r g i n w h e t h e r 
t h e digit c o n t a c t e d rayon o r sandpape r , w h e r e a s o ther sub jec t s t e n d e d to i nc rease t he m a g n i t u d e o f t h e 
sa fe t y m a r g i n wi th the m o r e s l ippery rayon sur face . Notab ly , the sl ip rat io and acco rd i ng l y t he app l i ed 
no rmak tangen t i a l fo rce ra t io w a s lower at t he right m idd le f i nge r than at the o the r d ig i ts . 
T h a t the f o r ce rat io w a s a con t ro l l ed va r i ab le was fur ther va l ida ted by t he fo rce coo rd i na t i on at i nd iv idua l 
d ig i t s du r i ng ser ies o f t r ia ls in w h i c h the f o r ce cont r ibut ion o f the two d ig i ts m a r k e d l y va r i ed b e t w e e n 
t r ia ls . In s u c h se r ies the n o r m a l a n d tangen t i a l hold fo rces app l ied by the ind iv idua l d ig i t w e r e 
s ign i f i can t l y and pos i t i ve ly co r re la ted (e .g . , F ig . 2.7 A). For 56 out o f all 84 ava i lab le c o m b i n a t i o n s of 
sub jec t -d i g i t - su r face -g rasp con f igu ra t i on , t h e s e var iab les w e r e pos i t ive ly co r re la ted (n = 30 in e a c h 
se r ies , r 2 = 0.22 to 0 .81) . In add i t i on , w i th d i f ferent su r face mater ia ls at the t w o d ig i ts , t h e s l ope (and 
in te rcept ) o f the re la t i onsh ip b e t w e e n n o r m a l and tangen t ia l hold fo rce w a s typ ica l ly d i f fe rent , aga in 
re f lec t ing a n adap ta t ion o f t he force coo rd ina t i on to the loca l f r ic t ional cond i t i on (Fig. 2 .7 A): In 16 ou t o f 
t h e 28 tes t ser ies w i th d i f fe ren t su r face mater ia ls the s lope w a s di f ferent , a n d in 4 o f t h e s e a lso the 
in te rcept w a s d i f ferent , w h e r e a s in 6 se r ies the in tercepts on l y d i f fered ( l iner reg ress ion inc lud ing the 
d ig i t as a n ind ica tor va r i ab le and t he c ross -p roduc t te rm for the tangent ia l f o rce and d ig i t ) . 
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F i g u r e 2 . 7 . Force coordination during single test series while right index finger contacted rayon and the 
other finger sandpaper. A, linear correlation between normal and tangential hold forces during unimanual and 
bimanual test series. Linear regression lines extrapolated to zero tangential force. B, relationship between the 
tangential force and the normaktangential force ratio for the same data as in A. Note, during the unimanual 
condition this very subject employed a notably low tangential force at the digit contacting rayon. 

O n e sub jec t m a r k e d wi th as te r i sks in F igs . 2.4, 2.5 and 2.6 w a s , however , aber ran t by s h o w i n g 
e x t r e m e l y poor a d j u s t m e n t s of the fo rce rat io to fr ict ional d i f fe rences b e t w e e n the d ig i ts in the u n i m a n u a l 
g r a s p con f i gu ra t i on . In the ser ies of tr ials w i t h sandpape r at the right index f inger and rayon at the 
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m i d d l e f i nge r he app l i ed excep t iona l l y h igh no rma l f o rces and par t i t ioned the load fo rce a p p r o x i m a t e l y 
symmet r i ca l l y . Th is sub jec t a l so app l ied h igh no rmak tangen t i a l hold fo rce rat ios wi th t h e r ight i ndex 
f inger in t h e b i m a n u a l g rasp con f igu ra t ion w h e n the left index con tac ted rayon (F igs. 2 .4 and 2.6) . 

To p r e v e n t f r ic t ional s l ips , sub jec ts cons i s ten t l y avo ided too low no rmak tangen t i a l hold f o r ce ra t ios but 
ev iden t l y a l s o avo ided low no rma l ho ld f o r c e s even w h e n the tangent ia l fo rce w a s c lose to ze ro w h i c h 
s o m e t i m e s h a p p e n e d in test ser ies w i t h r ayon (cf. F ig . 2 .4 A): hold no rma l fo rce less t h a n 2 N o c c u r r e d 
in j u s t 6 . 8 % of all t r ia ls (cf. F ig . 2 .46 ) . Consequen t l y , as exemp l i f i ed in F ig. 2.7 6 , in tes t se r ies w i t h v e r y 
low t a n g e n t i a l fo rce , the no rmak tangen t i a l f o r ce ratio and sa fe ty marg in dur ing the hold p h a s e i n c r e a s e d 
dras t ica l ly w h e n the tangen t ia l force a p p r o a c h e d zero at the digi t in con tac t w i th r ayon . It is impo r tan t to 
no te that t h e r e w a s no co r respond ing c h a n g e in the f o r ce rat io e m p l o y e d at t he digit in c o n t a c t w i th 
s a n d p a p e r . F igure 2 .3 G s h o w s s ing le tr ial da ta f rom a sub jec t w h o app l ied l ow tangen t i a l f o r ces at the 
rayon s u r f a c e (about 0.5 N) in that tes t se r i es and ye t kept the no rma l fo rces at abou t 2 N, resu l t ing in 
h igh n o r m a k t a n g e n t i a l fo rce rat ios. 
The e f fec t o f the g r a s p conf igura t ion o n the e m p l o y e d no rmak tangen t i a l fo rce rat io a n d t h e sa fe ty 
m a r g i n w a s ana l yzed in m o r e deta i l fo r the r ight i ndex f inger b e c a u s e it par t i c ipa ted in b o t h u n i m a n u a l 
and b i m a n u a l t asks . Ne i ther the e m p l o y e d no rmak tangen t i a l hold fo rce rat ios (poo led a c r o s s su r f aces ) 
nor t h e sa fe t y ma rg i ns aga ins t f r ic t ional s l ips we re s ign i f i cant ly d i f ferent b e t w e e n the t w o g rasp 
con f i gu ra t i ons (2 .56 vs . 2 .58 and 1.14 vs . 1.23 respect ive ly , da ta poo led ac ross su r f aces ) . F u r t h e r m o r e , 
the f o r ce ra t io and t h e sa fe ty marg in c h a n g e d in the s a m e w a y w h e n the su r face w a s sh i f ted f r o m 
s a n d p a p e r to rayon w h e t h e r the right index coope ra ted w i th t he left index or t he right m i d d l e f inger . In 
s u m , th is ana l ys i s s t rong ly sugges ted tha t the no rmak tangen t i a l fo rce rat io w a s ad jus ted to the loca l 
f r ic t ional cond i t i on i r respec t i ve of g r a s p con f igu ra t i on . 

2.4 Discussion 
Dur ing the stat ic ho ld phase , sub jec ts e m p l o y e d no rmak tangen t i a l fo rce rat ios that w e r e ad jus ted to the 
local f r i c t iona l cond i t i on at e a c h digit w i t h v i r tua l ly no in f luence f r om the f r ic t ional cond i t i on at t h e o the r 
d ig i t -ob jec t in te r face . A l t h o u g h the sub jec t s cou ld have pe r fo rmed the p resen t task s u c c e s s f u l l y w i th a n y 
fo rce d is t r ibu t ion b e t w e e n t he digi ts, t h e y typ ica l ly par t i t ioned the load in a m a n n e r re f lec t ing t he 
f r ic t ional d i f f e rences b e t w e e n the gr ip su r f aces . The no rma l fo rce , in cont ras t , s h o w e d no o b v i o u s 
d i f fe rence in m a g n i t u d e at t he two d ig i t s re la ted to t he local su r face cond i t i on . Rather , c h a n g e s in 
f r ic t ion at t h e o ther d ig i t in f luenced t he n o r m a l force in a s imi lar m a n n e r as c h a n g e s in t h e d ig i t 's local 
f r ic t ion. T h a t is, the ' a v e r a g e ' f r ic t ional cond i t i on ac ross the two gr ip su r faces pr inc ipa l ly a c c o u n t e d for 
the f r i c t iona l i n f luences on t he normal ho ld fo rce as we l l as on the p re - ramp no rma l f o r ce . The 
adap ta t i on o f the n o r m a k t a n g e n t i a l f o rce ra t ios for t he loca l f r ic t ion at e a c h dig i t thus invo lved 
m e c h a n i s m s respons ib le for the 'g loba l ' con t ro l of the no rma l fo rce and for the f r ic t ional d e p e n d e n t 
par t i t ion ing of the l o a d b e t w e e n the d ig i ts . 

2.4.1 Distribution of normal force across the digits 

By tak ing u p most o f the load at the less s l ippery gr ip su r faces , sub jec ts r e d u c e d the to ta l ' fo rce ' 
requ i red to cons t ra in the m a n i p u l a n d u m as c o m p a r e d to a s t ra tegy w i th s imi la r t angen t i a l and no rma l 
fo rces . T h a t is, to coun te rac t the same amount of tangential force, less no rma l fo rce is requ i red to 
p reven t f r ic t iona l s l ips at the f inger in c o n t a c t wi th the less s l ippery su r face . Howeve r , if t h e cont ro l 
pr inc ip le w o u l d be to m in im ize the to ta l wo rk , o n e w o u l d expec t sub jec ts to use a single d ig i t w h e n o n e 
of t he d ig i ts con tac ted rayon ( low f r ic t ion) a n d the o the r con tac ted s a n d p a p e r (h igh f r ic t ion) . T h e r e w e r e 
i ndeed a f e w test se r i es in w h i c h the sub jec t shi f ted mos t of the load to the con tac t a rea wi th h igher 
f r ic t ion, but typ ica l ly a subs tant ia l por t ion of the load w a s taken up a lso by the digit in con tac t w i th the 
su r face of lowest f r ic t ion (F igs . 2.4 A a n d 2.5) . Hence , a s imp le ' ru le ' of m in im iz ing the to ta l 'work ' d o e s 
not app ly a s such . 
A m o r e p laus ib le con t ro l rule ' is that the no rma l fo rces at the two dig i ts we re cons t ra i ned by neura l 

m e c h a n i s m to be a l i ke and the load fo rce w a s par t i t ioned accord ing to the f r ic t ional cond i t i ons unde r 
this cons t ra in t . I ndeed , it is c o m m o n l y be l ieved that the brain ope ra tes wi th task - re la ted coo rd ina t i ve 
cons t ra in ts to s impl i fy the cont ro l m e c h a n i s m s by reduc ing the n u m b e r of d e g r e e s of f r e e d o m of the 
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m u s c u l o s k e l e t a l appa ra tus that have to be expl ic i t ly con t ro l led (Be rns te in 1967 ; T u r v e y et a l . 1978; 
M a c p h e r s o n 1 9 9 1 ; S p o r n s a n d E d e l m a n 1993) . Bes ides , keep ing the n o r m a l fo rce a l ike m a y s impl i fy 
the s e n s o r y cont ro l o f the no rma l fo rce by g loba l ly ga in ing the amp l i t ude o f the no rma l f o r ce r e s p o n s e s 
to the load ing by the ' ave rage ' f r ic t ion at the gr ip su r faces (cf. Co le and J o h a n s s o n 1 9 9 3 ) . A g a i n s t th is 
e x p l a n a t o r y mode l , it m a y be a rgued tha t the norma l f o rces w e r e not a l w a y s the s a m e at the two d ig i ts 
e n g a g e d in the task. T h e r e w h e r e t imes w h e n sub jec ts app l ied subs tan t ia l l y h ighe r n o r m a l ho ld fo rces 
at o n e o f t he d ig i t -ob jec t in ter faces (F ig . 2.4 S) . But a d j u s t m e n t s or mod i f i ca t i ons o f the d ig i ta l 
p r e f e r e n c e in th is respec t b e t w e e n , w i t h in , a n d ac ross tes t ser ies m a y , for ins tance , r e p r e s e n t a s t r a t e g y 
to d is t r ibu te the total f o rce b e t w e e n the d ig i ts dur ing the leng thy cou rse o f the e x p e r i m e n t s . T h u s , on a 
specu la t i ve note , w e s u g g e s t that t he re a re cont ro l m e c h a n i s m s that g o v e r n the d is t r ibu t ion o f n o r m a l 
fo rce b e t w e e n the d ig i ts wh i le leav ing o the r m e c h a n i s m s in c h a r g e of the adap ta t i on o f t h e f inger t ip 
fo rces s o tha t s l ips a re avo ided at the s e p a r a t e d ig i t -ob jec t in ter faces. 

T h e a c c e p t a b l e range o f no rma l fo rce at an ind iv idual d ig i t may , in tu rn , be cons t ra i ned by the n e e d of 
ma in ta in ing a s tab le con tac t wi th the g r ip su r face . Even in test ser ies in w h i c h sub jec ts s h o w e d a very 
la rge d ig i ta l a s y m m e t r y in no rma l fo rce app l i ca t ion , the n o r m a l ho ld fo rce w a s rare ly b e l o w 2 N at any 
digit . T h i s w a s a lso t rue for t r ia ls in w h i c h the load w a s very a s y m m e t r i c a l l y par t i t ioned, render ing 
tangen t ia l ho ld fo rce c l o s e to ze ro at t he dig i t w i th low no rma l fo rce . C o n s e q u e n t l y , the 
n o r m a f t a n g e n t i a l fo rce ratio b e c a m e qu i t e h igh in such tr ia ls (F ig . 2 .7) . H igh no rma l : t angen t i a l f o rce 
rat ios h a v e a l so been o b s e r v e d in l i f t ing t asks dur ing man ipu la t i ve p h a s e s w i th low tangen t i a l f o r ces 
(Wes t l i ng a n d J o h a n s s o n 1984) . L i kew i se , d u e to inert ia l fo rces , the tangen t i a l fo rces m a y d e c r e a s e to 
ze ro wh i l e an ob jec t he ld in t h e hand is acce le ra ted in the air a n d yet the n o r m a l f o rces d o not d e c r e a s e 
b e l o w 1-2 N ( F l a n a g a n and W i n g 1993 ) . Th i s t ype of cons t ra in t regard ing the cont ro l o f n o r m a l f o r c e in 
m a n i p u l a t i o n has s u b s e q u e n t l y been o b s e r v e d wi th seve ra l d i f ferent gr ip con f i gu ra t i ons a n d t y p e of 
ob jec t m o v e m e n t s ( F l a n a g a n and T res i l i an 1994) . 
A d o p t i n g a ce r ta in m in ima l no rma l f o r ce is func t iona l for a n u m b e r o f r e a s o n s : First, a f inger t ip exh ib i t s a 
p r o n o u n c e d non l inear m e c h a n i c a l r e s p o n s e to fo rces app l i ed no rma l to its su r face . T h e s t i f fness , for 
i ns tance , d ras t ica l l y i nc reases w i th i nc reased no rma l fo rce at f o rces b e l o w 1-2 N (Wes t l i ng and 
J o h a n s s o n 1987 ; S r in i vasan and L a m o t t e 1995) . L i kew ise , the area o f c o n t a c t at the f i nge r pad 
i nc reases s teep l y at l ow no rma l fo rces , e .g . , the con tac t a rea at 1 N n o r m a l fo rce is a l r e a d y abou t 2 /3 o f 
the c o r r e s p o n d i n g area at 10 N (Wes t l i ng and J o h a n s s o n 1987) . A p p l y i n g 1-2 N no rma l fo rce at the 
f inger t ip t h u s e n s u r e s a stable contact b e t w e e n digi ts a n d ob jec ts . S e c o n d l y , a digi t c a n in te rvene on 
the b a s i s o f s e n s o r y even t s du r ing t he task on ly if it has es tab l i shed a s tab le con tac t w i th the 
m a n i p u l a t e d ob ject . Th i rd ly , at con tac t f o r ces b e l o w abou t 1 N, c h a n g e s in the no rma l f o r ce s t rong ly 
ac t i va te c u t a n e o u s m e c h a n o r e c e p t i v e a f fe ren ts , in par t icu lar FA I a n d SA I, w h e r e a s at h ighe r n o r m a l 
fo rces t he F A I a f ferents a lmos t exc lus i ve l y respond to tangen t ia l fo rce c h a n g e s (Mace f i e l d et a l . 1996) . 
T h u s , t he s e n s o r y appa ra tus to m e c h a n i c a l even ts of par t icu lar i m p o r t a n c e to g rasp stabi l i ty m a y be 
' t uned ' by the cho i ce o f no rma l fo rce . S im i la r senso ry ' t un ing ' o c c u r s w h e n w e m a n i p u l a t e and hold food 
b e t w e e n o u r inc isors (T ru l sson and J o h a n s s o n 1996) a n d w h e n w e use o u r h a n d s to s tab i l i ze s tance 
(Jeka a n d L a c k n e r 1 9 9 4 , 1 9 9 5 ) . Four th l y , e v e n m o d e s t unp red ic tab le c h a n g e s in tangen t ia l fo rces are 
more l ike ly to resul t in f r ic t ional s l ips a t low norma l hold fo rces and it is t he re fo re a lso des i rab le to app ly 
a ce r ta i n m i n i m a l no rma l fo rce w h e n t h e tangen t ia l fo rce is low. I ndeed , in ou r rest ra in t task wi th 
unp red i c tab l y occu r r i ng c h a n g e s in t angen t i a l fo rces , sub jec ts used 1-2 N no rma l fo rces a lso wh i le t h e y 
held t he m a n i p u l a n d u m whi le not l o a d e d , i.e., the p re - ramp no rma l fo rces . 

2.4.2 Frictional scaling of normal forces 

W e h a v e p rev ious ly s h o w n that s e n s o r y in fo rmat ion re la ted to the f r ic t ional cond i t ion is used to ga in the 
m a g n i t u d e o f the no rma l fo rce r e s p o n s e c o m p o n e n t s in a restraint task (Co le and J o h a n s s o n 1993 ) . In 
t hose e x p e r i m e n t s the f r ic t ional cond i t i on w a s var ied b e t w e e n tr ials, but r e m a i n e d the s a m e at the two 
d ig i t s -ob jec t in te r faces . S igna ls in tact i le a f fe rents ob ta ined as the ob jec t w a s init ial ly g rasped 
p r e s u m a b l y p rov ided the dec is ive s e n s o r y in format ion (cf. J o h a n s s o n a n d Wes t l i ng 1987) . Th is t ype of 
f r ic t ional sca l ing of the norma l fo rces a l so occu r red in the present s tudy . H o w e v e r , the p resen t resul ts 
revea l that the p re - ramp and no rma l ho ld fo rce e m p l o y e d by a g i ven digi t w a s in f luenced in a s imi lar 
m a n n e r by f r ic t ional c h a n g e s tak ing p l a c e at that digit a n d at the o ther digit . Th is imp l ies that senso ry 
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i n fo rma t ion ob ta ined at e a c h d ig i t -ob ject in ter face e f fec t ive ly cont ro l led the norma l f o r ces at bo th d ig i ts 
e n g a g e d in the task . In l i f t ing tasks e m p l o y i n g oppos i t i on gr ips wh i le d i f ferent sur face ma te r i a l s are 
p resen t at the pai r of gr ip su r faces , sub jec t s g r a d e the no rma l fo rces to the ' ave rage ' f r i c t ion (Ed in et a l . 
1992) . F u r t h e r m o r e , in l ift ing tasks p e o p l e c lear ly use f r ic t iona l expe r i ences e n c o u n t e r e d in the p r e v i o u s 
trial to s c a l e the n o r m a l fo rce ou tpu t in an t i c ipa t ion o f the f r ic t ional cond i t ion wh i le g r a s p i n g the ob jec t 
(e.g. , J o h a n s s o n and Wes t l i ng 1984) . W i t h d i f ferent f r ic t iona l cond i t ions a t t he o p p o s i n g g r ip s u r f a c e s 
this an t i c ipa t i on re f lec ts the ' ave rage ' f r ic t iona l cond i t i on (Ed in et a l . 1992) . A n a d j u s t m e n t o f the fo rce 
ou tpu t a p p e a r s a s s o o n as 0.1-0.2 s a f ter the init ial t o u c h if there has been a f r ic t ional c h a n g e . Th i s 
a d j u s t m e n t is p r e s u m a b l y med ia ted by t he con tac t r e s p o n s e s in tact i le a f fe ren ts ( J o h a n s s o n and 
Wes t l i ng 1987 ) . St i l l , t he f r ic t ion of the p rev ious tr ial w e a k l y in f luences the no rma l ho ld f o r c e w h e n the 
ob jec t is he ld s ta t ionary in the air (Wes t l i ng and J o h a n s s o n 1984) . 

In s u m , tact i le m e c h a n i s m s prov ide s e n s o r y in fo rmat ion abou t the local f r ic t ional cond i t i on at e a c h d ig i t -
ob jec t in te r face . H o w e v e r , there is no e v i d e n c e that th is in fo rmat ion is used in mul t i -d ig i t g r a s p i n g to 
sca le t h e n o r m a l ho ld fo rce in a d ig i t -spec i f i c manner. Ins tead , the p resen t s tudy a n d o t h e r 
i nves t iga t ions ind ica te tha t the no rma l f o r c e app l ied by e a c h digit it is sca led by the ' a v e r a g e ' f r ic t ion 
over d ig i t -ob jec t in te r faces . 

2.4.3 Frictional dependent partitioning of the load among the digits 

In bo th g r a s p con f i gu ra t i ons we o b s e r v e d a digi t spec i f i c adap ta t ion o f the n o r m a l . l a n g e n t i a l ho ld f o r c e 
rat ios to t h e p reva i l ing f r ic t ional cond i t i on . A n a d j u s t m e n t of the no rma l f o rces to the ' a v e r a g e ' f r ic t ion at 
the two d ig i t s (as d i s c u s s e d above ) w a s o n e e l e m e n t in t he cont ro l of the fo rce rat io, w h e r e a s a s e c o n d 
e l e m e n t w a s the par t i t ion ing of the load b e t w e e n t he d ig i ts . As such , e v e n t h o u g h the s u b j e c t s c o u l d no t 
see t he a p p a r a t u s du r ing the tr ials and v isua l l y con f i rm tha t they res t ra ined a s ing le r ig id ob jec t t h e y 
c lear ly a d o p t e d a s t ra tegy that w o u l d no t m a k e s e n s e if e a c h digit res t ra ined a s e p a r a t e m a n i p u l a n d u m . 
Severa l poss ib l e m e c h a n i s m s m a y be invo lved w i th regard to the par t i t ion ing of t he fo rce . 
For i n s t a n c e , s e n s o r y in fo rmat ion a b o u t loca l f r ic t ion at t he separa te d ig i ts m a y have b e e n u s e d to 
par t i t ion t h e load fo r ces . B e c a u s e the sub jec t cou ld not con t ro l the load fo rce , but m e r e l y s h a r e it 
b e t w e e n t he d ig i ts s u c h sensory i n fo rma t i on cou ld h a v e been used to ba lance the t angen t i a l f o r ces 
based o n a c o m p a r i s o n o f the f r ic t ion at t he two d ig i ts a n d know ledge abou t the p reva i l ing no rma l 
fo rces . T h e con t ro l l e r in cha rge of s u c h a task w o u l d no t on ly in tegrate in fo rmat ion f r o m bo th d ig i ts but 
a lso o p e r a t e o n bo th d ig i ts . A n o t h e r op t i on is that the l oad force m a y h a v e been par t i t i oned b y d ig i t -
spec i f ic con t ro l l e rs in ant ic ipat ion of t he local f r ic t ional cond i t i ons and the cur ren t d is t r ibu t ion o f n o r m a l 
fo rce b e t w e e n t he d ig i ts . Resu l ts f r om the man ipu la t i on o f pass ive ob jec ts ind icate tha t t he m e m o r y 
t races re la ted to the f r ic t ional cond i t ion at the s e p a r a t e d ig i t -ob ject in ter face migh t be p r o c e s s e d a n d 
e x p r e s s e d in a 'd ig i t -spec i f ic ' m a n n e r (Ed in et a l . 1992 ) . Indeed, an t ic ipa tory cont ro l of t he load 
par t i t ion ing cou ld h a v e p layed an impo r tan t role in the p resen t e x p e r i m e n t s s ince the t r ia ls w e r e 
de l i ve red in b l ocks in w h i c h the su r face cond i t i on w a s kep t constant . Acco rd ing l y , b a s e d o n s e n s o r y 
i n fo rma t i on a long the l ines d i s c u s s e d a b o v e , the pu ta t i ve senso r imo to r m e m o r y s y s t e m s c o u l d h a v e 
been u p d a t e d to the cu r ren t f r ic t ional cond i t i on dur ing t he first one or two tr ia ls in a se r i es (Ed in et a l . 
1992) . A s s u c h , du r i ng t he first t r ia ls a f te r a f r ic t ional c h a n g e sub jec ts m a y have lea rned w h a t the 
a d e q u a t e n o r m a k t a n g e n t i a l force rat ios w e r e for g r a s p stabi l i ty and app l ied those in s u b s e q u e n t t r ia ls . A 
third a l te rna t i ve is tha t pass ive m e c h a n i s m s s u c h as f r ic t ional c reep or s l ips con t r ibu ted to the init ial 
d is t r ibu t ion o f t he load fo rce f rom the m o r e to the less s l ippery d ig i t -ob ject in ter face. O u r o b s e r v a t i o n of 
f r ic t ional s l ips du r i ng the load phase w h i c h resul ted in a red is t r ibut ion of the load b e t w e e n the d ig i ts 
s u g g e s t tha t this cou ld take p lace, at leas t in the d y n a m i c p h a s e o f tr ials. If so , the ac tua l par t i t ion ing of 
the load w o u l d be cr i t ica l ly d e p e n d e n t on the loca l f r ic t ion but a lso on the d e v e l o p m e n t o f the n o r m a l 
force a n d h o w it is d is t r ibu ted b e t w e e n t he digi ts and sca led by the ' ave rage ' f r ict ion. In an o n g o i n g 
s tudy w e are cur ren t l y invest igat ing m e c h a n i s m s respons ib le for the init ial ad jus tmen ts to a n e w 
fr ic t ional cond i t i on , i.e., h o w the par t i t ion ing of the load fo rces and the no rmak tangen t i a l fo rce rat ios 
were ad jus ted af ter an unpred ic tab le c h a n g e in su r face comb ina t i on . Impor tant ly , an t ic ipa tory 
m e c h a n i s m s w e r e ab le to cont ro l the d is t r ibu t ion of the load because the load w a s in s o m e tr ials 
a s y m m e t r i c a l l y d i s t r i bu ted a l ready w i th in the first 0.2 s of the load phase a n d pr ior to any d iscern ib le 
sl ip. M o r e o v e r , it is h igh ly unl ikely that th is par t i t ion ing w a s a necessary resul t of the phys i cs of the task 
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b e c a u s e s u c h par t i t ion ing of the load w a s obse rved a lso in tr ials w h e n the digi ts c o n t a c t e d the s a m e 
su r face mate r ia l . 

2.4.4 Motor equivalence 

The con t r i bu t i on b y e a c h d ig i t to res t ra in ing the ob jec t va r i ed be tween test ser ies a n d to a lesser d e g r e e 
be tween t r ia ls w i th in a tes t ser ies ; i r respect ive ly , the goa l of the restraint task w a s met . L i k e w i s e , t he 
task w a s p e r f o r m e d in a s imi la r m a n n e r regard less o f g r a s p con f igura t ion , i.e., it s h o w e d e f fec tor 
i nva r iance . T h e s e f i nd ings can app rop r ia te l y be s u m m a r i z e d by the te rm 'mo to r e q u i v a l e n c e ' used long 
ago by Lash ley to d e n o t e invar iant goa l a c h i e v e m e n t s w i t h var iab le m e a n s (Lash ley 1 9 3 0 ) . 
In terest ing ly , 'mo to r e q u i v a l e n c e ' a lso cha rac te r i zes sub jec t s ' behav io r w h e n they t r a n s p o r t an ob jec t 
us ing a va r ie t y of u n i m a n u a l and b i m a n u a l g rasp con f i gu ra t i ons ( F l a n a g a n and Tres i l ian 1 9 9 4 ; 
K inosh i ta e t a l . 1 9 9 5 , 1 9 9 6 ) . E v e n at the muscu la r level t he re is no f ixed ac t i va t ion pa t t e rn du r i ng g r ip 
ac t ions desp i t e behav io ra l i nva r iance in t e rms o f f e r e e g e n e r a t i o n (Ma ie r a n d H e p p - R e y m o n d 
1995a ;see a lso M a c p h e r s o n 1991) . Acco rd ing l y , e l e c t r o m y o g r a p h y record ings in m o n k e y s and m a n 
have d e m o n s t r a t e d tha t s ing le dig i t ac t i ons are the resul t o f act iv i ty in severa l m u s c l e s tha t gene ra l l y 
in f luences m o r e t h a n o n e dig i t (Ma ie r a n d H e p p - R e y m o n d 1995b; Maure r et a l . 1995 ; S c h i e b e r 1995 ) . 
Regard ing the par t i t ion ing o f f e r e e s ac ross digi ts, th is s t u d y c lear ly s h o w e d that s o m e b i o m e c h a n i c a l 
m o d e l s o f t he f o r ces exe r t ed by ind iv idua l d igi ts du r ing g r a s p i n g do not app ly to the p r e s e n t task . In o n e 
such m o d e l , it is a s s u m e d that the e n g a g e d f ingers exer t fo rces in p ropor t ion to the phys i o l og i ca l c r o s s -
sec t iona l a rea of t he ex t r ins ic f lexor m u s c l e s act ing on t he digit (An et a l . 1985) ; in a n o t h e r it is 
a s s u m e d tha t the f i nge rs exe r t f o rces in p ropor t ion to the i r re lat ive s t reng ths (A rms t rong 1982) . 
Howeve r , a s imp le e x a m p l e m a k e s it o b v i o u s that a f ixed f rac t iona l con t r ibu t ion of the e n g a g e d d ig i t s 
can ha rd ly be a v iab le s t ra tegy in mos t man ipu la t i ve ac t ions : as s o o n as the t h u m b is pos i t i oned 
inappropr ia te l y wh i le ho ld ing a g lass , th is s t ra tegy w o u l d inev i tab ly c a u s e t he g lass to be t i l ted. 
Acco rd ing l y , in a mul t i -d ig i t l i ft ing task K inosh i ta ef al. ( 1 9 9 5 ) s h o w e d that the f rac t iona l con t r i bu t i on of 
no rma l f o r ce by ind iv idua l d ig i ts c h a n g e d w h e n the n u m b e r of d ig i ts e n g a g e d in the task c h a n g e s , a n d 
w h e n a n ob jec t he ld in t h e air is s h a k e n (K inosh i ta et a l . 1996) . Us ing a s imi la r mul t i -d ig i t l i f t ing task 
Radw in ef al ( 1992 ) f o u n d that the f rac t iona l con t r ibu t ion o f the d i f ferent d ig i ts cou ld a lso c h a n g e wi th 
ob jec t we igh t . It is impo r tan t to no te tha t none of t h e s e s tud ies inves t iga ted the con t ro l o f f i nger f o r ces 
in re la t ion to t he con t ro l o f g rasp stabi l i ty b e c a u s e on ly t he fo rces norma l to the ob jec t ' s su r f ace w e r e 
m e a s u r e d . T h e p r e s e n t resul ts c lear ly s h o w that the loca l f r ic t ional cond i t i on at the s e p a r a t e d ig i t -ob jec t 
in te r faces is o n e fac to r tha t c a n s t rong ly in f luence the d is t r ibu t ion of fo rces ac ross the e n g a g e d d ig i t s 
b e c a u s e t he n o r m a h t a n g e n t i a l f o rce rat io at each d ig i t -ob jec ts in ter face is o n e var iab le con t ro l l ed in 
m a n i p u l a t i o n . 

3 E x p e r i m e n t II 

3.1 Introduction 
Dur ing both the s e l f - p a c e d lifting t asks a n d the react ive res t ra in ing tasks , the a d j u s t m e n t s of the f inger 
tip f o r ces to f r ic t ion pr imar i l y d e p e n d e d o n tact i le s e n s o r y in fo rmat ion ob ta ined f r om the init ial c o n t a c t 
wi th t he con tac t su r f aces and on the m e m o r y t races f r o m prev ious tr ials ( J o h a n s s o n a n d Wes t l i ng 
1984b , 1 9 8 7 ; C o l e and J o h a n s s o n 1993) . Moreover , the no rmak tangen t i a l force rat io is a d a p t e d to the 
local f r i c t iona l cond i t i on at the ind iv idual d ig i t -ob ject in te r faces in both t y p e s of tasks (Ed in et al . 1992 ; 
Burs ted t e t a l . 1997a -b ) . Th is adap ta t i on m e a n s tha t sub jec t s l ift ing ob jec ts with ver t ica l para l le l gr ip 
su r faces take up m o r e of the load at t he digit e x p o s e d to the less s l ippery sur face than at the 
coope ra t i ng dig i t ; t he n o r m a l fo rces are bound to be near l y equa l at the t w o o p p o s i n g d ig i t s (Ed in et al . 
1992; Bu rs ted t et al . 1997b ) . In terest ing ly , dur ing a res t ra in task, wh i ch a lso a l lowed t he use of d i f fe rent 
no rma l f o r ces (in add i t ion to d i f ferent tangent ia l fo rces) , sub jec ts still app l y s imi lar no rma l fo rces by the 
two e n g a g e d d ig i ts (Burs ted t et al . 1997a ) . In both t ypes of tasks the n o r m a l fo rces are sca led to the 
a v e r a g e f r ic t ion at the d ig i t -ob jec t in ter faces. 
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B a s e d o n s tud ies o f l i f t ing tasks w e have hypo thes i zed tha t the rat io at e a c h digi t is con t ro l l ed by digi t 
spec i f ic tac t i le s e n s o r y in fo rmat ion and senso r imo to r m e m o r i e s re la ted to the local f r i c t iona l cond i t ion 
(Edin et a l . 1992) . F u r t h e r m o r e , w e recent ly conc luded tha t ad jus tmen ts o f the f inger t ip f o rces can 
e m e r g e f r o m the ac t ion of ana tomica l l y i n d e p e n d e n t neura l ne two rks cont ro l l ing e a c h e n g a g e d digit . 
Th is c o n c l u s i o n w a s m a d e in l ight o f the fact that the l i f t ing task w a s a c c o m p l i s h e d in a s im i la r m a n n e r 
w h e t h e r it w a s car r ied ou t by o n e sub jec t or coopera t i ve l y by t w o sub jec t s , e a c h con t r i bu t i ng wi th o n e 
digi t (Bu rs ted t et a l . 1997b ) . H o w e v e r , in t he rest ra in task w e no ted that s e n s o r y i n f o rma t i on re lated to 
the local f r ic t ional cond i t i on at the respec t i ve d ig i t -ob jec t in ter faces con t ro l led the n o r m a l fo rce at both 
d ig i ts (Bu rs ted t et a l . 1997a ) . T h u s , at s o m e level of con t ro l f r ic t ional i n fo rmat ion m u s t be comp i l ed f r o m 
bo th e n g a g e d d ig i ts . In t he c a s e of the l i f t ing task car r ied ou t coopera t i ve l y by two s u b j e c t s , the 
n e c e s s a r y interdig i ta l coo rd ina t i on cou ld we l l have d e v e l o p e d by learn ing a b o u t w h i c h f o r ces to app ly 
dur ing t he s e q u e n c e o f p rac t ice t r ia ls a l w a y s pe r f o rmed pr ior to da ta co l lec t ion . L i kew i se , sub jec ts c o u l d 
have exp lo i t ed dig i t spec i f i c an t i c ipa to ry m e c h a n i s m s us ing f r ic t ional e x p e r i e n c e s a c c u m u l a t e d ac ross a 
se r ies o f c o n s e c u t i v e tr ia ls a l so in the res t ra in task by Bu rs ted t et al. ( 1 9 9 7 a ) . I n d e e d , it is wel l 
d o c u m e n t e d that man ipu la t i ve t a s k s c a n be cont ro l led in a pred ic t ive f eed - f o rwa rd f a s h i o n , b a s e d on 
in terna l m o d e l s of e n v i r o n m e n t a l ob jec t s ( G h e z et a l . 1 9 9 1 ; J o h a n s s o n and C o l e 1 9 9 2 ; Lacquan i t i 1 9 9 2 ; 
J o h a n s s o n 1996a ; F l a n a g a n and W i n g 1997 ) . It has b e e n also d e m o n s t r a t e d in m o n k e y s that gr ip f o r c e 
g radua l l y i nc reases f r o m tr ial to tr ial if pe r tu rba t ions are repea ted ly app l ied to test ob jec t ( D u g a s and 
Smi th 1992 ) . 

In the p resen t s tudy w e ins tead a n a l y z e m e c h a n i s m s by w h i c h h u m a n sub jec t s a d a p t t h e f inger tip 
f o rces to unp red i c tab le c h a n g e s in t he loca l f r ic t ional cond i t ion b e t w e e n c o n s e c u t i v e t ra i ls . W e a d o p t e d 
a rest ra in task in w h i c h the sub jec ts w e r e f ree to use d i f ferent no rma l f o rces a n d t angen t i a l fo rces at t he 
two e n g a g e d d ig i ts : Tangen t i a l loads w e r e de l i ve red to a m a n i p u l a n d u m tha t had t w o para l le l 
ho r i zon ta l l y o r ien ted c o n t a c t su r f aces , o n e for each d ig i t (Burs ted t et a l . 1997a ) . By le t t ing t he sub jec ts 
pe r fo rm t h e task bo th u n i m a n u a l l y and b i m a n u a l l y w e cou ld de te rm ine if t he in terd ig i ta l coo rd ina t ion 
o p e r a t e d in a s imi la r f ash ion desp i te o b v i o u s d i f fe rences in the ana tom ica l subs t ra tes i m p l e m e n t i n g t he 
con t ro l . 

3.2 Materials and Methods 
3.2.1.1 Subjects and general procedure 
E x p e r i m e n t s w e r e p e r f o r m e d on s ix hea l thy , r ight h a n d e d sub jec ts (3 f e m a l e and 3 m a l e ) , rang ing in 
a g e f r o m 18 to 26 yea rs . T h e local e th i cs c o m m i t t e e app roved the e x p e r i m e n t a l p ro toco l . A l l 
pa r t i c ipan ts gave the i r i n fo rmed c o n s e n t to the e x p e r i m e n t a l p rocedu res a l t hough the spec i f i c p u r p o s e 
of the e x p e r i m e n t w a s not m a d e k n o w n . T h e sub jec ts w e r e sea ted in a cha i r wi th the i r u p p e r a rms 
a p p r o x i m a t e l y para l le l to the t runk a n d the i r f o r e a r m s e x t e n d e d anter ior ly . T h e h a n d s w e r e p ronated 
w i th p a l m s fac ing d o w n w a r d s and the wr is t s l ight ly do rs i f l exed (abou t 30 d e g r e e s ) . V a c u u m casts 
suppo r t ed the f o r e a r m s up to the p a l m s . A cur ta in p reven ted the sub jec t s f r o m see ing the i r h a n d s and 
the m a n i p u l a n d u m dur ing the expe r imen ta l t r ia ls. T h e sub jec ts w a s h e d the i r h a n d s w i t h s o a p and w a t e r 
abou t 5 m i n u t e s be fo re the e x p e r i m e n t . Pr ior to da ta co l lec t ion , sub jec ts w e r e s h o w n the 
m a n i p u l a n d u m a n d g i ven s o m e ten p rac t i ce t r ia ls to fami l ia r i ze t h e m s e l v e s w i th the a p p a r a t u s and the 
task. 

3.2.1.2 Manipulandum 
T h e m a n i p u l a n d u m h a s been desc r i bed in deta i l in a p rev ious repor t (Burs ted t et a l . 1997a ) . In short , it 
had t w o hor izon ta l e x c h a n g e a b l e f lat con tac t su r faces (30 m m d iameter , s p a c e d 32 m m cen te r to 
center ; cf. F ig . 2, top pane ls ) . It cou ld be l oaded in the d is ta l d i rect ion by a force s e r v o m e c h a n i s m (0 -10 
N load fo rce amp l i t ude , bandw id th 0-15 Hz ) but w h e n not touched w a s se r vo - regu la ted to a cons tan t 
pos i t ion (s t i f fness 1.2 N /mm) . A s t ra in g a u g e t r a n s d u c e r sys tem m e a s u r e d the fo rces app l ied 
pe rpend i cu la r ( n o r m a l fo rce) and tangen t i a l to e a c h con tac t sur face ( D C - 1 2 0 Hz) w i th a m a x i m u m c ross 
talk b e t w e e n the fo rces of less t han 5%. T h e d i s p l a c e m e n t of the m a n i p u l a n d u m w a s g a u g e d at 5 0 u 
reso lu t ion . 
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phase phase 

>~< > 
Hold phase 

R e s p o n s e o n s e t 
left i n d e x f i n g e r 
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r igh t i n d e x f i n g e r 

Re/ease 
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< • 

S l i p s 

L o a d 
f o r c e , N 

1 0 Hand le 
velocity, 

0 m e n s ' 

F i g u r e 3 . 1 . Sample trial and points of measurements. Single trials performed bimanually. Both l ingers 
contacted sandpaper in A and the right index linger contacted sandpaper and left index finger rayon in B. "['hick 
and thin lines refer to data for the right index finger and the cooperating finger, respectively. The load increased 
with 1 6 N/s during the load phase that lasted 250 ms. The normal force response onset was detected at each digi t 
separately when the normal force rate reached 1 N/s. The black arrows indicate the points at which the momen t 
of normal force response onset and the moment of peak normal force were defined. Load force represented by 
clashed lines. Dashed vertical line in B indicates a sudden redistribution of tangential force during the load phase 
due to slippage. During the release phase, the subjects gradually decreased the normal force until the digits 
slipped and the object escaped from grasp. Horizontal dashed lines in A and B represent the static slip ratio 
obtained for each digit at the end of the trial, see arrow heads at the end of the trials. 
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4 - 1 

N o r m a l 
T a n g e n t i a l 
f o r c e r a t i o 3 " 

2 -

Unimanual grasp 
Right index finger Right middle finger 

(a lways c o n t a c t i n g ( con tac t i ng s a n d p a p e r 
s a n d p a p e r ) or rayon) 

Bimanual grasp 
Left index finger 

(con tac t ing s a n d p a p e r 
or rayon) 

Right index finger 
( a l w a y s con tac t i ng 

s a n d p a p e r ) 

F i g u r e 3 .2 . Force coordination during various phases of the restrain task in unimanual and bimanual 
grasp configurations. Force ratios, tangential and normal forces during pre-load phase, at norma! force response 
onset, at peak normal force, and during static hold phase. Filled symbols refer to sandpaper at both fingers and 
open symbols to condit ion when finger cooperating with right index finger was exposed to rayon. Thick and thin 
solid horizontal lines refer to data for finger exposed to sandpaper when cooperating finger was exposed to 
sandpaper and rayon, respectively, and dashed lines to rayon. Horizontal lines in the top panels show static slip 
ratios measured during the release phase at the end of the trials. Note that these slip ratios underestimate the t rue 
static slip ratios during the load phase (see text). The height of the bars in the bottom panel correspond to the 
amplitude of the triggered increase in normal force; trials in which both fingers were exposed to sandpaper are 
represented with filled bars, trials with rayon at the cooperat ing finger with open bars. All data points represent 
means of values from single trials (data from all subjects pooled). This explains why the normal-to-tangential 
force ratios in the upper panel may be slightly different than the values that would be obtained if calculating the 
quotient of the corresponding mean normal and tangential forces shown in the bottom and middle panel. 
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3.2.1.3 Test series and subjects ' task 
T h e s u b j e c t s w e r e i ns t ruc ted to p reven t t he m a n i p u l a n d u m f rom m o v i n g du r i ng the t r ia ls . T o ach ieve 
th is , the sub jec t s u s e d t he t ips of t w o f ingers pos i t ioned s i de -by -s i de (cf. F ig . 3.2, top p a n e l s ) . T h e y 
rece ived n o ins t ruc t ions a b o u t w h a t fo rces t o apply a n d w e r e f ree to adop t a n y s t ra tegy r e q u i r e d to 
res t ra in t h e m a n i p u l a n d u m . However , if du r i ng the p rac t i ce t r ia ls a sub jec t app l ied p r e - r e s p o n s e n o r m a l 
f o r ces of s u c h h igh m a g n i t u d e s tha t their f o rce r esponses to the load ramp w e r e s e v e r e l y a t t enua ted 
( C o l e a n d J o h a n s s o n 1 9 9 3 ) , the e x p e r i m e n t e r a s k e d the sub jec t to app ly less force. N o p e n a l t y w a s 
i m p o s e d if sub jec ts acc iden ta l l y los t the m a n i p u l a n d u m d u e to s l ippage ; if a sl ip o c c u r r e d t he 
m a n i p u l a n d u m w a s s imp ly re tu rned to its star t ing pos i t i on , t he trial w a s repea ted a n d t he tes t ser ies 
r e s u m e d . T h e f i nge rs w e r e s l ight ly f l exed a n d the p l ane o f t he con tac t su r f aces a p p r o x i m a t e l y 
i n te rsec ted the c e n t e r s o f t h e m e t a c a r p o p h a l a n g e a l j o in ts . W i th s u c h a pos tu re pass i ve n o r m a l fo rce 
c h a n g e s c a u s e d b y m o v e m e n t s o f the m a n i p u l a n d u m w e r e reduced to a m i n i m u m . 
Be fo re e a c h load t r ia l a b r i e f s o u n d cue p r o m p t e d t he s u b j e c t to con tac t the m a n i p u l a n d u m w i th the t ips 
o f t he two f ingers . A trial c o m m e n c e d w h e n the c o m p u t e r de tec ted a b a c k g r o u n d n o r m a l f o r ce of at 
l eas t 0.7 N at bo th con tac t su r faces . Each tr ial cou ld conven ien t l y be d iv ided in four p h a s e s (F ig . 3 .1) . 
T h e pre-load phase was o f a du ra t ion r andom ly d i s t r i bu ted b e t w e e n 1.0 a n d 3.0 s a n d b e g a n w h e n t he 
sub jec t t o u c h e d t h e c o n t a c t su r faces ; the load fo rce w a s z e r o in th is phase . Dur ing t h e load phase t h e 
l oad fo rce i n c r e a s e d at 16 N/s for a per iod o f 0.25 s. Dur ing the s u b s e q u e n t hold phase t he total load 
w a s ma in ta i ned a t 4 N. T h e du ra t i on of t h e hold p h a s e w a s r a n d o m i z e d b e t w e e n 3 a n d 6 s. A s e c o n d 
s o u n d c u e ins t ruc ted the sub jec t to init iate the release phase, i.e., to s low ly d e c r e a s e t h e g r ip f o rces 
unt i l the m a n i p u l a n d u m w a s lost d u e to s l i ps . The m a n i p u l a n d u m w a s then re tu rned to its s tar t ing 
pos i t ion a n d a s o u n d cue w a s g i v e n to t he sub ject to start a n e w t r ia l . Five t o ten s e c o n d s e l apsed 
b e t w e e n s u c c e s s i v e t r ia ls . 
E a c h s u b j e c t w a s run in t w o test se r ies w i t h di f ferent g rasp con f igura t ions : (i) In the unimanual se r ies , 
sub jec ts r es t r a i ned the m a n i p u l a n d u m w i th the r ight index a n d m idd le f i nge rs and (ii) in t he bimanual 
se r i es sub jec t s u s e d the lef t and r ight i ndex f ingers . Each tes t ser ies cons i s ted of s ix ty t r ia ls of pul l ing 
l o a d s a p p l i e d in t h e d is ta l d i rec t i on . In all t r ia ls the r ight i ndex f inger w a s e x p o s e d to f ine g ra in 
s a n d p a p e r (no. 3 2 0 ) w h i c h s h o w e d a h igh and ra ther s tab le f r ic t ion in re la t ion to the dig i t . T h e 
c o o p e r a t i n g right m idd le o r left i n d e x f inger was e x p o s e d to s a n d p a p e r in 3 0 tr ials a n d in 30 tr ia ls to 
r a y o n tha t was m o r e s l ippery . T h e s e two sur face cond i t i ons a p p e a r e d in a n unp red i c tab le o rde r ( the 
g r i p s u r f a c e s c o u l d be c h a n g e d qu ick l y ) . Th ree sub jec ts w e r e run f i rst wi th t he u n i m a n u a l se r ies 
fo l l owed b y the b i m a n u a l ser ies , a n d a n o t h e r 3 sub jec ts w e r e run in the r eve rse order . 

3.2.1.4 Data collection and analysis 
D a t a w e r e co l l ec ted , s to red and a n a l y z e d using a cus tom-bu i l t da ta acqu is i t i on and ana l ys i s s y s t e m 
( S C / Z O O M ; D e p a r t m e n t o f Phys io logy , U rnea Un ivers i ty ) . T h e fo rce and pos i t ion s i gna l s w e r e s a m p l e d 
a t 12 bit r eso lu t i on wi th 4 0 0 samp les / s . E v e n t marke rs re la ted to o n s e t s a n d of fsets o f the var ious 
p h a s e s o f each l o a d trial w e r e s a m p l e d w i t h ± 0 . 1 ms t i m e reso lu t ion . Fo rce rates a n d m o v e m e n t 
ve loc i ty o f the m a n i p u l a n d u m w e r e ob ta ined using ± 6 po in t symmet r i ca l numer i ca l t i m e d i f fe ren t ia t ion (-
3 d B at 2 6 Hz). T h e i n s t a n t a n e o u s ratio b e t w e e n t h e n o r m a l and tangen t i a l fo rces w a s a l so c o m p u t e d 
of f - l ine f o r each d ig i t . 
T h e fo l l ow ing m e a s u r e m e n t s w e r e m a d e in each s ing le t r ia l for e a c h digit : (1) the pre-load normal force 
w a s the m e a n n o r m a l f o r c e dur ing the 0.3 s per iod pr ior to the onse t of t he load fo rce i nc rease ( load 
phase ) . T h i s m e a s u r e r e p r e s e n t e d fo rces used by sub jec t s to hold the m a n i p u l a n d u m in t he a b s e n c e of 
a load f o r c e . (2) t h e o n s e f of the normal force response w a s the po in t in t i m e w h e n t he n o r m a l fo rce rate 
e x c e e d e d 1 N/s, i.e., the m i n i m u m force ra te that emp i r i ca l l y cou ld be re l iab ly d i s t i ngu ished in s ing le 
t r ia ls (F i g . 3.1). ( 3 ) the pre-response normal and tangential force w e r e f o r c e s m e a s u r e d at th is onse t . (4) 
t he peak normal force w a s the m a x i m u m normal fo rce m e a s u r e d wi th in 0 .5 s after t he star t of the load 
p h a s e ( F i g . 3.1). A t this po in t w e a lso m e a s u r e d t h e tangent ia l f o rce . (5) t he m a g n i t u d e of the triggered 
increase in normal force w a s a s s e s s e d a s the d i f fe rence be tween the peak no rma l fo rce a n d the p re -
r e s p o n s e normal force (6 ) the static normal and tangential forces w e r e m e a s u r e d as the m e a n fo rces 
dur ing a 0 .3 s t i m e w i n d o w star t ing 0.5 s after the onse t o f the hold phase . (7) normattangential force 
ratios w e r e co l lec ted at no rma l f o r c e r esponse onse t , peak normal force a n d at stat ic fo rce . 
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T h e no rma l . t angen t i a l f o r c e ratio at the o n s e t of the sl ip g e n e r a t e d at the e n d of e a c h t r ia l w a s a s s e s s e d 
for each digi t as p r e v i o u s l y desc r ibed (Burs ted t et a l . 1 9 9 7 a ) . Th i s ratio r e p r e s e n t e d t h e i nve rse o f t h e 
coe f f i c ien t of s ta t ic f r ic t ion at the end of t h e tr ial . T h e o c c u r r e n c e o f s l ips w a s es tab l i shed by e x a m i n i n g 
t he force rat ios a n d the i r c h a n g e s , m o v e m e n t s of t he m a n i p u l a n d u m and , mos t impor tan t l y , s u d d e n 
c h a n g e s in d is t r ibu t ion o f the load force b e t w e e n t he d ig i t s (see be low a n d F igure 3) . T h e a v e r a g e o f 
rat ios o b t a i n e d f o r the cu r ren t t r ia l and t h e four nea res t t r ia ls wi th the s a m e sur face s t r u c t u r e w a s u s e d 
a s an es t ima te o f the static slip ratio for t ha t tr ial. It w a s 0 . 7 0 ± 0 .10 ( m e a n ± S D for d a t a f r o m al l 
sub jec t s ) for the r ight i n d e x f inger whi le w a s a l w a y s in c o n t a c t w i th s a n d p a p e r and 0 .69 ± 0 .09 for t he 
c o o p e r a t i n g r ight m idd le o r left i ndex f i nge r in con tac t w i t h s a n d p a p e r or 1.53 ± 0.32 w i t h t h e m o r e 
s l ippery rayon ( s e e a lso hor izon ta l l ines in top pane l s o f F ig . 3.2). Add i t i ona l m e a s u r e m e n t s of s ta t ic a n d 
d y n a m i c sl ip ra t ios w e r e m a d e dur ing t h e load p h a s e of m a n y tr ia ls and wi l l be m o r e fu l l y d e s c r i b e d in 
R E S U L T S . 
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F i g u r e 3 . 3 . Load force redistrdnition by transient slips. Superimposed trajectories for all successful trials 
performed bimanually by a single subject when the left index linger contacted rayon (thin lines) and the right 
index finger contacted sandpaper (thick lines). The trials were synchronized at the moment of sudden tangent ial 
force redistribution. 
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3.2.1.5 Statistical analysis 
Numer i ca l v a l u e s o f no rma l : t angen t ia l f o rce rat ios, n o r m a l f o rces and tangen t ia l f o r ces w e r e t r a n s f e r r e d 
to a s ta t is t i ca l p r o g r a m ( S T A T I S T I C A ™ , Statsof t , Tu l sa O K ) . Un less o the rw i se s ta ted , r e p e a t e d 
m e a s u r e s ana l ys i s of v a r i a n c e ( A N O V A ) w a s p e r f o r m e d to ana l yze ma in ef fects of fou r r e p e a t e d 
m e a s u r e s {within subjects) fac to rs : prevai l ing su r face cond i t i on (2 levels : s a n d p a p e r - s a n d p a p e r a n d 
s a n d p a p e r - r a y o n ) , s u r f a c e cond i t ion in the immed ia te p r e v i o u s tr ial (2 levels) , p h a s e o f t r ia l (4 leve ls : 
p re- load p h a s e , o n s e t o f n o r m a l force r e s p o n s e , peak o f n o r m a l force r e s p o n s e a n d h o l d p h a s e ) , a n d 
digit ( 4 leve ls : r ight i n d e x a n d midd le f i nge r in t he u n i m a n u a l task , and r ight and left i n d e x f i nge r in t he 
b i m a n u a l t a s k ) . P h a s e w a s no t used a s a fac tor in the a n a l y s e s of the t r i ggered i n c r e a s e in n o r m a l f o r c e 
b e c a u s e this i n c rease w a s c o m p u t e d as the d i f fe rence b e t w e e n two s u c c e e d i n g points o f 
m e a s u r e m e n t s . Data re fer r ing to each sub jec t a n d e a c h o f the expe r imen ta l cond i t i ons w e r e a v e r a g e d 
and u s e d in t h e A N O V A ana l yses . All poss ib le ef fects w e r e not e x a m i n e d . Rather , t he a n a l y s e s f o c u s e d 
on p l a n n e d c o m p a r i s o n s and speci f ic e f fects as d e s c r i b e d in R E S U L T S . T h e Pea rson coe f f i c i en t o f 
cor re la t ion (r) w a s u s e d as a measu re o f cor re la t ion . T h e pa i red t-test w a s used for pa i r -w i se 
c o m p a r i s o n o f two va r i ab les . T h e P e a r s o n Ch i - square t es t w a s used to eva lua te the s i g n i f i c a n c e of t he 
re la t ionsh ip b e t w e e n c a t e g o r i z e d var iab les . T h e level o f probabi l i ty se lec ted as s ta t is t ica l ly s ign i f i can t 
was p < 0 . 0 5 a n d , u n l e s s o the rw ise ind ica ted , popu la t i on e s t i m a t e s are p resen ted in t h e f o r m o f m e a n s 
±SD v a l u e s b a s e d o n da ta poo led ac ross all t r ia ls by all sub jec ts . 
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Figure 3 . 4 . Repealed slips. A trial during which multiple slip-and-stick events (indicated by circles a n d 
vertical lines) associated with sudden tangential force redistribution were observed. Note that the slips observed 
during the load phase and early during the hold phase occurred at normahtangential force ratios that w e r e 
significantly higher than the measured static slip ratio at the end of trial as indicated by the dotted horizontal l ine. 

3.3 Results 
W h e t h e r sub jec t s u s e d their right index and midd le f i nge rs ( 'un imanua l g rasp cond i t ion ' ) or the r ight a n d 
left index f i nge rs ( ' b imanua l g rasp cond i t ion ' ) , the l oad ing of t he m a n i p u l a n d u m t r iggered n o r m a l fo rce 
r e s p o n s e s a t both f i nge rs in a s imi lar fash ion . F igure 1 s h o w s e x a m p l e s of behav io rs in two s ing le t r ia ls : 
wi th both f i nge rs con tac t i ng s a n d p a p e r (Fig. 3.1 A) ; or t he r ight index f inger con tac t ing s a n d p a p e r and 
the a c c o m p a n y i n g f i n g e r r ayon (Fig. 3.1B). Af ter a de lay fo l low ing the onse t of the l oad ramp 
(0 .12 ± 0 .02 s ) , the d ig i t s r e s p o n d e d to the loading w i t h a rap id inc rease in no rma l f o r ce c o r r e s p o n d i n g 
to t h e ' ca t ch -up r e s p o n s e ' desc r ibed in prev ious s tud ies ( J o h a n s s o n et a l . 1992b , c; s e e also C o l e and 
A b b s 1988) . B e c a u s e the per iod of th i s uni tary r esponse ( s o m e 0.25 s) e x t e n d e d into the hold p h a s e 



t he re w a s ne i ther t i m e nor a need for a s u b s e q u e n t ' t rack ing r e s p o n s e ' (cf. J o h a n s s o n et a l . 1 9 9 2 b ) . 
T h e n o r m a l f o r ce p e a k e d 0.09 ± 0.05 s af ter the end o f the load force r a m p . T h e n the n o r m a l f o r ce 
d e c a y e d to i ts stat ic va lue a n d w a s m a i n t a i n e d dur ing t he hold p h a s e (F ig . 3.1) . 
To res t ra in t h e m a n i p u l a n d u m dur ing t h e load tr ials sub jec t s o f ten re l ied m o r e heav i ly o n the r ight i n d e x 
f i nge r that a l w a y s c o n t a c t e d t h e s a m e su r f ace mater ia l , i.e., s a n d p a p e r that s h o w e d a h igh f r ic t ion in 
re la t ion to t h e sk in . T h e mater ia l in c o n t a c t w i th the c o o p e r a t i n g f inger w a s var ied unp red i c tab l y 
b e t w e e n s a n d p a p e r a n d the m o r e s l i ppe ry r ayon su r face . T h u s , even w h e n both f i ngers c o n t a c t e d the 
s a m e s u r f a c e s t ruc tu re ( sandpaper ) , sub j ec t s tended to app ly o n a v e r a g e larger no rma l a n d t a n g e n t i a l 
f o r ces by t h e right i n d e x f inger than b y t he coope ra t i ng f i nge r (F ig . 3.2) . Th is b ias w a s s ta t is t ica l ly 
re l iab le in t h e b i m a n u a l g rasp cond i t i on (p<0 .05 for n o r m a l a n d tangen t ia l fo rces , respec t i ve ly ) bu t no t in 
the u n i m a n u a l g rasp cond i t i on w h e r e it w a s no t o b s e r v e d in all sub jec t s . Desp i t e the o c c u r r e n c e o f th i s 
b ias , t he n o r m a k t a n g e n t i a l f o rce rat ios w e r e pu rpose fu l l y a d a p t e d to the local f r ic t ional cond i t i on at e a c h 
digi t . Tha t is, t he r e s p o n s e to fr ict ion w a s s u p e r i m p o s e d on t he dig i ta l b ias . 

3.3.1 Normaktangential force ratios in various phases of load trials 

To s u c c e s s f u l l y res t ra in the ob jec t , t w o pr inc ipa l cons t ra in ts h a v e to be fu l f i l led: (1) T h e s u m of the 
tangen t i a l f o r c e s app l i ed by t h e two e n g a g e d dig i ts m u s t equa l the load force i m p o s e d o n the hand by 
the m a n i p u l a n d u m ; a n d (2) at least at o n e o f t he e n g a g e d d ig i ts , the sub jec t h a d to a p p l y a n o r m a l f o r c e 
that w a s la rge e n o u g h in re la t ion to t he tangen t ia l f o r ce to p reven t in i t iat ion of s l ips or t he 
m a n i p u l a n d u m w o u l d e s c a p e . That is, the n o r m a k t a n g e n t i a l f o r ce rat io h a d to e x c e e d t h e preva i l ing 
stat ic s l ip ra t io , w h i c h co r responds to t he inve rse of t he coef f i c ien t of s ta t ic f r ic t ion. 
B e t w e e n t he onse t o f the load force i nc rease a n d the star t of t he sub jec ts ' no rma l fo rce r e s p o n s e , the 
n o r m a k t a n g e n t i a l f o r c e rat ios fel l p rec ip i tous ly at both f i nge rs b e c a u s e the tangen t ia l f o r c e s i n c r e a s e d 
w h e r e a s the no rma l fo rces r ema ined at the p re - load va lues (F ig . 3 .1) . T h e n o r m a l fo rce r e s p o n s e s 
t r i gge red by t he load i nc rease served to d a m p e n this s t eep fa l l in fo rce rat ios and thus he lped to p r e v e n t 
s l ips w h e n t h e tangen t ia l f o r ces con t i nued to inc rease du r ing t h e load p h a s e . D u e to t he dec l i ne in 
n o r m a l f o r ce fo l l ow ing its p e a k , the f o r ce rat io fur ther d e c r e a s e d du r ing t he ho ld p h a s e t o w a r d s the ho ld 
p h a s e v a l u e s (F ig . 3 .2 , top a n d bo t tom pane l s ) , a l t hough th is w a s not assoc ia ted w i th a n y sys tema t i c 
c h a n g e in t angen t i a l fo rces (F ig . 3.2, m idd le pane ls ) . T h e hor izonta l l ines in t he top p a n e l s o f F ig . 3.2 
s h o w sl ip ra t ios that w e r e d e t e r m i n e d at the e n d of e a c h t r ia l . T h e d i f fe rence b e t w e e n t h e fo rce rat ios 
u s e d and t h e c o r r e s p o n d i n g sl ip ra t ios rep resen ts a m e a s u r e o f the sa fe ty ma rg in aga ins t s l ips. 
H o w e v e r , a s will be de ta i led be low, t h e s e sl ip rat ios m a y not be rep resen ta t i ve for the rat ios p reva i l i ng 
du r i ng the ea r l y pe r i od of the tr ials. 

T h e force rat io at t he digi t sub jec ted to f r ic t ional c h a n g e s b e t w e e n t r ia ls w a s in f l uenced by the s u r f a c e i n 
c o n t a c t w i th that d ig i t ( p<0 .005 ) . The force rat io was h ighe r a t e a c h po in t o f m e a s u r e m e n t w h e n the d i g i t 
con tac ted r ayon c o m p a r e d to the less s l ippery s a n d p a p e r su r face (F ig . 3.2, cf. open a n d c losed 
c o r r e s p o n d i n g s y m b o l s for t h e right m idd le a n d left i ndex f i nge r in top pane ls ; a lso cf. F igs . 1A and B) , 
T h e sub jec t s i m p l e m e n t e d t hese rat io ad jus tmen ts to the f r ic t ional cond i t i on a t the ind iv idua l c o n t a c t 
s u r f a c e s by c h a n g i n g both t h e no rma l and tangen t ia l f o rces . T h e h ighe r fo rce rat io o b s e r v e d w h e n a 
digi t w a s in con tac t w i t h r ayon was c a u s e d by a comb ina t i on o f h igher no rma l fo rce a n d lower t a n g e n t i a l 
f o rce (F ig . 3 .2 , m i d d l e a n d bo t tom pane l s ; cf. open a n d f i l led s y m b o l s ) . A s a resul t of t he lower 
t angen t i a l f o r ce at t h e coopera t ing f inger , t he right i ndex f i nge r w a s sub jec ted to h igher tangent ia l f o r c e s 
in t h i s su r f ace cond i t i on (F ig . 3.2, m i d d l e pane ls ) . T h e fo rce rat io w a s , howeve r , kept at the s a m e leve l 
as in the s a n d p a p e r - s a n d p a p e r su r face c o m b i n a t i o n b e c a u s e the n o r m a l fo rce w a s a l so h igher o n the 
r ight index f inger w h e n the c o o p e r a t i n g f inger con tac ted r ayon (Fig. 3 .2 , b o t t o m pane ls ) . 

3 .3 .2 Slips contributed to the distribution of tangential force between the two cooperating fingers 
Sl ips and s l id ing a p p e a r e d to be a pr inc ipa l m e c h a n i s m accoun t i ng for the red is t r ibut ion of load b e t w e e n 
the f ingers a f ter a c h a n g e f r o m s a n d p a p e r to rayon. Th i s s l i ppage took p lace dur ing t he load p h a s e a n d 
at t h e f inger con tac t i ng the m o r e s l i ppery ( rayon) su r face w h e n the no rmak tangen t i a l fo rce rat io fell 
b e l o w a cr i t ica l leve l at that digi t (F igs . 1B a n d 3) . Its onse t w a s charac te r i zed by a s u d d e n red is t r ibu t ion 
of l o a d fo rce b e t w e e n the d ig i ts , i.e., the tangent ia l f o rce fell o n the s l ipp ing dig i t and inc reased on the 
non -s l i pp ing right i n d e x f inger in con tac t wi th sandpape r . Consequen t l y , the no rmak tangen t i a l f o rce ra t io 
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t rans ien t l y i nc reased at t he s l ipp ing digi t wh i l e it s imu l t aneous l y d e c r e a s e d at the r ight i ndex f inger . A f t e r 
this e v e n t the tangen t ia l f o rce i nc reased at a h igher rate at the non -s l i pp ing digi t and at a c o n s i d e r a b l y 
s lower rate at the s l i pp ing dig i t . A s wil l be fur ther d e s c r i b e d be low, th is m o d e s t i nc rease in t angen t i a l 
fo rce cou ld be e x p l a i n e d by f r ic t ional s l id ing or creep b e t w e e n the dig i t a n d the rayon s u r f a c e o c c u r r i n g 
in para l le l w i t h a n i nc rease in n o r m a l fo rce . Tha t is, the i n c r e a s e in n o r m a l fo rce a n d t he coe f f i c ien t o f 
d y n a m i c f r ic t ion can be s e e n to de f ine the inc rease in t angen t i a l fo rce . 
In terest ing ly , t he t rans ien t s l ips that occu r red dur ing the load p h a s e ne i ther a p p e a r e d to robus t l y t r i gge r 
add i t iona l i nc reases in n o r m a l fo rce at t he s l ipping digit , no r u p g r a d e t he n o r m a h t a n g e n t i a l fo rce ra t ios 
at t he non-s l ipp ing d ig i t (F ig . 3.3) (cf. J o h a n s s o n and W e s t l i n g 1984a ; Ed in et a l . 1992) . N o r m a l f o r ce 
r esponses w e r e , h o w e v e r , regu lar ly o b s e r v e d in r e s p o n s e to s l ips that occu r red in the h o l d p h a s e la te r 
dur ing t he t r ia ls (e .g . , F i g . 3.4) . T h u s , it a p p e a r e d that t he sub jec ts ' sens i t iv i ty to s l ips w a s m a r k e d l y 
r educed du r i ng the load p h a s e , w h e n t h e y a l lowed sl ips to part i t ion the load force b e t w e e n the d ig i t s in 
o rder to res t ra in the m a n i p u l a n d u m . 
Sl ips du r i ng t he load p h a s e w e r e o b s e r v e d in all test se r i es for tr ials w i th rayon on o n e d ig i t , but t h e y 
a p p e a r e d m o s t d is t inc t ly in t he b i m a n u a l g rasp con f igu ra t ion . I ndeed , in t he latter cond i t i on an a b r u p t 
and m a r k e d red is t r ibu t ion o f the load fo rce be tween the d ig i t s w a s o b s e r v e d in near ly al l t r ia ls (F ig . 3 .3) . 
The d e v e l o p m e n t of t h e tangen t ia l f o r ces at speci f ic po in ts in t ime (F ig . 3 .2 , m idd le p a n e l s ) r e v e a l e d 
that t he f r ic t iona l cond i t i on in f l uenced t he part i t ioning o f t h e load b e t w e e n the d ig i ts l a rge ly du r i ng t he 
per iod f r o m the o n s e t o f the t r i ggered n o r m a l fo rce r e s p o n s e to the m o m e n t o f peak n o r m a l f o r ce . In 
6 5 % of all t r ia ls w i th t h e s a n d p a p e r - r a y o n su r face c o m b i n a t i o n an o b v i o u s load fo rce red is t r ibu t ion 
resemb l i ng s l i ppage w a s d e t e c t e d du r i ng the per iod of t h e t r iggered i nc rease in no rma l f o r c e a n d in 
ano the r 1 6 % of the t r ia ls s u c h red is t r ibu t ion occur red ear l i e r - dur ing the p r e - r e s p o n s e p e r i o d . T h e 
s u d d e n load red is t r ibu t ion in the p re - response per iod o c c u r r e d ma in l y w i t h the b i m a n u a l g r a s p and 
a c c o u n t e d for the f r i c t iona l e f fec t o b s e r v e d on the par t i t ion ing o f tangen t ia l fo rces at t he o n s e t o f t he 
no rma l f o r c e r e s p o n s e in F ig . 3.2 (m idd le pane ls , b i m a n u a l g r a s p ) . 

3.3.2.1 Loss of the manipulandum due to slips 
Dur ing t he s l i p -med ia ted red is t r ibu t ion o f load force b e t w e e n the d ig i ts the tangent ia l f o r c e i nc reased on 
the non -s l i pp ing r ight i ndex f inger. Th is f inger w a s in c o n t a c t wi th s a n d p a p e r a n d the a p p l i e d n o r m a l 
fo rce w a s usua l l y h i gh e n o u g h to p reven t a sl ip at this d ig i t . H o w e v e r , in 12 % of t r ia ls w i t h the 
s a n d p a p e r - r a y o n s u r f a c e c o m b i n a t i o n , s l ips occur red at bo th f ingers du r i ng the load p h a s e and 
c o n s e q u e n t l y the m a n i p u l a n d u m w a s lost f r o m the gr ip . F igu res 5A a n d B s h o w e x a m p l e s of s u c h t r ia ls 
w i th t he s a n d p a p e r - r a y o n su r face cond i t i on . The s e q u e n c e of even t s w a s rep roduc ib le b e t w e e n t r ia ls 
and b e t w e e n sub jec t s . First , s l i ppage o c c u r r e d at the d ig i t in con tac t w i th rayon as d e s c r i b e d a b o v e for 
success fu l t r ia ls. T h e c o n c o m i t a n t un load ing o f the s l i pp ing digi t led to an inc reased ra te o f t angen t i a l 
force i nc rease at the r ight i ndex f inger, s u c h that the no rmah tangen t i a l fo rce ratio t hen dec l i ned e v e n 
faster . F inal ly , o n c e t he sl ip rat io w a s r e a c h e d , the index f inger a lso s ta r ted to s l ide a n d the 
m a n i p u l a n d u m w a s q u i c k l y lost. T h u s , to p revent this, t he no rma l fo rce had to be large e n o u g h , in 
par t icu lar o n the r ight i ndex f inger, to t a k e up the part o f t he load tha t w a s t rans fer red to it b e c a u s e of 
the s l i p p a g e occu r r i ng at the c o o p e r a t i n g f inger. The sub jec t s lost the m a n i p u l a n d u m in on ly 2 % of t r ia ls 
wi th s a n d p a p e r at bo th con tac t su r faces ; o n e such tr ial is s h o w n in F ig . 3 .5C. 

3.3.2.2 Dynamic friction and sliding of the manipulandum 
T h e tr ia ls in wh i ch t he m a n i p u l a n d u m w a s lost due to s l i ppage revea led s o m e impor tan t f r ic t ional 
cha rac te r i s t i cs of the d ig i t -ob jec t in ter face. T h e s e charac te r i s t i cs a l l owed us to in terpret the s l id ing 
even t s tha t occu r red a l so dur ing the d y n a m i c phase of success fu l t r ia ls a s wel l as du r i ng the f r ic t iona l 
m e a s u r e m e n t s at t h e e n d o f e a c h t r ia l . M e a s u r e m e n t s o f the force rat ios at the onse t o f these s l ips a n d 
dur ing t he fas t m o v e m e n t o f the m a n i p u l a n d u m before it w a s lost a l l owed rel iable c o m p a r i s o n s b e t w e e n 
stat ic a n d d y n a m i c s l ip rat ios at each d ig i t -ob jec t in te r face . W i th r ayon , the d y n a m i c s l ip ratio w a s o f ten 
fair ly c o n s t a n t du r ing t he m o v e m e n t o f the m a n i p u l a n d u m and in m o s t c a s e s subs tan t ia l l y h ighe r t han 
the stat ic s l ip ratio m e a s u r e d dur ing the ini t iat ion of the sl ip (F igs . 5A and B) . Fu r t he rmore , i nspec t i on of 
the t ime c o u r s e of the f o r ce ratio revea led that a good ear ly m e a s u r e of the dynamic sl ip ratio w a s the 
normal ' . tangent ia l f o rce rat io af ter the tangent ia l force at a s l ipp ing dig i t c e a s e d to d e c r e a s e . Th is 
m e a s u r e m e n t of the d y n a m i c slip rat io w a s also appl ied to those success fu l tr ials in w h i c h s l i ppage 
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o c c u r r e d dur ing t he load phase . For the f inger in con tac t w i th rayon the d y n a m i c sl ip ra t io w a s o n 
a v e r a g e 37 ± 1 6 % h igher t han the m a t c h i n g stat ic s l ip rat io ( n = 1 2 1 ; p < 0 . 0 0 1 ; pai red t - tes t ) . In con t ras t , 
fo r t he f i nge r in c o n t a c t w i th s a n d p a p e r the re was no o b v i o u s d i f fe rence be tween the s ta t i c a n d d y n a m i c 
s l ip rat io (F ig . 3.5 C) . 
In teres t ing ly , the stat ic s l ip fo rce ra t ios w h e n unequ i voca l s l i ppage o c c u r r e d dur ing t he l oad p h a s e c o u l d 
be subs tan t ia l l y h i ghe r t han the c o r r e s p o n d i n g stat ic s l ip rat ios r eco rded at the end of t h e t r ia ls ( s e e 
r ight i ndex f inger d a t a in F igs. 3.1 B a n d 3.4) . For t he f i nge r in con tac t w i t h rayon the s ta t ic s l ip rat io 
du r ing t he load p h a s e w a s o n a v e r a g e 1 3 8 % ( ± 2 7 % , n = 1 7 9 ; p < 0 . 0 0 1 , pa i red t-test) o f t he 
c o r r e s p o n d i n g stat ic sl ip ratio m e a s u r e d at the end of the tr ia ls. T h e consecu t i ve sl ip e v e n t s at the d ig i t 
in c o n t a c t w i th t he rayon su r face in the excep t i ona l t r ia l s h o w n in F igure 3.4 i l lustrates t h e d e c r e a s e in 
t he s ta t ic sl ip rat io du r ing the cou rse o f a t r ia l . Th is o b s e r v a t i o n imp l ies tha t the slip ra t io m e a s u r e m e n t s 
g i v e n in F igs . 3.1 a n d 3.2 (and in F ig . 3.9) unde res t ima te the t rue stat ic s l ip rat ios du r i ng t he load p h a s e . 

F i g u r e 3 .5 . Dynamic friction and sliding of the manipulandum. Single trials with overt slippage during the 
load phase resulting in the loss of the manipulandum. The finger cooperating with the right index finger was in 
contacted with rayon in A and B, and sandpaper in C; the right index finger was as always in contact with 
sandpaper. The static slip ratio was measured at the initiation of the slip. 'Dynamic friction" was measured w h e n 
the tangential force at the slipping digit stopped decreasing. During the period marked with shaded boxes, the 
handle rapidly moved away from the digits (bottom panel, solid lines) with an increasing velocity (dashed l ines) , 
i.e., the handle was sliding. During this period the normaktangential force ratio reached a plateau that 
corresponds to the dynamic friction at the respective digit-object interface. Whereas the static and d y n a m i c 
friction of rayon characteristically were different (thin lines in A and B ) , the static and dynamic friction for 
sandpaper were rather similar (C, and thick lines in A and B ) . 

3.3.3 Control of normal forces 

A s u c c e s s f u l d ig i t -spec i f ic ad j us tmen t of the no rmak tangen t i a l fo rce ratio that explo i ts sl ip m e d i a t e d load 
force par t i t ion ing b e t w e e n the digi ts c lear ly rel ies o n an app rop r i a te cont ro l of the no rma l fo rces in 
re lat ion to the f r ic t ional cond i t i on at e a c h d ig i t -ob ject in te r face . The no rma l force appl ied at the m o r e 
s l ippery con tac t su r f ace had to be w e a k e n o u g h to permi t s l i ppage w h e r e a s that at the less s l ippery 

3 8 



sur face had to be h igh e n o u g h to p reven t acc identa l s l i ppage as a c o n s e q u e n c e of t he i n c r e a s e d l oad . 
Bo th t h e s ize of t he t r i gge red fo rce r e s p o n s e and the s i ze of the p re - load norma l fo rce o n w h i c h t he 
t r iggered r e s p o n s e w a s s u p e r i m p o s e d w e r e impor tant : (i) m o s t s l ips tha t con t r ibu ted to a p u r p o s e f u l 
load red is t r ibu t ion ac tua l l y t ook p lace dur ing the t r i ggered no rma l fo rce inc rease ; (ii) d u e to t h e d e l a y e d 
onse t o f the n o r m a l f o r ce r e s p o n s e s , sub jec ts had to ma in ta in no rma l fo rces that w e r e su f f i c ien t l y h igh 
pr ior to the c o m m e n c e m e n t o f the t r i gge red norma l fo rce r e s p o n s e to p reven t the loss o f the 
m a n i p u l a n d u m du r i ng t he init ial load fo rce inc rease . 

A 
T r i g g e r e d 
i n c r e a s e in 
n o r m a l f o r c e 
at r i gh t m i d d l e 
f inger , N 

Unimanual grasp 

• "I 

0 1 2 3 4 5 
T r i g g e r e d i n c r e a s e in n o r m a l fo rce at 

r igh t i n d e x f inger , N 

T r i g g e r e d 
i n c r e a s e in 
n o r m a l f o r c e 
at left i n d e x 
f inger , N 

Bimanual grasp 

0 1 2 3 4 5 
T r i g g e r e d i n c r e a s e in n o r m a l f o r c e at 

r ight i n d e x f i nge r , N 

R i g h t i n d e x f inger , c o o p e r a t i n g f i n g e r in c o n t a c t w i t h rayon 
R i g h t i n d e x f inger , c o o p e r a t i n g f i n g e r in c o n t a c t w i t h s a n d p a p e r 
C o o p e r a t i n g f inger , in c o n t a c t w i t h r a y o n 
C o o p e r a t i n g f inger , in c o n t a c t w i t h s a n d p a p e r 

F i g u r e 3.6. Triggered normal force response. A : Mean amplitude of the triggered increase in normal force 
shown for the each subject and grasp separately. Response amplitude of right index finger (x-axis) plot ted 
against that of the cooperat ing finger (y-a.xis). Open circles represent mean values obtained when both fingers 
contacted sandpaper and black circles when the cooperating finger contacted rayon. Data obtained for o n e 
subject are connected with lines and the shaded ellipses correspond to the 9 5 % confidence intervals in x and y. 
B: Mean rate of the normal force response shown as a function of time for each digit, grasp and surface 
condition separately. Each record was constructed from ampli tude measurements at 10 ms intervals obtained 
from single trials that were synchronized at the moment of normal force response onset at the particular finger; 
vertical bars correspond to SEM. Solid and dashed lines represent the normal force rate at the right index fintier 
and the cooperating finger, respectively. Thick lines represent data obtained when both fingers contacted 
sandpaper and thin lines represent data when the cooperating finger contacted rayon. The insets show the s a m e 
data after normalization for amplitude. 

3.3.3.1 Triggered normal force response 
In terest ing ly , a l t h o u g h the f r ic t ion w a s c h a n g e d at jus t o n e of the digi ts, the amp l i t ude of the t r i ggered 
i nc rease in n o r m a l fo rce was in f l uenced at both e n g a g e d digi ts (F ig . 3.2, f i l led versus o p e n inset 
h i s t og rams in bo t t om pane l s ) . Tha t is, stat ist ical ly, the preva i l ing sur face cond i t ion had a p r imary ef fect 
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o n r e s p o n s e amp l i t ude (p<0 .005 ) but no rel iable in terac t ion w a s f ound b e t w e e n the f i nge r a n d the 
p reva i l ing sur face fac to rs . W h e n shi f t ing f rom s a n d p a p e r to r ayon , the s ize o f the n o r m a l fo rce 
r e s p o n s e s i nc reased at both f i ngers in a m a n n e r tha t s u g g e s t e d tha t t h e y w e r e sca led in para l le l . In t h e 
b i m a n u a l g rasp cond i t i on all sub j ec t s s h o w e d a paral le l c h a n g e in the no rma l fo rce r e s p o n s e s (F ig . 
3 .6A, r ight pane l ) . In the u n i m a n u a l g rasp four out o f six sub jec ts sca led the r e s p o n s e s in para l le l (F ig . 
3 .6A, left pane l ) . H o w e v e r , the o t h e r two sub jec ts still s ca led the n o r m a l f o r ce r e s p o n s e o f the r ight 
i ndex f inger by t he f r ic t ional c h a n g e at the coopera t ing m idd le f inger . T h e robus t e f fect on the r ight i n d e x 
f i nge r w a s h igh ly func t iona l b e c a u s e this digit took up t he load inc rease w h e n s l i ppage o c c u r s o n t he 
a c c o m p a n y i n g f i nge r w h e n in c o n t a c t w i th rayon . In a g r e e m e n t w i th p rev ious f ind ings , the f r ic t iona l i n p u t 
s c a l e d the amp l i t ude of the t r i gge red inc rease in no rma l fo rce wh i le its du ra t i on and s h a p e w e r e less 
i n f l u e n c e d (Fig. 3 . 6 B ; see ' ca tch-up ' r esponse in Co le a n d J o h a n s s o n 1993) . The re w e r e no re l iab le 
i n f l uences by the f r ic t iona l cond i t i on in t he p rev ious trial o n the m a g n i t u d e of the t r i gge red r e s p o n s e , n o r 
w e r e the re s ign i f i can t in te rac t ions b e t w e e n f inger a n d su r f ace cond i t ion in the p rev ious t r ia l , or b e t w e e n 
t h e p resen t and p rev i ous su r face cond i t i on . 

Percent 
lost trials 

Unimanual Bimanual 

C u r r e n t t r ia l : R a y o n R a y o n 
O n e t r i a l b e f o r e : S a n d p a p e r R a y o n 

R a y o n R a y o n 
S a n d p a p e r R a y o n 

F i g u r e 3.7. Percentage of'lost' trials with the sandpaper-rayon surface combinat ion when the coopera t ing 
finger in the immediate previous trial had been in contact with sandpaper or rayon. Note the stronger influence 
of the previous trial in the unimanual than in the bimanual grasp condition. 

3.3.3.2 Normal forces applied prior to onset of triggered normal force responses 
Fr ic t iona l c h a n g e s at the digit a c c o m p a n y i n g the r ight index f inger not on l y in f luenced the t r iggered 
n o r m a l fo rce r e s p o n s e s but a lso t he no rma l fo rces app l ied by both f i ngers pr ior to the onse t of t h e s e 
r e s p o n s e s (p<0 .05 ; p l anned c o m p a r i s o n ) . A g a i n , the two e n g a g e d d ig i ts w e r e in f luenced in a s imi la r 
m a n n e r (F ig . 3.2, b o t t o m pane ls , cf., co r respond ing f i l led a n d o p e n s y m b o l s ) . In add i t ion , the m a g n i t u d e 
of t he p re - load n o r m a l fo rces w a s in f luenced by the f r ic t ional cond i t ion in the p reced ing tr ial ( p < 0 . 0 0 5 ; 
F ig . 3.2, bo t t om p a n e l s , cf., c o r r e s p o n d i n g squa res and c i rc les) . Overa l l , sub j ec t s used s o m e w h a t 
h ighe r p r e - r e s p o n s e no rma l f o r c e s w i th more s l ippery f r ic t ional cond i t i ons in t he cur ren t and in the 
p rev ious t r ia l . T h e s e ef fects w e r e cons i s ten t t h roughou t the d i f ferent cond i t i ons , i.e., t he re w e r e no 
in te rac t ions b e t w e e n prevailing surface, previous surface, and finger [p>0.5). 
B e c a u s e the t r i ggered norma l f o r ce r esponses w e r e s u p e r i m p o s e d o n the pre- load no rma l fo rces , the 
f r ic t iona l cond i t i on in the p rev ious tr ial in f luenced the amp l i t ude o f the e m p l o y e d norma l fo rces m o r e or 
l ess t h roughou t t h e t r ia ls (Fig. 3 .2 , bo t t om pane ls , cf. s q u a r e s a n d c i rc les) . Even t h o u g h it w a s m o d e s t , 
th is e f fec t tu rned ou t to d ramat i ca l l y in f luence the probabi l i ty o f los ing the m a n i p u l a n d u m d u e to 
s l i ppage in tr ials w i th rayon ( p < 0 . 0 0 1 ; Ch i - square test; F ig . 3.7). In the u n i m a n u a l g rasp cond i t i on , for 
i ns tance , the risk of los ing the m a n i p u l a n d u m dur ing the load p h a s e w a s 6 % if the m idd le f inger had 
been in con tac t w i th rayon in the p rev ious trial but 26 % if it had been in con tac t wi th sandpape r . T h e 
in f l uence of f r ict ion in the p rev ious tr ial w a s s imi lar but less p r o n o u n c e d du r i ng the b i m a n u a l cond i t ion 
(F ig . 3 .7) . These resu l ts ind icate tha t the cont ro l o f p re - response no rma l f o rces was h igh ly cr i t ical fo r a 
s u c c e s s f u l p e r f o r m a n c e of the p resen t restra in task. 
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Trial #18 Trial #21 
N o r m a l 
f o r c e , N 

T a n g e n t i a l 
f o r c e , N 

N o r m a l 
f o r c e , N 

T a n g e n t i a l 
f o r c e , N 

N o r m a l 
f o r c e , N 

T a n g e n t i a l 
f o r c e , N 

1 0 0 m s 

F i g u r e 3 .8 . Model of load force partitioning. Recorded (dashed lines) and predicted parti t ioning (solid 
lines) of the load force by slippage in the sandpaper-rayon surface condition. Data from six trials per formed 
bimanually by one subject. Note the similarity in the recorded and predicted tangential force trajectories dur ing 
the load phase and early hold phase. The model predicted periods of frictional sliding at the digit in contact wi th 
rayon as indicated by the shaded boxes. 

3.3.4 Theoretical model of tangential force development 

To ver i f y t ha t w e u n d e r s t o o d the key m e c h a n i s m invo lved in the digi t spec i f i c adap ta t i on o f the f i nge r t ip 
fo rces to t h e f r ic t ional cond i t i on , w e cons t ruc ted a theore t i ca l mode l that s imu la ted tangen t i a l f o r ce 
red is t r ibu t ion c a u s e d by s l i ppage . W e used the mode l to p red ic t the o n s e t o f fo rce red is t r ibu t ion a n d t h e 
f inal t angen t i a l fo rce d is t r ibu t ion in s ing le t r ia ls wi th s a n d p a p e r at the r ight index f inger a n d rayon at the 
c o o p e r a t i n g f inger. T h e f r ic t ion at the con tac t sur face of t he r ight index f inger w a s a s s u m e d to be h igh 
e n o u g h to p reven t s l id ing in all t r ia ls. T h e mode l was eva lua ted by c o m p a r i n g its o u t c o m e wi th 
e x p e r i m e n t a l resul ts ob ta ined in s ing le t r ia ls . 
The fo l l ow ing p a r a m e t e r s , re fer r ing to the f inger in con tac t w i th rayon , w e r e der ived f r o m our 
e x p e r i m e n t s and u s e d to c o m p u t e the d e v e l o p m e n t of the tangent ia l f o rce in the m o d e l : (1) s ta t ic and 
d y n a m i c f r ic t ion a s s e s s e d dur ing the load phase , (2) tangent ia l and n o r m a l fo rces at o n s e t of t he load 
p h a s e (p re- load fo rces ) , and (3) f rac t iona l cont r ibut ion by the ta rget f i nge r to the total s t i f fness in the 
loading d i rec t ion . T h e fractional stiffness (S) w a s es t ima ted f r om the i nc rease in tangen t ia l fo rce of the 
ta rget f i nge r (AF t ) in re la t ion to t he tota l load increase ( A L ) dur ing the f irst 100 ms af ter o n s e t o f the l o a d 
phase (S= A F t / A L ) . T h e tangent ia l f o rce at e a c h digit pr ior to any s l i ppage w a s m o d e l e d based o n th is 
f rac t iona l s t i f fness m e a s u r e , i.e., it w a s used to de te rm ine the f ract ion o f the se rvo con t ro l l ed load f o r ce 
that w a s t a k e n up by e a c h digit . Fu r t he rmore , the con t r ibu t ion by the t r i ggered norma l fo rce r e s p o n s e 
was cha rac te r i zed by (4) its r e s p o n s e o n s e t latency, and (5) its amp l i t ude and t ime c o u r s e ( w a v e f o r m ) . 
M e a s u r e m e n t s w e r e ob ta ined f r om s ing le tr ials except for es t ima tes of the dynam ic a n d stat ic f r ic t ion 
and the w a v e f o r m o f the t r iggered no rma l force response . T h e s e e s t i m a t e s we re de r i ved f rom da ta 
ave raged ac r oss all ava i lab le m e a s u r e m e n t s f rom tr ials in a s ing le test se r ies (for w a v e f o r m cf. F ig . 
3 .6B) . 

W e con f i ned the mode l i ng to t r ia ls w i th sandpape r at the right index f inger and rayon at t he c o o p e r a t i n g 
f inger for w h i c h re l iab le m e a s u r e m e n t s cou ld be ob ta ined on all the a b o v e pa rame te rs (1 - 5 ) ; a tota l of 
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170 t r ia ls (94 % of all t r ia ls) with the b i m a n u a l and 128 t r ia ls (71 %) wi th t he u n i m a n u a l g r a s p c o n d i t i o n 
w e r e i nc l uded for ana lys is . The tangen t ia l fo rce c h a n g e w a s inc rementa l l y ca lcu la ted in s t e p s of 1 m s 
du r i ng t h e load p h a s e . If the normal . ' tangent ia l force rat io w a s a b o v e the s ta t ic sl ip ra t io (Rstat) the 
tangen t ia l fo rce o f the ta rge t f inger w a s m o d e l e d to i n c r e a s e in propor t ion to the to ta l l oad f o r ce 
i n c r e a s e a n d the d ig i t 's f ract ional s t i f fness ( A F t = S - A L ) . T h i s took p lace dur ing the ea r l y p e r i o d o f the 
load p h a s e b e c a u s e of the relat ively s t rong pre- load n o r m a l fo rce and the re lat ively s m a l l l o a d f o r ce . 
H o w e v e r , if the no rmak tangen t i a l fo rce ra t io fel l b e l o w the stat ic sl ip ratio w h e n t he t a n g e n t i a l f o rce 
fu r ther i nc reased a s imu la ted sl id ing took p lace b e t w e e n t he f inger and the contac t s u r f a c e . T h a t is, t he 
tangen t ia l fo rce w a s sudden l y reduced to i nc rease the no rmak tangen t i a l f o rce rat io to c o i n c i d e w i th t h e 
d y n a m i c s l ip rat io w h i c h , in turn, he ld the n o r m a l a n d tangen t i a l fo rces in a n equ i l i b r i um a s long a s t he 
's l id ing ' c o n t i n u e d ( A F n / A F t = R d y n , thus A F t = A F n / R d y n ; w h e r e A F n represen ts n o r m a l f o r c e i n c r e a s e 
a n d Rdyn the d y n a m i c sl ip rat io). The 's l id ing ' s t o p p e d w h e n the t r iggered no rma l f o r ce r e s p o n s e b r o u g h t 
up t he n o r m a k t a n g e n t i a l force ratio a b o v e the stat ic s l ip rat io to m a k e the f i nge r ' s t i ck ' . T h e m o d e l t h u s 
can be r e p r e s e n t e d by the fo l lowing p s e u d o - c o d e : 

IF Fti< Fni / Rstat 

T H E N F t i + 1 = Fti + S - A L M 

E L S E Ft i+1 = Fni+1 / R d y n 

T h e m o d e l s imu la t i ons w e r e in good qua l i ta t i ve a g r e e m e n t wi th the empi r i ca l l y o b s e r v e d d a t a (F ig . 3 .8) . 
For i n s t a n c e , as a c o n s e q u e n c e of the d y n a m i c f r i c t ion , du r i ng pe r iods of s l id ing t he t a n g e n t i a l f o r ce t h a t 
w a s g e n e r a t e d at t h e s l ipp ing digit s l ight ly i nc reased w i t h t he inc reas ing no rma l fo rce a s o b s e r v e d w i t h 
e x p e r i m e n t a l da ta (F ig . 3 .1B, and Figs. 3. 3 and 3. 5) . M o r e o v e r , o n c e the f r ic t ional s l i d ing h a d s ta r ted 
the s l i d ing typ ica l ly con t i nued until the e n d o f the load p h a s e (gray in F ig. 3.8). B e c a u s e o f the con t i nua l 
i n c rease o f no rma l f o r ce for some t ime a f te r the e n d o f t he load r a m p , a sa fe ty ma rg in a g a i n s t fu r ther 
s l ips w a s res to red a lso at the prev ious ly s l id ing dig i t . T h e s imu la t i ons w e r e also in ra ther g o o d 
quan t i t a t i ve a g r e e m e n t w i th the empi r i ca l da ta . In par t i cu la r , the m o d e l w a s re l iable in p red i c t i ng h o w 
the f ina l l oad fo rce w o u l d be par t i t ioned b e t w e e n t he d ig i t s dur ing t h e s ta t ic hold p h a s e w i t h e i ther g r a s p 
con f i gu ra t i on . In t he expe r imen ta l da ta , load force re -d is t r ibu t ions d u e to d is t inct s l ips w e r e d i s c e r n e d in 
141 o f t h e 170 tr ials (83 %) with the b i m a n u a l g rasp con f i gu ra t i on . O f t h o s e 141 t r ia ls , t h e m o d e l 
p red ic ted s l ips in 131 ( 9 4 % ) . Moreover , t h e point of o n s e t of load f o r ce red is t r ibut ion b e t w e e n the d ig i t s 
w a s p red i c ted to o c c u r 146 ± 34 ms af ter the onse t of t h e r a m p load i nc rease and th is co r re l a t ed w e l l 
w i th t he e x p e r i m e n t a l da ta , i.e., 146 ± 4 2 m s ( r 2 = 0 . 5 0 ; p < 0 . 0 0 1 , 1 3 1 t r ia l ) . T h e m o d e l l i kew ise iden t i f ied 
24 of t h e 2 9 tr ia ls in w h i c h no marked load red is t r ibu t ion o c c u r r e d . T h e sub jec ts b e h a v i o r w a s thus 
p red ic ted cor rec t l y in 155 out of 170 tr ia ls ( 9 1 % ) . M o r e o v e r , the p red i c ted tangen t ia l f o r c e du r ing t he 
hold p h a s e at t he left i ndex f inger co r re la ted wel l w i th t he o b s e r v e d v a l u e s ( r 2 = 0 . 4 2 ; p < 0 . 0 0 1 ; 170 t r i a l s ) : 
1.00 ± 0 .35 N vs. 1.05 ± 0.48 N. (Notab ly , the total l oad fo rce , 4 N, w a s unde r s e r v o con t ro l . ) W e 
o b s e r v e d f ewe r t r ia ls w i th load force red is t r ibut ion hav i ng l ikely b e e n c a u s e d by s l ips in t he e x p e r i m e n t a l 
u n i m a n u a l g rasp cond i t i on than wi th the b i m a n u a l g r a s p con f i gu ra t i on (94 out of 128 ; 7 3 % ) . T h e m o d e l 
p red ic ted an e v e n lower f requency of f r ic t iona l re la ted red is t r ibu t ion in th is g rasp c o n d i t i o n (59 % o f all 
t r ia ls) . In teres t ing ly , th is ag rees wi th the genera l l y w e a k e r ef fect of t h e f r ic t ional cond i t i on o n load 
red is t r ibu t ion a n d adap ta t i on of no rmak tangen t i a l f o rce rat io for the r ight m idd le f i nge r c o m p a r e d to the 
left i n d e x f inger (F ig . 3 .2 , top pane ls ) . F u r t h e r m o r e , on a v e r a g e , t he p red i c ted o n s e t s o f s l i p - induced 
force red is t r ibu t ion a n d f ina l stat ic load fo rces r e a s o n a b l y m a t c h e d t h e expe r imen ta l d a t a (142 ± 5 2 m s 
vs. 152 ± 4 0 m s a n d 1.33 ± 0 . 5 1 N vs. 1.44 ± 0.50 N.). H o w e v e r , o n the s ing le tr ial level t he co r re la t i on 
b e t w e e n t he p red ic ted a n d observed da ta we re ra ther p o o r ( r 2 =0 .08 p < 0 . 0 2 and r 2 = 0 . 2 8 p < 0 . 0 0 0 1 for 
onse t l a tency and stat ic fo rce , respect ive ly ; 128 t r ia ls ) . 
In s u m m a r y , the m o d e l s e e m e d to ef f ic ient ly cap tu re t w o essen t ia l pe r i phe ra l m e c h a n i s m s invo lved in 
the a d a p t a t i o n to d i f fe rent ia l f r ict ional cond i t i ons : load par t i t ion ing m e d i a t e d by sl ip a n d s l id ing at the 
digit c o n t a c t i n g the m o s t s l ippery con tac t sur face . W e be l i eve that t h e sub jec ts did i ndeed take 
a d v a n t a g e of th is m e c h a n i s m but that add i t iona l fac to rs m a y have c o n t r i b u t e d , espec ia l l y dur ing the 
u n i m a n u a l g rasp cond i t i on . 
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A B 

F i g u r e 3 .9 . Asymmetric load force partitioning between fingers by changes in finger stiffness in the 
direction of loading. The relative stiffness of the two fingers seemed to be actively adjusted in A at 
normahtangential force ratios well above the ratios at which slips occurred at the end of the trial (both fingers 
exposed to sandpaper). In B the tangential force traces were different from the onset of the load ramp indicat ing 
a difference in mechanical stiffness at the two fingers from the start of the trial (an anticipatory stiffness control) . 
A and B , thick lines represent the right index finger and the thin lines the cooperating middle finger (un imanua l 
grasp). Solid and dashed horizontal lines represent the static slip ratio recorded at the end of the trials for the 
right index (filled arrowhead) and middle finger (open arrowhead), respectively. Arrows and vertical l ines 
indicate the moment when the difference in the mechanical stiffness appeared. 

3.3 .5 Differences between the unimanual and bimanual grasp configurations 
In a b o u t 3 0 % of the t r ia ls dur ing the u n i m a n u a l g rasp cond i t ion w e o b s e r v e d a c h a n g e in par t i t ion ing of 
the load b e t w e e n the e n g a g e d f ingers tha t a p p e a r e d c lose to the onse t of the t r iggered no rma l f o r c e 
r e s p o n s e ; on ly a f e w s u c h tr ials w e r e o b s e r v e d wi th the b imanua l g rasp con f igu ra t ion . T h e s t i f fness in 
the l oaded d i rec t ion s u d d e n l y d e c r e a s e d a n d the fo rce rat io marked l y inc reased at t he m i d d l e f i nge r 
(F ig . 3 . 9A ) . Fr ic t ional s l id ing w a s c o n s i d e r e d an unl ike ly exp lana t ion of t hese red is t r ibu t ions of 
t angen t ia l f o rce b e c a u s e t h e y occu r red a t no rmah tangen t ia l fo rce rat ios m o r e than t w i c e the e s t i m a t e d 
stat ic s l ip rat io. Fu r the rmore , such red is t r ibu t ions w e r e obse rved w h e n the midd le f i nge r w a s in c o n t a c t 
w i th r a y o n as wel l as w i th sandpape r . F igu re 9A ac tua l ly s h o w s a trial w i th s a n d p a p e r at both c o n t a c t 
su r faces . In th is c a s e the sub jec ts s e e m e d to have inappropr ia te ly an t i c ipa ted rayon at t h e digi t 
a c c o m p a n y i n g the r ight m idd le f inger . T h e s e red is t r ibut ions thus s e e m e d to ref lect ac t i ve c h a n g e s in 
fo rce coo rd ina t i on re la ted to an t i c ipa to ry m e c h a n i s m s par t icu lar ly ope ra t i ve in the u n i m a n u a l g r a s p 
cond i t i on (as s u c h , t hey a lso exp la in t he w e a k e r p e r f o r m a n c e of our theore t i ca l m o d e l in th is cond i t i on ) . 
L i kew ise , s u c h m e c h a n i s m s wou ld h a v e con t r ibu ted to the h igher no rmah tangen t i a l f o r ce rat ios for t he 
r ight m i d d l e f inger than for the left i ndex f inger w h e n t hese digits c o n t a c t e d s a n d p a p e r (F ig . 3.2, t op 
pane ls ) . A s t ronger an t ic ipa tory i n f l uence dur ing t he un imanua l cond i t ion w a s also s u g g e s t e d by the 
s t ronge r e f fec t of the p rev ious f r ic t ional cond i t ion o n the probabi l i ty of losing the ob jec t d u e to overa l l 
s l i ppage (F ig . 3.7). F inal ly , wi th two sub jec t s who mos t s t rong ly rel ied on the right i ndex f inger to 
rest ra in the ob jec t in the u n i m a n u a l cond i t i on (digi tal b ias) we repea ted ly obse rved that the t angen t i a l 
fo rces at t he two f ingers i nc reased at m a r k e d l y d i f ferent rates, and this w a s appa ren t a l ready f r om the 
beg inn ing of the loading p h a s e rega rd less of sur face cond i t ion (Fig. 3 .9B; a lso see m i d d l e p a n e s o f F ig. 
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3.2). N o t e , however , t ha t this d i f fe rence in f inger s t i f fness m a y have been c o m b i n e d w i t h load 
red is t r ibu t ions m e d i a t e d by s l ips and c reeps . 

3.4 Discussion 
The resu l t s o f the p resen t s tudy d e m o n s t r a t e that h u m a n s ad jus t the no rmak tangen t i a l f o r c e rat ios at 
the s e p a r a t e ob jec t -d ig i t in ter faces to d i f ferent local f r ic t iona l cond i t i ons . S u c h d ig i t -spec i f i c con t ro l of 
fo rce ra t ios h a s p rev ious l y been d e m o n s t r a t e d w h e n peop le lift a pass ive ob jec t us ing a p rec i s i on g r ip 
(Edin e t a l . 1992 ; Burs ted t et a l . 1997b) , as wel l as w h e n they rest ra in ac t ive ob jec ts as in t he p r e s e n t 
s tudy (Bu rs ted t et a l . 1997a) . Howeve r , th is is t he f irst s t udy tha t expl ic i t ly a d d r e s s e s h o w t h e s e 
a d j u s t m e n t s o f the no rmak tangen t i a l f o r ce rat ios are i m p l e m e n t e d immed ia te l y af ter a c h a n g e f r o m a 
s imi la r t o a d i f ferent f r ic t iona l cond i t ion at two d ig i t -ob jec t in te r faces . T h e resu l ts d e m o n s t r a t e tha t o n e 
pr inc ipa l m e c h a n i s m invo lved is that sub jec ts ac t i ve ly exp lo i t s l ips or c reep to ach ieve a su i t ab le 
par t i t ion ing of the tangen t ia l load b e t w e e n the d ig i ts . First, s l i ppage at the dig i t con tac t i ng t h e m o r e 
s l ippery con tac t su r f ace w a s o b s e r v e d in a large major i ty o f t r ia ls wi th the s a n d p a p e r - r a y o n su r f ace 
c o m b i n a t i o n . S e c o n d , o u r theoret ica l m o d e l i nd ica tes tha t sl ip b a s e d load fo rce par t i t ion ing c a n be 
e x p l a i n e d if w e take b o t h stat ic a n d d y n a m i c f r ic t ion into accoun t . Of impo r tance is that , e v e n if the 
sub jec t s w e r e f ree to regu la te the norma l fo rces d i f ferent ly at e a c h digi t to ad jus t the loca l f o r c e ra t ios to 
the l oca l f r i c t ion , t hey a p p e a r e d to exp lo i t par t i t ion ing of tangen t ia l load fo rces (see a lso B u r s t e d t et a l . 
1997a ) . Yet , t o sat is fac tor i ly ope ra te the s l ip -based m e c h a n i s m for load par t i t ion ing s u b j e c t s re l ied o n a 
f inely t u n e d con t ro l o f no rma l f o rces us ing s e n s o r y in fo rmat ion f r om both e n g a g e d d ig i ts . T h a t is, 
c h a n g i n g the su r face cond i t i on at the coope ra t i ng f inger sca led the r e s p o n s e at t he f i nge r a l w a y s 
e x p o s e d to o n e and t h e s a m e su r face s t ruc tu re ( s a n d p a p e r ) . T h u s , th is s t u d y ind ica tes t ha t t h e init ial 
a d j u s t m e n t o f n o r m a k t a n g e n t i a l force rat ios at the s e p a r a t e ob jec t -d ig i t in te r faces to the l oca l f r i c t iona l 
cond i t i on d e p e n d s o n senso r imo to r p r o c e s s e s ope ra t i ng w i th both e n g a g e d d ig i ts , ra the r t h a n be ing 
g o v e r n e d by d ig i t -spec i f i c cont ro l le rs (cf. Edin et a l . 1992) . 

3.4.1 Slip based mechanism for adjustment of local normal:tangential force ratios 
It cou ld be di f f icul t to ident i fy prec ise ly h o w sub jec ts par t i t ioned the load f o r ce in ind iv idua l t r ia ls : S l ips 
and an t i c i pa to r y d i f fe rent ia l c h a n g e s o f d ig i ta l s t i f fness in the load ing d i rec t ion cou ld r ide o n top a 
s ign i f i can t b ias to rely m o r e on the right index f inger . Neve r the less , sub jec ts s e e m e d to d e p e n d a l m o s t 
ent i re ly on t he 'sl ip s t ra tegy ' in the b imanua l g rasp con f igu ra t ion for an a d e q u a t e load f o r c e par t i t i on ing , 
but s u c h a 's l ip st rategy" w a s a lso obse rved in a major i ty o f the tr ia ls in the un imanua l g r a s p c o n d i t i o n . 
W e c o n c l u d e tha t t h e s e sl ips w e r e p l anned , b e c a u s e t h e y did not induce the overa l l u p g r a d i n g of the 
no rma l fo rce leve l to avo id the fur ther s l i ppage as it has b e e n repeated ly d e m o n s t r a t e d in l i f t ing t a s k s 
( J o h a n s s o n a n d W e s t l i n g 1984a ; Edin et a l . 1992 ; see a l so Edin et al . 1993) . The re are r e a s o n s to 
be l ieve that t he s l i p -based m e c h a n i s m for load par t i t ion ing is c o m m o n to d i f ferent t ype o f t asks . T h a t is, 
sl ips p r o b a b l y a c c o u n t for load par t i t ion ing du r ing the p h a s e of paral le l f o rce inc rease a lso w h e n p e o p l e 
lift o b j e c t s i m m e d i a t e l y af ter a c h a n g e to a m o r e s l ippery su r face cond i t ion on o n e digi t (Ed in et a l . 
1992) . No tab l y , both in the restra int o f ac t ive ob jec ts and in the lifting of pass i ve ob jec ts t he tangen t i a l 
fo rces app l i ed by the t w o e n g a g e d dig i ts are cons t ra ined in a s imi lar manne r ; the s u m of t he tangen t ia l 
fo rces h a s to be equa l to the load force i m p o s e d by the m a n i p u l a n d u m , or by the lifting f o r c e to 
o v e r c o m e ob jec t we igh t , respect ive ly . In the s tudy by Ed in et a l . (1992) w e did not exp l ic i t ly c o n s i d e r 
this s l i p based s t ra tegy of load par t i t ion ing ma in l y b e c a u s e the no rmak tangen t i a l fo rce ra t ios r e c o r d e d in 
the l o a d p h a s e genera l l y were h igher t han the stat ic sl ip rat ios m e a s u r e d at the end of t r ia ls . T h e 
p resen t resu l ts h o w e v e r ind icate that a t rue sl ip ratio can be substant ia l l y h igher dur ing t h e ear ly p h a s e 
of a t r i a l , i.e., shor t ly a f te r that the ob jec t has been g r i pped , than a coup le of s e c o n d s later. Tha t f r ic t ion 
i nc reased du r ing a tr ial m a y be due to an inc reased adhes ion wh i le the f inger g radua l l y m o l d s to the 
deta i ls o f the con tac t su r face (cf. de fo rmat iona l and adhes iona l f r ict ion in Moore 1972) . It is a lso 
poss ib le that s w e a t a c c u m u l a t e d at the sk in -ob jec t in ter face: s w e a t i nc reases the fr ict ion par t i cu la r ly for 
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mater ia ls w i th s m o o t h e r su r faces , e .g . , t he rayon su r face in th is s tudy ( J o h a n s s o n a n d W e s t l i n g 1 9 8 4 a ; 
Smi th e t a l . 1997 ) . 

3.4.1.1 Parametric adjustments of normal forces 
T h e sl ip b a s e d m e c h a n i s m for ad jus t ing t he local no rmah tangen t i a l f o rce rat ios requ i res a f ine t u n e d 
coo rd i na t i on o f n o r m a l fo rces . That is, wh i l e the n o r m a l fo rce at the m o r e s l ippery s u r f a c e has to be 
c o m p a r a t i v e l y l ow to a l l ow for s l i ppage to occur , the n o r m a l fo rce app l ied by the non -s l i pp ing d ig i t a t t he 
s a m e t i m e h a s to b e h igh e n o u g h to p r e v e n t loss o f the m a n i p u l a n d u m w h e n th is digi t r e c e i v e s the 
h igher t a n g e n t i a l load d u e to the s l i ppage at the a c c o m p a n y i n g f inger. In l ine wi th th is w e o b s e r v e d tha t 
the a d j u s t m e n t s in no rma l force induced by f r ic t ional c h a n g e s w a s simi lar , o r e v e n s t ronge r , on the r ight 
index f i n g e r at w h i c h t h e f r ict ion r e m a i n e d cons tan t as c o m p a r e d to the coopera t i ng f i nge r sub jec t to 
f r ic t ional c h a n g e (a lso s e e Burs ted t et a l . 1997a) . Th is a l so app l ies w h e n peop le lift p a s s i v e ob jec t s w i t h 
ver t ica l para l le l gr ip su r f aces us ing two f i nge red oppos i t i on g rasps (Edin et a l . 1992 ; Bu rs ted t et a l . 
1997b ) : in th is t ask the norma l fo rces a re mechan i ca l l y cons t ra ined to be s imi lar . In e i the r t y p e o f t ask 
the e m p l o y e d n o r m a l f o rces are sca led a t both e n g a g e d d ig i ts by the ' ave rage ' f r ic t ion at the va r i ous 
d ig i t -ob jec t c o n t a c t a r e a s . As prev ious ly s h o w n in rest ra in expe r imen ts in w h i c h the s u b j e c t t ook up t h e 
load o n l y a t o n e digi t (Co le and J o h a n s s o n 1993) , the f r ic t ional cond i t ion 'g lobal ly ' s c a l e d the a m p l i t u d e 
of the n o r m a l f o r ce wh i le the w a v e f o r m o f the t r iggered no rma l fo rce r esponses w a s little i n f l uenced . 
Th is a d j u s t m e n t o f the no rma l fo rce 'ga in ' is pr imar i ly con t ro l led in a feed - fo rward manne r : Sub jec t s 
ex t rac t f r i c t ion re la ted in fo rmat ion f rom s igna l s in c u t a n e o u s senso rs du r i ng the init ial s k i n -ob jec t c o n t a c t 
( J o h a n s s o n a n d W e s t l i n g 1987; Co le a n d J o h a n s s o n 1993 ) and use f r ic t ional i n fo rmat ion g a i n e d in 
p rev ious in te rac t ions w i t h the ob jec t as d e m o n s t r a t e d in t h e p resen t resul ts . In terest ing ly , s o m e s u b j e c t s 
repor ted tha t t h e y w e r e not a w a r e of a su r f ace c h a n g e w h e n init ial ly t ouch ing the m a n i p u l a n d u m , o r 
even a f te r a par t i cu la r tr ia l had been c o m p l e t e d . St i l l , f o r ces we re a d e q u a t e l y a d a p t e d to the p reva i l i ng 
su r face c o n d i t i o n . 
S u c c e s s f u l d ig i t spec i f i c ad jus tmen t o f t he no rmah tangen t i a l force rat io tha t exp lo i ts con t ro l l ed s l ips not 
on ly resu l t s f r o m sca l i ng the no rma l f o r ces in re lat ion to f r ic t ional cond i t i on but a lso to t he load fo rce 
rate. It h a s p rev ious l y b e e n d e m o n s t r a t e d that r esponse requ i remen ts i m p o s e d by t he rate o f t he load 
force c h a n g e du r i ng t he load phases (and un load p h a s e s ) in manua l rest ra in t asks a re m e t 
au toma t i ca l l y a n d paramet r i ca l l y ( J o h a n s s o n et a l . 1 9 9 2 b ) . T h e rate of n o r m a l fo rce c h a n g e var ies 
l inear ly w i t h t he load f o r ce rate, and the init ial ' ca tch -up ' r e s p o n s e s are cont ro l led by s e n s o r y 
i n fo rma t i on a c c o r d i n g to a 'pu lse he ight con t ro l po l icy ' (cf. F reund et a l . 1 9 7 8 ; G h e z a n d V icar io 1 9 7 8 ; 
G o r d o n a n d G h e z 1987 ) . S igna ls f r om d ig i ta l ( tact i le) a f fe ren ts ref lect ing the init ial load f o r ce rate du r i ng 
the r e s p o n s e la ten t pe r i od spec i f ies the ra te of the t r i ggered no rma l fo rce c h a n g e s in a f o r w a r d m a n n e r 
( J o h a n s s o n e t a l . 1 9 9 2 a ; H ā g e r - R o s s a n d J o h a n s s o n 1996) . FA I a f fe ren ts (Me issne r e n d i n g s ) w i th 
recep t i ve f ie lds in the g lab rous sk in a r e a s in con tac t wi th the m a n i p u l a n d u m s e e m to be in a un ique 
posi t ion to bo th in i t ia te a n d sca le the reac t ive norma l fo rce responses (Mace f ie ld et a l . 1996 ) . M o r e o v e r , 
the FA I a f fe ren ts are t he pr imary c a n d i d a t e s to c o n v e y f r ic t ional in fo rmat ion ( J o h a n s s o n a n d W e s t l i n g 
1987) . In te res t ing ly , a f fe rents f rom m u s c l e s do not r e s p o n d unti l the no rma l force r e s p o n s e is in i t ia ted 
by c o m m a n d s to the m u s c l e s and t he re fo re s e e m to ref lect ongo ing muscu la r act iv i ty ra ther t han a n y 
ob ject p r o p e r t y (Mace f i e l d and J o h a n s s o n 1996; a lso s e e H ā g e r - R o s s and J o h a n s s o n 1996) . 
O c c a s i o n a l l y w e o b s e r v e d normal fo rce r e s p o n s e s to d is t inc t s l ips late dur ing the tr ia ls, i.e., du r ing t he 
hold p h a s e (F ig . 3 .4) . T h e s e sl ip t r i ggered responses t e n d e d to inc rease t he no rmah tangen t i a l f o rce 
rat ios at bo th f i nge rs , i.e., a motor r e s p o n s e mos t l ikely med ia ted by c u t a n e o u s a f ferent s igna ls as 
p rev ious l y d e m o n s t r a t e d in lift e x p e r i m e n t s ( Johansson a n d Wes t l i ng 1984b , 1987; Ed in et a l . 1 9 9 2 ) . 
H o w e v e r , the qu i te d r a m a t i c s l ips dur ing the load p h a s e accoun t i ng for the pr inc ipa l adap ta t i on o f the 
force ra t ios to t he local f r ict ional cond i t i ons did not el icit obv ious no rma l fo rce responses . S u c h a 
var ia t ion in t he sens i t i v i ty to sl ips s e e m s purpose fu l b e c a u s e the s l ips that occu r red du r ing the load 
phase a p p e a r e d to spec i f ica l ly se rve to part i t ion the load and shou ld the re fo re not necessar i l y i n d u c e an 
overa l l u p g r a d i n g of the no rmah tangen t ia l force rat ios. P h a s e d e p e n d e n t r esponses to s l ips are a l so 
o b s e r v e d in l i f t ing t asks . Slip even ts du r i ng the load p h a s e prior to ob ject lift-off t r igger c h a n g e s in both 
the lift f o r ce ( d e c r e a s e ) and the no rma l fo rce ( inc rease) d r i ve , but w h e n t he ob ject is he ld in air, 
however , jus t the gr ip fo rce is in f luenced ( increase) ( Johansson and Wes t l i ng 1984a) . Th is p h a s e 
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d e p e n d e n c e is func t iona l s ince, in th is t ask , grav i ty res t ra ins the r e s p o n s e a l te rna t i ves p reven t i ng 
e f f ic ient l oad f o r ce ad jus tmen ts du r ing t he hold phase . A s imi lar d e p e n d e n c e on the p h a s e o f m o v e m e n t 
o r pos tu ra l s i tua t ion has been desc r i bed w i t h o ther mul t ia r t icu la te ac t ions t r i ggered by s o m a t o s e n s o r y 
input ( e . g . , Ross igno l et a l . 1988) . 

3.4.2 Anticipatory mechanisms 

S u b j e c t s ' b e h a v i o r s in t h e present e x p e r i m e n t s ind ica ted tha t the cont ro l o f f inger t ip f o r c e s w a s 
i n f l u e n c e d by the ope ra t i on of va r ious an t i c ipa to ry m e c h a n i s m s . In f luences by the s u r f a c e cond i t i on in 
p rev i ous t r ia ls w e r e exp ressed d i f ferent ly in the u n i m a n u a l and b i m a n u a l g r a s p cond i t i ons . A s s u c h , t he 
e x p r e s s i o n of v a r i o u s an t ic ipa tory m e c h a n i s m s suppo r t i ng adap ta t ion of l imb m e c h a n i c s a c c o r d i n g to 
t a s k d e m a n d s a r e cons is ten t w i th the no t i on that t he C N S uses in ternal m o d e l s of r e levan t ob jec t a n d 
t a s k p rope r t i es du r i ng man ipu la t i on ( J o h a n s s o n a n d Co le 1992; Lacquan i t i 1992; J o h a n s s o n 1 9 9 6 b ; 
F l a n a g a n a n d W i n g 1997) , inc lud ing re la ted postura l ac t i ons ( H u g o n et a l . 1982; P a u l i g n a n et a l . 1 9 8 9 ; 
M a s s i o n 1994 ; Mia l l and Wo lpe r t 1996) . 

3.4.2.1 Anticipatory effects related to surface condition in the previous trials 
Not on ly d i d the p reva i l i ng sur face cond i t i on in f luence the e m p l o y e d gr ip f o rces but s o d id t h e f r ic t iona l 
cond i t i on in the p r e v i o u s tr ia l . In f luences o f the f r ic t ional cond i t i on in p rev ious tr ials h a v e b e e n a t t r i bu ted 
to a f r ic t iona l m e m o r y w h i c h , as a part a n an t ic ipa tory p a r a m e t e r con t ro l pol icy, is e m p l o y e d in the 
con t ro l o f f i n g e r t i p fo rces ( Johansson 1996b ) . S u c h e f fec ts have b e e n o b s e r v e d in l i f t ing t a s k s at t h e 
leve l o f t h e hand ( J o h a n s s o n and Wes t l i ng 1984a; F o r s s b e r g et a l . 1995) , but a lso a t the leve l of 
s e p a r a t e d ig i ts o r g rasp su r faces (Edin e t a l . 1992 ; Bu rs ted t e t a l . 1997b) . 
In the p r e s e n t s tudy , w h e n sub jec ts had b e e n e x p o s e d to a low f r ic t ion su r f ace in o n e t r ia l , t h e y u s e d 
larger n o r m a l f o r c e s th roughou t t h e s u b s e q u e n t t r ia l . H o w e v e r , the m a g n i t u d e of t he t r i gge red i nc rease 
in no rma l fo rce w a s not s ign i f icant ly in f luenced by the f r ic t iona l cond i t ion in p rev ious t r ia ls . T h u s , in 
con t ras t t o the p r e - r e s p o n s e n o r m a l fo rce , the t r iggered r e s p o n s e a p p e a r e d to be i n f l uenced on ly by 
s e n s o r y input o b t a i n e d in the cu r ren t t r ia l , pr ior to its onse t . L i kew ise , in s tud ies by J o h a n s s o n et a l . 
( 1992b , c ) the s i z e o f t he t r iggered r e s p o n s e in rest ra in t a s k s w a s not in f luenced by load ra te and 
a m p l i t u d e in i m m e d i a t e p rev ious t r ia ls. 
Pa radox ica l l y , t h e impac t on the p re - load no rma l fo rces o f the an t i c ipa to ry ef fects re la ted to su r face 
cond i t i on in the p rev ious trial w a s nega t i ve : A s t rong re l iance on t he f r ic t ional cond i t ion in t h e p rev i ous 
t r ia l i n c r e a s e d t h e probab i l i t y of los ing t h e m a n i p u l a n d u m d u e to s l ips if t he m a n i p u l a n d u m had b e e n 
e q u i p p e d wi th a less s l ippery su r face in t h e p rev ious tr ia l . Ei ther t h e sub jec ts could not fu l ly s u p p r e s s 
t h e i n f l uences o f m e m o r y t races o f the last pe r fo rmed t r ia l , or they we re no t a lways ab le to a d e q u a t e l y 
assess t h e preva i l ing f r ic t ional cond i t i on before a n y tangen t ia l fo rces w e r e app l ied . It is, howeve r , l i ke ly 
tha t w i th i ns t ruc t i ons tha t s t rongly forb id t h e sub jec ts to l oose the ob jec t t h e y wou ld have used s t r o n g e r 
p re - load n o r m a l fo rces a n d c o n s e q u e n t l y the f r equency o f lost t r ia ls wou ld have b e e n lower . 
B e s i d e s an t i c ipa to ry e f fec ts re lated to m e m o r y m e c h a n i s m s opera t ing on a re lat ively shor t t i m e s c a l e 
pe r ta in ing to the su r face cond i t ions in the i m m e d i a t e p rev i ous tr ials, we in terpre ted t he d ig i ta l 'b ias ' to 
ref lect a n an t i c ipa to ry s t ra tegy d e v e l o p e d as a c o n s e q u e n c e of the long t e r m proper t ies o f the 
m a n i p u l a n d u m . T o res t ra in the m a n i p u l a n d u m , espec ia l l y in the b i m a n u a l cond i t i on , sub jec t s rel ied 
more o n t he f i nge r at w h i c h the f r ic t ion w a s high a n d pred ic tab le ( s a n d p a p e r sur face) t han the 
a c c o m p a n y i n g d ig i t sub jec t to unp red i c tab le f r ic t ional var ia t ion ( s a n d p a p e r or the s l i ppery rayon 
su r face ) . In con t ras t no s u c h b ias d e v e l o p e d in s imi lar b imanua l a n d un imanua l e x p e r i m e n t s w h e n the 
two f i nge rs encoun te r i ng the s a m e overa l l var ia t ions in f r ic t ional cond i t i ons (Burs tedt et a l . 1997a ) . Th i s 
k ind of b e h a v i o r might e m e r g e f r o m a con t ro l p rocess tha t uses p rev ious expe r i ences to d i f ferent ia l ly 
regu la te t he f rac t iona l s t i f fness in the load ing d i rect ion a n d to d is t r ibute t he normal f o rces a m o n g the 
digi ts o n the bas is of the long t e r m asymmet r i c p roper t ies o f the m a n i p u l a n d u m . Impor tan t l y , desp i t e the 
p r e s e n c e of a d ig i ta l b ias in favor o f the r ight index f inger the n o r m a f t a n g e n t i a l fo rce rat ios we re 
ad jus ted to the loca l f r ic t ion at bo th d ig i ts . 

4 6 



W e h a v e c o n s i d e r e d s im i la r an t i c ipa to ry m e c h a n i s m s to h a v e a m a j o r input on the con t ro l o f the loca l 
force ra t ios in ou r p rev i ous s tud ies in w h i c h the su r face mate r ia l s w e r e kep t cons tan t in b l ocks o f t r ia ls 
(Burs ted t et al. 1 9 9 7 a - b ) . T h e s e m e m o r y m e c h a n i s m s a re e x p r e s s e d after learn ing f r o m p rev i ous t r ia ls 
abou t w h i c h fo rces and fo rce rat ios to a p p l y us ing the ind iv idua l d ig i ts . S u c h a s t ra tegy m a y a lso e x p l a i n 
the coord ina ted b e h a v i o r w h e n t w o sub jec t s repet i t ive ly l i f ted a test ob jec t w h o s e s u r f a c e mate r ia l s 
we re kep t cons tan t w i th e a c h sub jec t con t r ibu t ing by one f inger in a oppos i t i on gr ip (Bu rs ted t et a l . 
1997b) . I ndeed , sub jec t s ev iden t l y a t t e m p t e d to use such an t i c ipa to ry cont ro l a lso in t he p resen t s tudy , 
pr imar i ly in the u n i m a n u a l g rasp cond i t i on . However , the unp red i c tab le f r ic t ional var ia t ion at o n e d ig i t 
e l im ina ted its e f fec t ive u s e . 

3.4.2.2 Unimanual vs. bimanual tasks 
The u n i m a n u a l g rasp cond i t i on invo lved f ingers tha t we re con t ro l l ed by part ia l ly o v e r l a p p i n g m u s c l e 
g roups ra ther t h a n by s e p a r a t e m u s c l e s w h e r e a s in the b imanua l g rasp con f igu ra t ion t he re w a s no s u c h 
over lap . B a s e d o n the p resen t resu l ts a n d ou r p rev ious o b s e r v a t i o n s (Burs ted t et a l . 1 9 9 7 a ) , we 
neve r t he less p r o p o s e t ha t s imi lar in ter -d ig i ta l con t ro l m e c h a n i s m s m a y o p e r a t e at t he f i nge rs of o n e a n d 
two h a n d s . Such 'mo to r e q u i v a l e n c e ' a l l ows h u m a n s and an ima ls to f lex ib ly e m p l o y v a r i o u s e f fec to rs or 
c o m b i n a t i o n the reo f to c a r r y out de f ined t a s k s unde r cond i t i ons that m a y requ i re nove l jo in t 
con f i gu ra t i ons (e .g . , A b b s and C o l e 1987 ) . It is t o d a y we l l d o c u m e n t e d tha t the basic coo rd i na t i on o f 
d igi ts for g rasp stabi l i ty s h o w s ef fec tor i nva r iance for a va r ie ty of g r i ps , inc lud ing o n e - a n d t w o - h a n d e d 
gr ips , ' i nve r ted ' g r i ps ( F l a n a g a n a n d Tres i l i an 1994 ; Burs ted t et a l . 1997a -b ) and mul t id ig i t g r ips 
(K inosh i ta et a l . 1 9 9 5 ; F l a n a g a n et a l . 1997) . However , o n e in teres t ing d i f fe rence tha t w e o b s e r v e d 
b e t w e e n t h e two g rasp con f i gu ra t i ons c o n c e r n e d t he e f fec ts by t he f r ic t iona l cond i t ion of t he p rev ious 
tr ia l : t he r isk of los ing the ob jec t af ter a c h a n g e f r om s a n d p a p e r to rayon at o n e con tac t s u r f a c e w a s 
c lear ly h i g h e r in t h e u n i m a n u a l g r a s p cond i t i on (F ig . 3.7). T h i s s u g g e s t s tha t the adap ta t i on o f the loca l 
no rmah tangen t i a l f o rce ra t ios w a s m o r e in f luenced by the p rev ious f r ic t iona l cond i t i on in the u n i m a n u a l 
t han in t h e b i m a n u a l g r a s p con f igu ra t ion . Ra the r t h a n ana tom ica l cons t ra in t s this d i f f e rence wou ld 
ref lect d i f f e rences in the cont ro l o f the t w o g rasps . It is ev iden t f r om o u r p rev ious s tudy in w h i c h the 
sur face ma te r i a l s w e r e kep t cons tan t in b l ocks of t r ia ls, t ha t the d ig i ts have a s imi lar c a p a c i t y to w o r k 
i ndependen t l y in t he u n i m a n u a l a n d b i m a n u a l cond i t ion in the p resen t t ype o f restra in t ask (Bu rs ted t et 
a l . 1 9 9 7 a ) . 

4 E x p e r i m e n t III 

4.1 Introduction 
In d e x t e r o u s man ipu la t i on h u m a n s prec ise ly cont ro l f inger t ip fo rces app l ied to a ta rge t ob jec t c o n c e r n i n g 
their d i r ec t i on , m a g n i t u d e , and rate of c h a n g e . A l t hough litt le is k n o w n abou t the e n c o d i n g o f f inger t ip 
fo rces b y tact i le s e n s o r s in man ipu la t i on , s igna ls in tact i le af ferent f r o m the f inger t ips p lay a c ruc ia l ro le 
in the con t r o l of m a n i p u l a t i v e ac t ions (e .g . , Mott and Sher r ing ton 1 8 9 5 ; M o b e r g 1962 ; J o h a n s s o n a n d 
Wes t l i ng 1984a, 1987 ; J o h a n s s o n et al . 1 9 9 2 ; J e n m a l m a n d J o h a n s s o n 1997) . M o s t p r e v i o u s s t ud i es of 
tact i le sens ib i l i t y in h u m a n s and o the r p r ima tes have been l imited concep tua l l y to i ssues re la ted to 
pe rcep t i on of t o u c h s t imu l i in the con tex t o f tacti le exp lo ra t i ve tasks . T h e s e s tud ies typ ica l l y a d d r e s s t he 
spa t i o - tempora l e n c o d i n g of f ine tact i le pa t te rns that indent the sk in or a re s c a n n e d ac ross the f inger 
t ips u n d e r low con tac t f o r c e s , e .g . , f inely cu rved su r faces , Brai l le l ike pat te rns , f ine g ra t i ngs and b rush 
st imul i ( e . g . , Edin et a l . 1 9 9 5 ; G o o d w i n et a l . 1997; J o h n s o n and H s i a o 1992 ; N a k a z a w a et a l . 2 0 0 0 ; 
S r i n i vasan et al. 1990) . T h e con tac t fo rces appl ied in t h e s e s tud ies a re genera l l y b e l o w 1 N, wh i ch is an 
order of m a g n i t u d e lower than t h o s e app l ied dur ing c o m m o n man ipu la to ry tasks . T h e on ly s tud ies 
pub l i shed so far, us ing f o r ces of m a g n i t u d e s rep resen ta t i ve for mos t man ipu la t i ve tasks , o r ig ina te f r o m 
our l abo ra to ry ( J o h a n s s o n and Wes t l i ng 1 9 8 7 , 1 9 9 0 ; Wes t l i ng and J o h a n s s o n 1987; Mace f i e ld et a l . 
1996) . H o w e v e r , t hese s tud ies pr imar i ly a d d r e s s e d responses in h u m a n tact i le a f ferent in re la t ion to 
d iscre te mo to r con t ro l e v e n t s du r ing man ipu la to ry tasks a n d did not sys temat i ca l l y a d d r e s s the c a p a c i t y 
of the a f fe ren t to e n c o d e f inger t ip fo rces . 
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C o n c e r n i n g d i rec t ion o f fingertip fo rces p rev ious repor ts h a v e s u g g e s t e d tha t h u m a n a f fe ren ts , in 
par t i cu la r SA- I I a f fe ren ts , can e x h i b i t d i f ferent sensi t iv i ty t o tangen t ia l load fo rces in d i f fe ren t d i r ec t i ons 
(Wes t l i ng and J o h a n s s o n 1987; Mace f i e ld et al. 1 9 9 6 ) . T h i s is in a g r e e m e n t with t h e d e m o n s t r a t i o n tha t 
p l ana r s t r e t ch o f the s k i n surface c a n exc i te SA-I I a f fe ren ts in a d i rec t iona l d e p e n d e n t m a n n e r (Kn ibes to l 
a n d V a l l b o 1970 ; Johansson 1978) . Fur thermore , regard less of t y p e of tac t i le a f fe ren t in t h e p r ima te 
g l a b r o u s s k i n , the responses in m o s t a f ferents to s t imul i t h a t m o v e ac ross t h e recep t i ve f ie ld are 
typ ica l ly d i f fe ren t w h e n t h e stimuli m o v e in oppos i te d i rec t ions ( G o o d w i n a n d Mor ley 1987 ; L a M o t t e a n d 
S r i n i v a s a n 1987 ; Edin e t al . 1S95 ) . 
He re w e a n a l y z e d the s e n s i o V y o f the va r ious t y p e s of tac t i le a f fe rents to fo rce d i rec t i on us ing 
s t a n d a r d i z e d f o r ce s t imu l i del iv&red to t h e f ingert ip a t magn i t udes a n d rates c o m p a t i b l e w i th t hose 
ar is ing in e v e r y d a y manipulat ive: tasks . T o obtain a representa t ive p ic ture o f the r e s p o n s e s in a 
popu la t i on o f a f fe rents , w e s t imu la ted a s tandard s i t e at t h e tip of t h e distal pha lanx , wh i le al l a f fe ren ts 
e n c o u n t e r e d at t he d i s ta l phalanx we re recorded ( s e e a lso Khalsa e t al. 1 9 9 8 ; J o h n s o n 1974 ) . In 
par t icu lar , w e i nves t i ga ted t n e d e g r e e to w h i c h v a r i o u s t y p e s of a f fe ren ts s h o w d i rec t iona l p r e f e r e n c e s . 
W e w e r e a l so in te res ted in .vf iether such p r e f e r e n c e s are related t o the loca t ion o f t h e a f fe ren ts ' e n d -
o rgans in re la t ion to the si te o f s t i m u l a t i o n (see e . g . , Kn ibesto l and Va l lbo 1970 ; J o h a n s s o n 1978) a n d 
w h e t h e r an i so t rop i c mechanical p rope r t i es of the f inger t ip con t r i bu tes to s u c h d i rec t iona l i ty . 

F i g u r e 4 . 1 . Elect romec al stimulator (manipulator) with three degrees of freedom (force and posit ion 
control) and its support frame A T h e stimulator and its adjustable support frame with linear and rotational step 
motors a l lowing several degrees) f freedom in positioning the manipulator. B T h e stimulator and its housing. C 
Details o f one of the linear m-tos and its position transducer. 

4.2 Materials and Methods 

4.2.1 Subjects and genevhfocedure 

Th i r t y - th ree hea l thy h u m a n n o t e c t s (21 fema les a n d 12 ma i l s ; a g e 19-30 years) pa r t i c ipa ted in the 
e x p e r i m e n t s . T h e local e t t r . a ' : o m m i t t e e at U m e ā Univers i ty had a p p r o v e d the s t u d y and e a c h sub jec t 
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g a v e his or her i n f o rmed c o n s e n t in a c c o r d a n c e wi th t h e Dec lara t ion of He ls ink i . T h e sub jec t s 
c o m f o r t a b l y rec l ined in a dent is t 's cha i r w i th the r ight u p p e r a r m abduc ted a p p r o x i m a t e l y 30° a n d the 
e l b o w e x t e n d e d to a p p r o x i m a t e l y 120° (F ig . 4 .1A) . A v a c u u m cas t immob i l i zed the f o r e a r m a n d V e l c r o ® 
st r ips s t r apped the wr i s t for add i t iona l f ixa t ion of the a r m . T h e dorsa l aspec t of the r ight hand w a s 
e m b e d d e d , p a l m - u p , in p last ic ine up to the mid - leve l o f the in te rmed ia te pha langes o f t h e d ig i ts . T o 
s tab i l i ze the d is ta l p h a l a n g e s , the na i ls of the index, m i d d l e a n d ring f ingers w e r e g l u e d to me ta l p l a tes , 
e a c h o f w h i c h w e r e f i rmly f i xed to a pos t sunk into t he p last ic ine. The sk in of t he d is ta l p h a l a n g e s of t he 
ta rge t d ig i ts d id not c o n t a c t the p las t ic ine , t he reby a l l ow ing the f ingert ip to d e f o r m a s it m igh t if it w a s 
ac t ive ly p ressed a g a i n s t a pass ive su r face . For fu r ther stabi l i ty , the t h u m b and little f i n g e r w e r e 
immob i l i zed by " U " s h a p e d a l u m i n u m c l a m p s a n c h o r e d to the p last ic ine. 

4.2.2 Nerve recordings and sample of afferents 

Impu lses w e r e r e c o r d e d f r om s ingle tact i le a f fe ren ts w i t h tungs ten need le e lec t rodes inser ted 
p e r c u t a n e o u s l y into t he m e d i a n ne rve , a p p r o x i m a t e l y 10 c m prox ima l to the e l b o w (Va l l bo a n d H a g b a r t h 
1968 ) . To g u i d e the reco rd ing e lec t rode t o w a r d s tac t i le a f fe ren ts innervat ing the d is ta l p h a l a n g e s o f r i gh t 
index, m idd le or r ing f ingers , one e x p e r i m e n t e r c o n t i n u o u s l y s t imu la ted the d is ta l p h a l a n g e s o f t h e s e 
f ingers by gen t le s t rok ing a n d s q u e e z i n g . O n c e an a f fe ren t w a s iso la ted, w e used ca l i b ra ted ny lon 
f i l amen ts ( v o n Frey ha i rs) to out l ine its recep t i ve f ie ld a s the sk in reg ion that w a s r e s p o n s i v e to fou r 
t imes the t h resho ld f o r ce of the mos t sens i t i ve z o n e o f the recept ive f ie ld ( J o h a n s s o n et a l . 1980 ) . T h i s 
m e t h o d to ou t l ine t h e recept ive f ield qu i te fa i thfu l ly i nd i ca tes the locat ion o f the t e r m i n a l s o f t he a f fe ren t 
( J o h a n s s o n 1978) . F o r s p o n t a n e o u s l y ac t i ve a f fe ren ts , t he th resho ld w a s de f ined as t h e fo rce o f the 
least stiff f i l amen t t h a t p r o d u c e d a c lea r modu la t i on o f t he ongo ing act iv i ty. 
T h e a f fe ren ts w e r e c lass i f ied as FA- I , FA-11, SA- I a n d SA- I I accord ing to cr i ter ia p rev ious l y d e s c r i b e d 
(e .g . , J o h a n s s o n a n d Va l lbo 1983; Va l l bo a n d J o h a n s s o n 1984) . Br ief ly, FA a n d S A a f fe ren ts 
respec t i ve l y a d a p t e d fast a n d s lowly to a ma in ta i ned inden ta t i on of the sk in , i.e., the F A ' s on ly 
r e s p o n d e d to skin d e f o r m a t i o n c h a n g e s , w h e r e a s t he SA ' s a lso s h o w e d an ongo ing r e s p o n s e du r ing 
pe r iods of s tat ic sk in d e f o r m a t i o n . T h e t ype I a f fe rents (FA-I a n d SA-I ) p o s s e s s e d sma l l a n d we l l -
de l i nea ted recep t i ve f ie lds . Conve rse l y , the recep t i ve f ie lds o f the type II a f fe rents (FA- I I and SA- I I ) w e r e 
large and poo r l y d e f i n e d ; FA- I I a f fe ren ts w e r e exc i ted by r emo te mechan i ca l s t imu la t i on , s u c h a s 
pe rcuss i on o f a d j a c e n t d ig i ts , and SA- I I a f fe rents r e s p o n d e d to p lanar sk in s t re tch a p p l i e d at s i tes 
r e m o t e f r o m the recep t i ve f ie ld as d e f i n e d by point i nden ta t i ons of the sk in . Moreover , t h e SA- l l ' s o f ten 
exh ib i ted a n o n g o i n g d i s c h a r g e in t he a b s e n c e of ex te rna l l y app l ied tact i le s t imul i . 

4.2.3 Apparatus 

M e c h a n i c a l s t imul i w e r e de l i ve red to t he t ip of the recep to r -bea r i ng f inger us ing a c u s t o m m a d e 
c o m p u t e r - c o n t r o l l e d s t imu la to r a l l ow ing 3-d force or pos i t ion cont ro l . T h e su r face that c o n t a c t e d the 
f inger t ip w a s flat a n d c i rcu la r (d iame te r 30 m m ) , and w a s coa ted wi th s i l icon ca rb ide g ra i ns ( 5 0 - 1 0 0 u rn ) 
c o v e r e d w i t h a th in layer o f c y a n o a c r y l a t e . T h e f in ish w a s s imi lar to tha t of f ine gra in s a n d p a p e r . T h e 
s t imu la to r w a s built o n th ree l inear e l ec t r omagne t i c m o t o r s w h o s e shaf ts w e r e o r ien ted in para l le l (F ig . 
4.1 B ) . E a c h shaf t w a s c o n n e c t e d v ia a two d i m e n s i o n a l h inge and a stiff rod to one c o m m o n c o n n e c t i n g 
point . A 6 -ax is f o r ce / to rque t r a n s d u c e r ( N a n o F/T t r ansduce r , AT I Industr ia l A u t o m a t i o n , Garne r , NC) 
w a s a t t ached via a ro ta t iona l jo int b e t w e e n th is point a n d the s t imu lus su r face that c o n t a c t e d t he sk in 
(F ig . 4.1 B) . Th i s a r r a n g e m e n t a l lowed t i l t ing of the f o r c e t r ansduce r and the reby the s t i m u l u s su r face . 
T h e range o f m o v e m e n t of the s t imu la to r w a s 16 m m in the ver t ica l p lane and 35 m m in the hor izon ta l 
p lane and t he m a x i m u m fo rce output in any d i rec t ion o f fo rce w a s 3 0 N . To m e a s u r e the pos i t ion of the 
s t imu lus su r face a l inear op t ica l pos i t ion t r ansduce r w a s a t tached to t he shaf t of each mo to r a n d a 
po ten t i ome te r m e a s u r e d the angle b e t w e e n the connec t i ng point of the rods and the fo rce t r ansduce r 
(F ig . 4 . 1 C ) . T h e s i gna l s f r o m the t r a n s d u c e r s we re u s e d for f eed -back cont ro l of pos i t ion or fo rce in 
th ree d i m e n s i o n s , rea l i zed by a so f twa re b a s e d con t ro l a lgo r i thm, and the f eedback p a r a m e t e r s w e r e 
largely d e t e r m i n e d by a learn ing p r o c e d u r e . T h e reso lu t ion of the pos i t ion s igna ls w a s 0.2 urn ( r .m.s . ) , 
and after l i near i za t ion wi th a third o rde r equa t i on the l inear i ty of the pos i t ion s igna l w a s better than 0.05 
% w i th in the total r a n g e of opera t ion w i th a no ise that w a s typ ica l ly less that 0.56 u rn ( r .m.s . ) . To 
imp rove the reso lu t ion and b a n d w i d t h of the force m e a s u r e m e n t , w e subs t i tu ted the e lec t ron ics that w a s 
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de l i ve red w i th the N a n o F/T t r ansduce r w i th c u s t o m m a d e e lec t ron ics a l l ow ing abou t 17 bits reso lu t i on 
a n d a b a n d w i d t h o f 0 to 2 . 9 kHz. In all t h ree d i m e n s i o n s t h e no ise o f the f o r ce m e a s u r e m e n t w a s less 
t h a n 0 . 9 m N ( rms. ) . W h e n the s t imu la t ion sur face c o n t a c t e d the sk in we cou ld instant ly sw i t ch the s e r v o 
m o d e b e t w e e n pos i t ion to fo rce con t ro l . By using both the set and t he ac tua l va lues o f f e r e e and the 
pos i t ion w h e n sw i t ch ing cont ro l m o d e , w e avo ided m e c h a n i c a l ar t i fac ts du r i ng the sw i t ch ing . 
T o pos i t ion the s t imu la t i ng su r face to a des i red locat ion o n the h a n d , the suppo r t f r a m e o f the s t i m u l a t o r 
w a s bui l t o n s t e p - m o t o r s , th ree l inear a n d o n e ro ta t ional , d e s i g n e d for numer i ca l l y con t ro l l ed mi l l ing 
m a c h i n e s (F ig . 4 . 1 A ) . T h e expe r imen te r t h rough joys t i ck v ia a m i c r o p r o c e s s o r con t ro l l ed t h e s e s tep 
mo to rs , a n d o n c e pos i t i oned the suppo r t s ys tem w a s locked in p lace at h igh stabi l i ty . T e n s t imu la t i on 
s i tes c o u l d be s to red in t he m e m o r y o f th is processor . T h e s t i f fness o f the s y s t e m m e a s u r e d b e t w e e n 
t he s t i m u l u s su r f ace a n d the hand suppo r t w h e n the su r f ace w a s u n d e r pos i t i on con t ro l w a s > 4 0 N / m m 
rega rd l ess o f load ing d i rec t ion a n d pos i t ion of the suppo r t f r ame . 
W e p r o g r a m m e d the m o v e m e n t of t he s t imu la t ion su r f ace in c o o r d i n a t e s o f t he hand a n d t he or ig in of 
t he coo r d i na te s y s t e m w a s the p r imary s i te of s t imu la t ion . T o th is e n d , w e u s e d for coo rd i na te 
t r ans fo r ma t i ons t he a n g u l a r pos i t ion in fo rmat ion of the jo in t a t tach ing the f o r ce t r a d u c e r t o t he rods o f 
t he m o t o r s a n d tha t p r o v i d e d by a po ten t i ome te r coup led to t h e ro ta t iona l s t ep -mo to r l oca ted b e t w e e n 
t he s u p p o r t f r a m e a n d t he s t imula tor . C o r r e s p o n d i n g t r a n s f o r m a t i o n s a lso a l l o w e d us t o m e a s u r e 
m o v e m e n t s a n d f o r c e s in hand coo rd i na tes . Speci f ica l ly , ou r th ree d i m e n s i o n a l o r t h o g o n a l co -o rd i na te 
s y s t e m w a s de f i ned a s fo l lows : n o r m a l f o r ce ( F N ) a n d pos i t ion ( P N ) w a s m e a s u r e d a long the ax is 
pe rpend i cu l a r to the c e n t e r of the s t imu lus sur face . T h e o the r t w o a x e s w e r e o r ien ted in the p lane o f t he 
s t imu lus su r face , o n e a long the f inger t ip in the d is ta l -p rox ima l d i rec t ion ( F D . P , P D . P ) and o n e t r a n s v e r s e 
to the leng th ax is of the f inger in the rad ia l -u lnar d i rec t ion ( F R _ N , P R U ) ( see F igs . 4 . 2 A a n d B). 

0.250 0.125 0.250 0.125 Time, S 

F i g u r e 4 . 2 . Force stimulation of the fingertip. A . The stimulation surface, driven by the computer -
controlled motor (Fig. 1 ) , was oriented parallel to the ilat portion of skin at the fingertip and brought in contact 
with the skin under position control until the normal force reached 0.2 N. Force stimuli were superimposed on 

this background contact force and were delivered in the normal force direction (0°) and with tangential force 

components in distal, radial, proximal and ulnar directions at an angle 20° to the normal as indicated by the 
arrows. B. The site of initial contact with the skin by the stimulation surface is indicated by the filled circle in 
this volar view of fingertip. The approximate skin area in contact with the stimulation surface at 4N normal force 
is shaded. C Profile and phases of the force stimulus. Fiach stimulus consisted of a force protraction phase a 
force plateau phase a force retraction phase. 
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4.2.4 Stimulation site 

I r respec t i ve of t he loca t ion of the recep t i ve f ie ld of the a f fe ren ts , w e app l ied the s t imu l i to a s t a n d a r d tes t 
s i te the f inger t ip . For e a c h f inger ( index, m idd le a n d r ing f inger ) w e de f i ned the n o m i n a l s i te o f 
s t imu la t i on by the m idpo in t of a l ine ex tend ing in t he p rox ima l -d is ta l d i rec t ion b e t w e e n t h e w h o r l o f the 
pap i l la ry r idges a n d the very d is ta l end o f the f inger t ip (F i g . 4 .2B) . Th i s po in t is loca ted a p p r o x i m a t e l y in 
the cen te r o f the f lat por t ion of the vo lar s u r f a c e o f the f inger t ip . Th is f lat por t ion , w h i c h c a n be 
r e c o g n i z e d in a s ide pro jec t ion of mos t f i nge r t i ps (F ig . 4 . 2 A ) , se rves as a p r imary t a rge t for ob jec t 
con tac t in goa l -d i rec ted f ine man ipu la t ion o f sma l l o b j e c t s and is e n g a g e d in 65 - 98 % o f " t ip- to- t ip" 
p rec is ion gr ips (Chr is te l et al . 1998) . Be fo re the m i c r o e l e c t r o d e s w e r e inser ted , w e p o s i t i o n e d t he 
s t imu la to r at e a c h o f t h ree s t imula t ion s i tes and s to red t h e set t ings for rapid res to ra t ion o f t he a d e q u a t e 
pos i t ions o n c e a n a f fe rent w a s iso la ted. W e o r ien ted t h e s t imu la t ion su r face s u c h tha t it w a s para l le l to 
t he sk in a n d c e n t e r e d at e a c h s t imu la t ion s i te . 

4 .2 .5 Force stimuli 

W e s o u g h t to c h o o s e pa rame te r s o f f e r e e s t imu la t ion t h a t w e r e c o m p a r a b l e to t h o s e t ha t o c c u r in 
natura l m a n i p u l a t o r y t asks . To th is end w e used f o r ces t h a t were s imi la r to t hose s u b j e c t s w o u l d a p p l y 
w h e n u s i n g a p rec i s ion g r ip to lift an ob jec t we igh t i ng 2 5 0 - 300 g wi th f lat ver t ica l gr ip s u r f a c e s tha t 
p rov ided a n i n te rmed ia te f r ic t ion in re lat ion to t h e f i nge r t i ps (see, e .g . , ( J o h a n s s o n a n d W e s t l i n g 1 9 8 4 a ; 
Wes t l i ng a n d J o h a n s s o n 1984)) . Tha t is, a t the p l a teau p h a s e of t he s t imu la t ion , the t a n g e n t i a l l oad at 
e a c h f inger t ip w a s at a b o u t 1.4 N e w t o n a n d the n o r m a l f o r ce that co r responds to the g r ip f o r c e w a s 4 
N e w t o n . L i kew i se , the no rma l and tangen t ia l f o rce c o m p o n e n t s w e r e cons t ra ined to c h a n g e in para l le l 
f o l l ow ing a s inuso ida l w a v e f o r m w h o s e pe r iod w a s t y p i c a l for force c h a n g e s dur ing lifts w i t h th is we igh t . 
Star t ing in the air, t he man ipu la to r m o v e d t he s t imu la t i on sur face under pos i t ion con t ro l p e r p e n d i c u l a r l y 
t o w a r d s t h e s t imu la t i on s i te , i.e., a long t he PH ax i s (F ig . 4 .2A ) . T h e ve loc i ty of the l inear m o t i o n w a s 
cons tan t at 10 m m / s . A f t e r the s t imu la t ion su r face c o n t a c t e d the sk in and the no rma l f o r c e r e a c h e d 0.2 
N, the s e r v o ins tant ly sw i t ched f r o m pos i t i on to f o r ce con t ro l . W e s u p e r i m p o s e d the f o r ce s t imu l i o n a 
0.2 N b a c k g r o u n d n o r m a l con tac t fo rce a n d the b a c k g r o u n d tangent ia l fo rces w e r e he ld at z e r o u n d e r 
servo con t r o l du r i ng t he in ter -s t imulus in terva ls . E a c h s t imu lus cons is ted o f a fo rce p ro t rac t i on p h a s e 
last ing f o r 125 m s , a p la teau p h a s e wi th c o n s t a n t fo rce f o r 250 ms and a force re t rac t ion p h a s e las t ing 
for 125 m s (F ig . 4 .2C) . Dur ing the pro t rac t ion and re t rac t ion phases , the t ime cou rse o f f e r e e c h a n g e 
fo l l owed a ha l f - s inuso id a t a s i ne -wave f r e q u e n c y o f 4 H z . T h e interval b e t w e e n t w o s u c c e s s i v e s t imu l i 
w a s e q u a l to t h e du ra t i on of the p la teau p h a s e , i.e., 2 5 0 m s , 
T h e regular sequence test inc luded f ive s t imul i t ha t all h a d a p la teau norma l fo rce at 4 N. F o u r s t imul i 
i nc luded a tangen t ia l f o r ce c o m p o n e n t tha t resu l ted in a fo rce ang le of 20° re lat ive to t he n o r m a l , in the 
radia l ( R ) , d is ta l (D) , u lna r (U) or p rox ima l (P) d i rec t i on , respec t ive ly , and one s t imu lus w a s de l i ve red in 
the n o r m a l d i rec t ion (N) (F ig . 4 .2A) . B e c a u s e o f f r i c t iona l l imits be tween the f inger t ips a n d ob jec t s (e .g . , 
( J o h a n s s o n a n d W e s t l i n g 1984b ; Cado re t a n d S m i t h 1 9 9 6 ; Smi th and Scot t 1996)) a n d re la ted 
cons t ra in t s , f o r ce ang les g rea te r than s o m e 30° a re ra re ly compat ib le wi th s tab le g r a s p s in m a n i p u l a t i o n 
(e .g . , J e n m a l m a n d J o h a n s s o n 1997) . T h i s s e q u e n c e o f s t imu la t ion w a s repea ted f ive t i m e s . Al l s t imu l i 
w i th t angen t i a l f o rce c o m p o n e n t s we re de l i ve red at f o r ce ang les that w e r e wel l w i th in t he f r ic t ional l imi ts 
b e t w e e n t he mate r ia l o f t he s t imu la t ion su r face and t he s k i n , i.e., there w e r e no s l ips i n v o l v e d . To 
h o m o g e n i z e t h e s t imu la t i on h is tory fo rego ing the regu la r s e q u e n c e test , it w a s p r e c e d e d by a s e q u e n c e 
o f 5 s t imu l i ident ica l to the s t imula t ion s e q u e n c e o f t h e regu la r s e q u e n c e test. 
Af ter t h e regu la r s e q u e n c e test, add i t iona l s t imul i w e r e de l i ve red to sys temat i ca l l y c h a n g e the 
s t imu la t i on h is tory in a tes t t e rmed the irregular sequence test. Immed ia te ly fo l low ing t he regu lar 
s e q u e n c e test , t he s a m e st imul i as in the regu lar test w e r e each repea ted four t imes but t he s e q u e n c e 
w a s d i f fe rent . T h e i r regu lar s e q u e n c e tes t cons is ted o f t h e s e addi t iona l st imul i t oge the r w i t h the last 
s e q u e n c e o f the regu la r s e q u e n c e test. Th i s resu l ted in a test s e q u e n c e in wh i ch each t y p e of s t imu lus 
(R, D, U, P and N) w a s o n c e p receded by one of all t he o the rs , and by itself. 
R e g a r d l e s s of the d i rec t ion of s t imu la t ion , the p rec i s i on ( reproduc ib i l i ty ) w a s bet ter t han 0 .08 N ( rms -
va lue) at any leve l of f o r ce and d i rec t ion o f fo rce. H o w e v e r , there w a s a sys temat i c dev ia t i on of the 
actual f o r c e w a v e f o r m c o m p a r e d to the des i red o n e tha t a m o u n t e d to m a x i m u m ± 0 . 3 N; th is dev ia t ion 
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did not e x c e e d ± 1 2 % at a n y level of f o r c e and w a s c o n c e r n e d tempora l w a v e f o r m of t h e s imu la t i on ( the 
s ine w a v e ) and no t its d i rec t ion . 

N o r m a l f o r c e , N 

F i g u r e 4 .3 . X-ray analysis of fingertip deformations during active and passive application of fingertip 
force to a flat stimulation surface. A, The fingertip applied force to a horizontally oriented lead plate attached t o 
a force transducer that recorded the normal force. Another thin lead plate was glued to the nail body to a l low 
precise measurements of the position of the nail. A Plexiglas block attached on top of this plate served as a 
platform for force application in the passive condition (A), in which the subject was told to relax and the 
experimenter applied a weight ( ]00 or 400 g) on the top of the Plexiglas block. The weight was located t o 
provide a force vector similar to that assumed to occur during the active condition. In the active condition, t he 
subject maintained target forces (corresponding to 100 and 400 g weight) aided by visual force feedback via a 
moving coil voltmeter. The device attached to the nail also included a light weigh pointer (not shown) that 

allowed the subject to maintain a uniform angle between the contact surface and the nail (30°) in all 
measurements . T w o contours of the fingertip of subject A are superimposed. The dashed lines refer to the 
fingertip when held in air and solid lines when the fingertip generated 4 N force to the stimulation surface. Uppe r 
and lower panels refer to the active and passive condition, respectively. B, X-ray image obtained in subject M . 
The lines perpendicular to the stimulation surface indicate the distances taken for quantitative analysis. T h e 
dorsal distance was measured between the proximal edge o f the upper lead plate and the upper contour of the 
phalangeal bone. The ventral distance was measured between the lower contour of the phalangeal bone and the 
top of the edge of lead contact surface. C. Changes in the dorsal and volar distances caused by actively and 
passively applied fingertip forces. Data from two subjects and two forces in each condition. 

4.2.6 Fingertip deformation during our tests situation compared to when subjects actively apply 
fingertip forces 

In our e x p e r i m e n t s t he sub jec t w a s passive and the nai l suppor t p rov ided the react ion fo rce to the 
s t imu la t i on fo rce , i.e., f inger t ip w a s sub jec t to c o m p r e s s i o n a l s t ress be tween the s t imu la t ion su r f ace a n d 
the nai l body . In con t ras t , w h e n sub jec ts actively exe r t f inger t ip fo rces dur ing real exp lo ra to ry and 
m a n i p u l a t o r y tasks , the pha langea l b o n e gene ra tes t he act ion fo rces a n d the s t ress is p r imar i l y l oca ted 
to the t i s sues vo lar to the bone (distal an ter io r c l osed space ) . The encod ing behav io r of the a f fe ren ts 
o b s e r v e d in the p resen t expe r imen ts w o u l d be rep resen ta t i ve to those dur ing natura l tasks on l y if the 
d e f o r m a t i o n a l c h a n g e s o f the f ingert ip w o u l d be s im i la r under the two cond i t i ons . Th is w o u l d requ i re a 
stiff c o u p l i n g b e t w e e n the nail and the pha langea l b o n e . To add ress th is issue we used a denta l x - ray 
a p p a r a t u s to s tudy de fo rma t iona l c h a n g e s of the t e rm ina l pha lanx of the index f inger du r ing ac t i ve and 
pass i ve g e n e r a t i o n of f inger t ip force. W e ob ta ined s i de v iews of the te rmina l pha lanx of two sub jec ts 
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( o n e of w h i c h con t r ibu ted wi th the t e m p l a t e of the gene r i c f inger; s e e be low) wi th no f o r c e app l i ca t i on 
a n d with s ta t ic n o r m a l f o r ces of a p p r o x i m a t e l y 1 a n d 4 N du r ing ac t i ve and pass ive c o n d i t i o n s (F igs . 3 A 
a n d B). T h e r e w a s v i r tual ly no c o m p r e s s i o n of t i s sues b e t w e e n the nai l a n d the bone r e g a r d l e s s o f 
m o d e o f f o r c e app l i ca t i on ; all d e f o r m a t i o n s took p l ace b e t w e e n the bone a n d the vo la r s u r f a c e (F ig . 
4 .3C) . F u r t h e r m o r e , the overa l l t i s s u e d e f o r m a t i o n s we re pract ica l ly ident ica l dur ing t h e t w o m o d e s o f 
f o rce app l i ca t i on . Final ly, in a g r e e m e n t w i t h p rev ious f i nd ings we no ted that the f inger t ip is h igh ly 
c o m p l i a n t at n o r m a l c o n t a c t fo rces of a b o u t 1 N; a t h igher fo rces t he f inger t ip b e c o m e s i nc reas ing l y 
i n c o m p r e s s i b l e (Wes t l i ng and J o h a n s s o n 1987; V e g a B e r m u d e z a n d J o h n s o n 1999; P a w l u k a n d H o w e 
1999a) . In conc l us i on , w e found t ha t the re was no o b v i o u s d i f fe rence in f inger t ip d e f o r m a t i o n w h e n a 
sub jec t a p p l i e d 4 N con tac t force b y p ress ing the f inger t ip o n a p late and w h e n our a p p a r a t u s a p p l i e d 
t h e s a m e force to t h e f inger t ip of t h e p a s s i v e sub jec t . Tha t is, dur ing our expe r imen ta l c o n d i t i o n the 
f inger t ip d e f o r m e d as if t h e sub jec ts ac t i ve ly app ly f o r ce aga ins t a pass i ve object . 

4.2.7 Data collection and analysis 

T h e fo rce and pos i t i on s igna l s w e r e d ig i t i zed at 4 0 0 Hz (16 bits reso lu t ion) and s to red us ing a f lex ib le 
l a b o r a t o r y c o m p u t e r s y s t e m ( S C / Z O O M , Sec t ion fo r Phys io logy , 1MB, Univers i ty o f U rnea ) . T h e n e r v e 
d a t a ( b a n d w i d t h 0 .5 - 5 k H z ; 10 b i ts reso lu t ion) w e r e s a m p l e d at 12 .8 kHz. T r igger ing o f ac t ion 
po ten t ia l s w a s p e r f o r m e d based o n an a lgo r i t hm tha t de tec ted d i f fe rences in spike m o r p h o l o g y ( E d i n et 
a l . 1988) . 
Fo r e a c h s t imu la t i on w e t o o k as m e a s u r e s of the r e s p o n s e of the a f fe rents the n u m b e r o f n e r v e 
i m p u l s e s r e c o r d e d dur ing each p h a s e o f e a c h s t i m u l u s (p ro t rac t ion , p la teau and re t rac t ion p h a s e ) a n d 
t h e total n u m b e r o f impu l ses reco rded du r i ng the en t i r e e p o c h of t h e s t imu lus . B e c a u s e of t h e de lay 
b e t w e e n t h e app l i ca t ion o f a mechan i ca l s t imu la t i on at the f ingert ip and the arr ival o f t h e a f fe ren t 
r e s p o n s e at the r e c o r d i n g site at t h e m id leve l of t h e upper a r m w e inc luded in the p ro t rac t i on p h a s e 
r e s p o n s e i m p u l s e s reco rded dur ing the f i rs t 20 m s o f the p la teau phase . Simi lar ly , in t h e re t rac t ion 
phase r e s p o n s e w e inc luded impu l ses reco rded du r i ng t he first 20 m s of the fo l lowing in te r -s t imu lus 
in terva l . T o a s s e s s the c o m p l i a n c e in the var ious d i r ec t i ons o f f e r e e s t imu la t ion w e m e a s u r e d the 
d i s p l a c e m e n t of t h e s t imu la t ion s u r f a c e du r ing the p ro t rac t ion p h a s e as the d i f fe rence b e t w e e n the 
pos i t ion o f the p r o b e at t h e end a n d beg inn ing of t h e pro t rac t ion phase . 
Statistical analysis. W e pr imar i ly u s e d n o n p a r a m e t r i c s ta t is t ics (S iege l a n d Cas te l l an 1988 ) . For e a c h 
af ferent , w e used the K ruska l -Wa l l i s o n e - w a y ana lys i s of va r iance by ranks to test w h e t h e r t h e d i rec t i on 
o f the t angen t i a l f o r c e c o m p o n e n t fo rce in f l uenced t h e response . T o this e n d , we u s e d d a t a f r o m t h e f i v e 
repe t i t i ons of s t imu l i in t h e in the rad ia l , d i s ta l , u lna r and p rox ima l (P) d i rec t ion d i rec t ions , respec t i ve l y . 
L i k e w i s e , to a s s e s s w h e t h e r the a f fe rent w e r e sens i t i ve to tangent ia l force a s such , t he r e s p o n s e s to 
no rma l f o r c e s t imu la t i on (5 trials) w e r e t es ted a g a i n s t the r e s p o n s e s to fo rce s t imu la t ion w i th t a n g e n t i a l 
c o m p o n e n t s inc lud ing all four d i rec t ions ( 2 0 tr ials) us ing t he M a n n - W h i t n e y test for t w o i n d e p e n d e n t 
s a m p l e s . 
A s a n o n p a r a m e t r i c m e a s u r e of co r re la t i on we u s e d the S p e a r m a n rank cor re la t ion coe f f i c ien t ( r j . 
Ray le igh test w a s used f o r ana l yses of vec to r da ta (Ba tsche le t 1 9 8 1 ; Zar 1996) . In add i t i on to 
n o n p a r a m e t r i c s ta t is t i cs w e used Angu la r -L i nea r Co r re la t i on (r 2 ) ana lys is for cor re la t ing an angu la r 
var iab le w i t h a l i near va r iab le (Zar 1996) . T h e leve l of probabi l i ty se lec ted a s s ign i f icant w a s P<0 .05 . 
M e a n s a n d +/- s t a n d a r d dev ia t i ons are g i v e n in t h e text a n d , un less spec i f ied o the rw ise , t he s ta t is t ics 
w e r e b a s e d on d a t a po in t s each rep resen t i ng a s i ng le af ferents. 

4.2.8 Generic terminal phalanx for compiling data from different fingertips 

T o c o m p i l e data o b t a i n e d from recep to r -bear ing f inger t ips that be longed to d i f ferent d ig i ts a n d sub jec t s , 
w e c r e a t e d a g e n e r i c d i s ta l pha lanx on w h i c h we ove r l a id all data c o n c e r n i n g the loca t ions o f the 
a f fe ren ts ' recep t i ve f ie lds and the s i te of s t imu la t i on . To c rea te the gener ic f inger t ip , f irst w e m a d e a 
mo ld o f t h e right index a n d the r ight m idd le f ingers of one subject w h o s e f ingers w e r e c o n s i d e r e d 
rep resen ta t i ve f o r the popu la t ion o f sub jec ts s tud ied . The mold w a s m a d e in impress ion a lg ina te 
(Ze lgan ® De T r e y , V i s b a d e n , G e r m a n y ) that w a s f i l led w i th acryl ic denta l base (Pro Base Co ld ®, 
Ivoclar, L iech tens te in ) a n d a l lowed to po lymer i ze unde r p ressure o f 2 bar for 10 m i n . T h e d is ta i 
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p h a l a n g e s o f t he acry l i c f ingers were s a w e d in t r ansve rse ser ia l sec t i ons at 0.8 m m s t e p s a n d the 
con tou rs o f t h e s e s e c t i o n s w e r e d ig i t i zed. T h e t w o acry l ic f ingers ( index a n d midd le f i nge r ) w e r e 
recons t ruc ted n u m e r i c a l l y a n d the i r c o n t o u r s we re a v e r a g e d . To ob ta in t he f inal gene r i c f inger t ip w e 
sca led t h e s i ze o f t h e a v e r a g e d acryl ic f i nge r to the m e a n va lue o f the w id th , dep th a n d l eng th o f the 
sub jec t s ' d is ta l p h a l a n g e s that c o m p r i s e d out l ined recep t i ve f ie lds. T h e s e m e a s u r e s w e r e a c h i e v e d b y 
us ing a d ig i ta l c a m e r a to dep ic t f ive s tanda rd v i ews o f t he sub jec ts ' d is ta l pha langes : t h e vo lar , rad ia l , 
u lnar, d is ta l and d o r s a l aspec ts . To acqu i re ca l ib ra ted i m a g e s the sub jec ts held the f i n g e r aga ins t a f lat 
su r face loca ted at a f i xed d i s tance f rom t h e lens of the c a m e r a ; the o r ien ta t ion o f the s u r f a c e w a s 
pe rpend i cu la r to t h e op t i c ax is o f the c a m e r a . Final ly, the coo rd ina tes of t he recept ive f i e lds ( cen te r a n d 
out l ine) o f the a f fe ren t r e c o r d e d f r om w e r e t r ansposed to the su r face o f t h e gener ic f inger . Us ing C o r e l 
D r a w ™ (Core l c o r p o r a t i o n ) , w e s t re tched (or sh runk ) t he con tou rs ob ta ined f r om the d ig i ta l i m a g e s o f 
the i nd i v idua l f i nge r t i ps in th ree d i m e n s i o n s (width , dep th a n d length) to ob ta in a bes t fit w i t h t he g e n e r i c 
f inger. T h e recep t i ve f ie lds dep ic ted on the photos w e r e t hus sub jec ted to the s a m e sca l i ng p r o c e d u r e 
and the c o o r d i n a t e s o f t h e recept ive f ie lds (center and out l ine) be fo re t r a n s p o s e d to the s u r f a c e of t h e 
gener i c f inger . T o ob ta in an impress ion o f the ex ten t o f a r e a o f con tac t b e t w e e n the s t imu la t i on s u r f a c e 
and t he f inger t ip , w e t o o k f ingerpr in t m e a s u r e m e n t s at 4 N con tac t a n d no rma l i zed t h o s e to the g e n e r i c 
f inger. T h e y w e r e t h e n a v e r a g e d and p ro jec ted on the vo la r a s p e c t s o f the gener ic f inger . L i kew ise , 
us ing d a t a o f f i nger t ip d e f o r m a t i o n ob ta ined dur ing our x - ray s tud ies ( two sub jec ts a v e r a g e d ; o n e o f 
wh i ch p r o v i d e d t h e t e m p l a t e for the gene r i c finger) w e o b t a i n e d a s ide v i ew the con tac t cond i t i on . 

i i i Responsiveness (imp) 
o - l SAI 

Distance, mm 

F i g u r e 4 . 4 . Overall responsivity of single afferents and the location of their receptive fields. The c i rc les 
show the location of the centers of the receptive field of responding afferents projected on the generic fingertip. 
The area of the circles represents the number of impulses evoked during the protraction phase, averaged across 
all stimuli delivered during the regular sequence test. Crosses indicate the location of receptive fields of afferents 
that did not respond. The shaded areas of the fingertip represent an estimate of the area of contact between the 
stimulation surface and the fingertip at 4 N contact force. The histograms show the relation be tween 
responsiveness and the straight line distance between the primary site of stimulation and the center of t he 
receptive field. Dots represent the response intensity of single afferent and bars indicate means. 
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4.3 Results 
First, w e desc r i bed the s a m p l e d a f fe ren ts conce rn i ng the i r r e s p o n s i v e n e s s and r e s p o n s e in tens i t ies a n d 
loca t ion o f recept ive f ie lds. W e then a n a l y z e in f luences o f the d i rec t ion o f tangent ia l f o r c e c o m p o n e n t s 
on t he r e s p o n s e s to the pro t rac t ion p h a s e o f the fo rce s t imu l i , b a s e d on d a t a f r om the r egu la r s e q u e n c e 
tes t . For a f fe ren ts in f luenced by force d i rec t i on , w e a n a l y z e the pre fe r red d i rec t ion b a s e d o n an e s t i m a t e 
of t he d i rec t i on of fo rce that mos t e f f ic ient ly w o u l d exc i te the af ferent and w e p rov ide i n d i c e s for 
d i rec t i ona l sensi t iv i ty . In t he th i rd sec t ion w e c o m p a r e the d i rec t iona l p re fe rences of t h e a f fe ren ts b a s e d 
on r e s p o n s e s ob ta ined du r ing the d i f fe ren t p h a s e s o f f o r ce s t imu la t ion , i.e., the p ro t rac t i on , p la teau a n d 
the re t rac t ion phase . W e then look for poss ib le re la t ionsh ips be tween t he pre fer red d i r e c t i o n of a f f e ren ts 
a n d an i so t rop i c mechan i ca l p roper t ies o f t he f inger t ip . Final ly, w e br ief ly a d d r e s s w h e t h e r the p re fe r red 
d i r ec t i ons o f the d i rec t iona l l y sens i t i ve a f fe ren ts are i n f l uenced by the p rev ious s t imu la t i on h is to ry by 
c o m p a r i n g da ta f r om the regu la r and i r regu lar s e q u e n c e tes ts . 

4.3.1 Sample of afferents and their responsiveness 

In t o ta l , w e recorded s igna ls f rom 196 l o w th resho ld m e c h a n o r e c e p t i v e a f fe rents w h o s e recep t i ve f ie lds 
w e r e l o c a t e d at the t e rm ina l pha lanx o f t he index ( n = 7 3 ) , m idd le (n=89) a n d ring f inger ( n = 3 4 ) . S e v e n t y -
t h ree w e r e c lass i f ied as SA- I a f ferents , 7 2 a s FA- I , 41 as SA- I I and 10 a s FA- I I a f fe ren ts . T h e p resen t 
s a m p l e o f a f fe rents w a s b iased t o w a r d s s l ow l y adap t i ng a f fe rents (cf. J o h a n s s o n a n d V a l l b o 1979) d u e 
to o u r a m b i t i o n to ob ta in a reasonab le l a rge n u m b e r o f a f fe rents of e a c h t ype . Th is d id no t app l y to FA- I I 
(Pac in i an ) a f fe rents , howeve r , s ince o u r s t imu l i d id no t re l iably exc i te t h e s e d u e to the i r sens i t i v i ty 
p r e f e r e n c e s for m e c h a n i c a l t rans ien ts . A c c o r d i n g l y , FA- I I a f ferents wi l l no t be c o n s i d e r e d in the p r e s e n t 
a c c o u n t . 
E x c e p t f o r o n e SA-I I af ferent , all s low ly adap t i ng a f fe ren ts r esponded at least in o n e d i r ec t i on o f f e r e e 
s t i m u l a t i o n . L ikewise , a g rea t major i ty o f t h e FA- I a f fe ren ts r esponded (61 a f ferents ; 8 5 % ) . F igure 4 .4 
s h o w the loca t ion of the cen te rs of the recep t i ve f ie ld o f r espond ing (c i rc les) and n o n - r e s p o n d i n g 
( c rosses ) a f fe ren ts pro jec ted on the g e n e r i c f inger t ip . T h e a rea of the c i rc les rep resen ts t he n u m b e r o f 
i m p u l s e s e v o k e d dur ing t he prot ract ion p h a s e , a v e r a g e d ac ross all s t imu l i de l i vered d u r i n g the regu la r 
s e q u e n c e tes t . No te that a f ferents w i th s t rong a n d w e a k responses w e r e in te rming led o n t he sk in 
su r f ace a n d that a f fe rents w h o s e recep t i ve f ie lds w e r e no t pr imar i ly c o n t a c t e d by our s t imu la t i on s u r f a c e 
c o u l d d i s c h a r g e at subs tan t ia l rates. A l s o n o t e tha t t he recept ive f ie lds o f r espond ing a n d n o n -
r e s p o n d i n g FA-I a f fe rents w e r e i n te rm ing led o n the f inger t ip . Neve r the less , the r e s p o n s e in tens i ty w a s 
i n f l u e n c e d by the locat ion o f the recept ive f ie ld on t he f inger t ip (F ig. 4 .4 ) . T h a t is, for al l t h r e e t ypes of 
a f fe ren ts t h e r e w a s a s ign i f icant inverse co r re la t ion b e t w e e n the r e s p o n s e intensi ty d u r i n g the 
p ro t rac t i on p h a s e and the st ra ight l ine d i s t ance b e t w e e n the pr imary s i te o f s t imu la t ion a n d the c e n t e r o f 
the r e c e p t i v e f ie ld ( r s = -0 .45 , -0 .45 and - 0 . 3 5 for the S A - I , SA- I I and FA- I a f fe rents , respec t i ve l y ) . 
T h e r e c e p t i v e f ie lds of the var ious t y p e s o f a f fe rents w e r e d is t r ibuted o n t he te rmina l p h a l a n x as 
p r e v i o u s l y desc r i bed ( J o h a n s s o n and Va l l bo 1979) (F ig . 4 .4) . That is, t he cen te r of t h e f ie lds of the FA-
I a n d S A - I a f fe ren ts we re p redominan t l y l oca ted at t he d is ta l half of the te rm ina l pha lanx ; the cen te r s of 
8 7 % a n d 6 6 % of the SA- I and FA-I f ie lds w e r e loca ted d is ta l to the pap i l la ry w h o r l . L i k e w i s e , the f ie lds o f 
the SA- I I a f fe ren ts we re m o r e even ly d is t r ibu ted o v e r the pha lanx. T h e f ie lds we re e v e n l y d is t r ibu ted in 
the rad ia l -u lna r d i rec t ion ; for each type o f a f fe rent a p p r o x i m a t e l y o n e hal f of the a f fe ren ts t e rm ina ted o n 
e a c h s ide o f a l ine d iv id ing the pha lanx in a radial a n d u lnar half. T h e s i zes and s h a p e s o f the recep t i ve 
f ie lds o f t h e va r ious t ypes o f a f ferents as de f ined by s tandard i zed w e a k po in ted s t imul i ( see M e t h o d s ) 
c o r r e s p o n d e d to t hose p rev ious ly repor ted for the t e rm ina l pha lanx ( J o h a n s s o n and V a l l b o 1980) . 

4.3.2 A fferents influenced by direction of fingertip forces 

In th is s e c t i o n , w e ana lyze in f luences of t he d i rec t ion of tangent ia l fo rce c o m p o n e n t s o n the af ferent 
r e s p o n s e s m e a s u r e d as t he number of impu l ses e v o k e d dur ing the p ro t rac t ion phase du r i ng the regu la r 
s e q u e n c e test. T h e d i rec t ion of the tangen t i a l fo rce c o m p o n e n t i n f l uenced vast major i ty o f the 
r e s p o n d i n g a f fe rents , i.e., 9 3 % , 8 0 % a n d 8 3 % of the S A - I , SA-I I and FA- I a f ferents, respec t ive ly . 
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F i g u r e 4 . 5. A. Response of a single S A - I afferent in 5 directions of stimulation: normal (center graph) and 
to stimuli with a distal, radial, proximal and ulnar tangential force component. The inset in the upper right corner 
shows the location and extent of the receptive field defined using von Frey hairs (see Methods) . Solid lines 
represent forces and dotted lines the position of the st imulation surface The position signals are vertically al igned 
to the force signals at the start of the protraction phase. Spike event plots show the responses during all five 
repetitions of stimulation in each direction during the standard sequence test. Force, position and instantaneous 
discharge rate based on data averaged for the 5 stimulations. B. Data from individual afferents whose response 
was strongest in the distal direction are superimposed on a polar diagram with the x-axis referring to responses 
elicited by stimuli with tangential force components in the ulnar and radial directions and the y-axis in the 
proximal and distal direction. The axes are calibrated in number of impulses and data belonging to each afferent 
is jo ined by straight l ines. C. Show for the same afferents the averaged instantaneous firing rates during stimuli 
including tangential force components in the same four directions of stimulation. The averaged firing rate were 
about twice as strong in the distal direction compared to the opposite (proximal) direction, whereas it w a s 
intermediately strong in the radial and ulnar directions. D. Shows the response intensity during the protract ion 
phase for each of the afferents in B and C in the direction with strongest responses (distal direction, D), the 
normal direction (N) and the direction opposite to that evoking the strongest response (proximal direction, P). 

4.3.2.1 SA-I afferents 
Figure 4 . 5 A s h o w s i m p u l s e r e s p o n s e s in a SA-I a f fe ren t that w a s marked l y in f luenced by the d i rec t ion o f 
f inger t ip fo rce . Th is a f fe ren t r e s p o n d e d to fo rce in the norma l d i rec t ion but r e s p o n d e d s t ronges t to 
s t imul i w i th tangen t ia l c o m p o n e n t s in t h e distal d i rec t i on . L ikewise , the response w a s s t ronge r w i t h a 
tangen t ia l fo rce c o m p o n e n t in the d is ta l d i rect ion than in the p rox ima l d i rec t ion , a n d s t r onge r in the 
radia l t h a n in the u lnar d i rec t ion . No te the smal l var iab i l i ty of the impu lse r esponses to the p ro t rac t ion 
p h a s e ac ross the 5 repet i t ions of s t imul i de l ivered du r i ng the regu la r s e q u e n c e test. A sma l l var iab i l i ty in 
this r espec t w a s a charac te r i s t i c for all SA- I a f ferents , but also for the FA- I and SA- I I a f fe ren ts ( s e e F igs . 
8A a n d 11A) . In add i t i on to a d y n a m i c r esponse du r i ng the prot ract ion phase , the SA-I a f fe ren ts typ ica l ly 

5 6 



s h o w e d a ma in ta i ned d i s c h a r g e du r ing t he p la teau p h a s e . However , the in f luence of t h e d i rec t ion of 
fo rce cou ld resul t in a m iss ing p la teau p h a s e d i s c h a r g e in s o m e d i rec t ions o f s t imu la t i on . For the 
a f fe rent in F igu re 4 .5A , it was m iss ing in the u lnar d i rec t i on a n d a lmos t in the p rox ima l d i r ec t i on . E x c e p t 
for o n e SA- I a f ferent , t h e d i scha rge ra te rap id ly d e c r e a s e d dur ing the re t rac t ion of the f o r ce . T h e 0 .2 N 
n o r m a l fo rce kept b e t w e e n s t imul i exc i t ed six SA- I a f fe ren ts (8 % ) , w h i c h d i scha rged at low ra tes ma in l y 
du r ing the later part o f the in te r -s t imu lus in terva ls . 
T h e d i rec t ion of s t imu la t ion tha t e l ic i ted the s t ronges t r e s p o n s e s could vary a m o n g s t t h e SA- I a f fe ren ts , 
i.e., t h e s t ronges t r e s p o n s e to t angen t i a l fo rce c o m p o n e n t s cou ld be in the d is ta l , rad ia l , p rox ima l o r in 
the u l na r d i rec t ion . H o w e v e r , twe lve o u t of the 6 8 d i rec t iona l l y sens i t ive SA- I a f ferent s h o w e d equa l l y 
s t rong m a x i m u m r e s p o n s e s in t w o o r t h o g o n a l d i rec t i ons a n d o n e in t h ree d i rec t ions . F i gu re 4 . 5 B 
exemp l i f i es t he d i rec t iona l in f luence b y s h o w i n g r e s p o n s e s to the four d i rec t i ons wi th t angen t i a l fo rce 
c o m p o n e n t s fo r the SA- I a f ferents tha t s h o w e d s t r o n g e s t r esponses to d is ta l ly d i rec ted fo rce ( n = 2 7 ) . 
F igure 4 .5C s h o w s f o r the s a m e a f fe ren ts the a v e r a g e d i ns tan taneous f i r ing rates in t he s a m e four 
d i rec t i ons o f s t imu la t i on . The a v e r a g e d f ir ing ra te w e r e a b o u t tw i ce as s t rong in the d is ta l d i rec t ion 
c o m p a r e d to the o p p o s i t e (p rox ima l ) d i rec t i on , w h e r e a s it w a s in te rmed ia te ly s t rong in t h e radia l and 
u lnar d i rec t ions . 
For m o s t S A I a f fe ren ts , regard less o f d i rec t ion o f s t r o n g e s t r esponses , the re w a s an a p p a r e n t l inear fall 
in r e s p o n s e in tens i ty f r o m s t imu la t ion in the d i rec t ion w i t h s t ronges t r e s p o n s e s , to the n o r m a l d i rec t i on , 
and t o the d i rec t ion oppos i t e to the d i rec t ion o f t he s t r onges t r esponse (see F ig . 4 .5D) . H o w e v e r , for 
s o m e a f fe ren ts the r e s p o n s e to the n o r m a l f o r ce s t imu la t ion a p p e a r e d w e a k e r t han e x p e c t e d f r o m s u c h 
a g rad ien t , w h i c h s u g g e s t tha t t hose a f fe ren ts w e r e exc i t ed by tangent ia l fo rce c o m p o n e n t s as s u c h . 
Us ing the M a n n - W h i t n e y test fo r t w o i n d e p e n d e n t s a m p l e s w e tested th is by c o m p a r i n g the r e s p o n s e to 
the n o r m a l f o r ce s t imu la t ion (5 tr ia ls) w i t h the r e s p o n s e s ob ta ined dur ing fo rce s t imu la t i on w i th 
tangen t ia l c o m p o n e n t s in all f ou r d i rec t i ons (20 tr ia ls) . T h e o u t c o m e ind ica ted tha t 21 o f the 68 
d i rec t iona l l y sens i t i ve a f fe ren ts w e r e exc i t ed by t angen t i a l fo rce c o m p o n e n t s a s such , i nc lud ing 9 o f the 
27 a f fe ren ts tha t s h o w e d the s t r o n g e s t r e s p o n s e in t h e d is ta l d i rec t ion ( see do t ted c u r v e s in F ig . 4 . 5 D ) . 

SA I 

F i g u r e 4 . 6 . Arrows show the preferred direction of all SA-I afferents influenced by the direction o f 
tangential force, plotted as polar diagrams referenced to the primary site of stimulation (unity circle). Mean angle 
indicated by white arrow. Length of a r row corresponds to concentration (Rayleigh test). The black circles on 
contours of the fingertips indicate the location of the receptive field centers of afferents showing strongest 
responses in distal, radial, proximal and ulnar quadrants. The dots indicate the receptive field centers of all 
directionally sensitive afferents 
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4.3.2.1.1 Preferred direction 
T h e d i rec t ion o f f e r e e , w h i c h w o u l d exc i te an a f ferent m o s t ef fect ively, w a s e s t i m a t e d b y v e c t o r add i t i on 
of the r e s p o n s e s o b t a i n e d wi th t angen t i a l fo rce c o m p o n e n t s in all four o r t hogona l d i r e c t i o n s . F i gu re 4 . 6 A 
s h o w s t h e pre fer red d i rec t ion of all SA- I a f fe ren ts in f l uenced by the d i rec t ion o f t a n g e n t i a l f o r c e 
r e f e r e n c e d to the p r ima ry si te of s t imu la t i on . T h e SA- I a f fe rents s h o w e d p re fe r red d i r e c t i o n s in m a n y 
d i f fe rent d i rec t ions . H o w e v e r , the a n g u l a r d is t r ibu t ion o f t he pre fer red d i rec t ions w e r e no t u n i f o r m 
( p < 0 . 0 1 ; Ray le igh tes t ) . T h e d i rec t iona l p re fe rences w e r e marked l y b iased for fo rce c o m p o n e n t s in an 
a p p r o x i m a t e l y 180° s e c t o r o r ien ted t o w a r d s the d is ta l a n d u lnar d i rec t ions . T h e m e a n a n g l e o f p re fe r red 
d i rec t ion fo r the SA- I a f fe ren ts w a s -91° (d ista l d i rec t ion = -90°) a n d the leng th o f the m e a n vec to r w a s 
0 .27 c o m p u t e d on t he un i ty circle. Th i s leng th rep resen ts a m e a s u r e of c o n c e n t r a t i o n t ha t h a s no unit 
a n d m a y va ry f r om 0 ( w h e n there is so m u c h d i spe rs ion tha t the m e a n angu la r c a n n o t b e d e s c r i b e d ) to 
1.0 ( w h e n all the d a t a a r e concen t ra ted at t he s a m e d i rec t ion) (Zar 1996) . T h e overa l l r espons i v i t y of t h e 
ind iv idua l SA- I a f fe ren ts , m e a s u r e d as t he r e s p o n s e in tens i ty ave raged a c r o s s all d i r ec t i on o f 
s t imu la t i on dur ing t h e pro t rac t ion p h a s e , d id not v a r y w i th the prefer red d i rec t ion o f t h e a f fe ren t (F ig . 
4 . 6 B ) ( p = 0 . 2 8 , r 2 = 0 . 0 4 ; Angu la r -L i nea r co r re la t ion ) . 

C o n s i d e r i n g poss ib le re la t ionsh ips b e t w e e n an a f fe ren t ' s p re fer red d i rec t ion a n d t he l oca t i on o f its 
r e c e p t i v e f ie ld , t he i nse ts o f f inger t ips in F ig . 4 .6A ind ica te the locat ion o f the r e c e p t i v e f ie ld c e n t e r s o f 
a f fe ren ts s h o w i n g s t r o n g e s t r esponses in d is ta l , rad ia l , p rox ima l and u lnar q u a d r a n t s . N o t e tha t 
a f fe ren ts w i th a p re fe r red d i rect ion in t he d is ta l q u a d r a n t o f ten had their recep t i ve f ie lds l oca ted d is ta l to 
the s i te o f s t imu la t i on , a n d a f ferents m o s t sens i t i ve to s t imul i in the p rox ima l d i rec t ion t e n d e d to be 
loca ted m o r e p rox ima l l y . T h e m e a n a n g u l a r d i f fe rence b e t w e e n the pre fe r red d i rec t i on a n d t h e d i rec t ion 
t o w a r d t h e center o f t he recept ive f ie ld w a s 4 ° . H o w e v e r a test o f e v i d e n c e o f d i r e c t e d n e s s b a s e d on 
t he d is t r ibu t ion of th i s angu la r d i f fe rence fa i led to r e a c h s ign i f i cance ( p = 0 . 1 , Ray le i gh tes t ) d u e to t he 
m o d e s t concen t r a t i on of t he d is t r ibut ion (0 .19) . 
In o u r es t ima t i on of p re fe r red d i rec t ion , w e a s s u m e d that the r esponse m a g n i t u d e va r i ed c o n t i n u o u s l y 
w i t h t h e d i rec t ion o f s t imu la t ion . T o a s s e s s the va l id i ty of th is assump t i on , dur ing an e x t e n d e d ve rs i on o f 
t he s t imu la t i on p ro toco l w e s tud ied 27 d i rec t iona l ly sens i t i ve tact i le a f ferents s u p p l y i n g t h e d is ta l 
p h a l a n x ( 1 0 FA- l s , 10 S A - l s a n d 7 SA- I Is) us ing e igh t d i rec t ions o f s t imu la t ion . T h e t a n g e n t i a l f o rce 
c o m p o n e n t s we re at 4 5 ° angu la r s p a c i n g , and inc luded c o m p o n e n t s in t h e d is ta l , p r o x i m a l , u lna r a n d 
rad ia l d i rec t i on . Al l t h e s e a f ferents w e r e b road ly t uned to d i rect ion of s t imu la t ion , i.e., t he r e s p o n s e 
in tens i t y a p p e a r e d to v a r y con t inuous ly w i t h the d i rec t ion of s t imula t ion. Impor tan t ly , fo r al l 2 7 a f fe ren ts 
t h e p re fe r red d i rec t ion c o m p u t e d f r o m o u r four d i rec t ions o f s t imu la t ion (d is ta l , p r o x i m a l , u lnar , and 
radia l ) dev i a ted less t h a n ± 20° f r o m tha t c o m p u t e d by vector ia l add i t ion o f the r e s p o n s e s o b t a i n e d w i th 
t a n g e n t i a l fo rce c o m p o n e n t s in all e igh t d i rec t ions . F igure 4 .6C s h o w e x a m p l e s o f o n e a f fe ren t of e a c h 
t y p e tha t w a s s t imu la ted in e ight d i rec t i ons . 

4.3.2.1.2 Directional sensitivity 
W e c o m p u t e d two i nd i ces to rep resen t the d i rec t iona l sensi t iv i ty of ind iv idual a f fe ren ts . (i) T h e abso lu te 
d i r ec t i ona l sens i t iv i ty w a s def ined as the vector ia l s u m of the responses ob ta ined in the fou r d i rec t i ons 
o f s t imu la t i on that i nc l uded tangent ia l f o r ce c o m p o n e n t s , i.e., a m e a s u r e that ind ica te the dev ia t i on f r o m 
s y m m e t r y of r e s p o n s e intensi ty in the va r i ous d i rec t ions sca led as n u m b e r of ne rve i m p u l s e s , (ii) T h e 
re la t ive d i rec t iona l sens i t iv i ty w a s de f i ned as the vec to r s u m of the r esponses in t h e fou r d iv ided by the 
l inear s u m of the r e s p o n s e s in all four d i rec t ions . T h u s , the relat ive d i rec t iona l sens i t i v i ty is a l w a y s a 
v a l u e b e t w e e n 0.0 a n d 1.0. A va lue of 0.0 wou ld ind ica te an af ferent w h o s e d i s c h a r g e w a s c o m p l e t e l y 
s im i la r in all d i rec t ions o f s t imu la t ion , a n d a va lue o f 1.0 w o u l d ind icate that the a f fe ren t d i s c h a r g e d at 
o n e spec i f i c d i rec t ion of s t imu la t ion . 
T h e a b s o l u t e d i rec t iona l sensi t iv i ty o f S A I a f ferents in f luenced by force d i rec t ion , w a s 2 .7±2 .1 i m p u l s e s 
( m e a n ± SD) and it va r i ed wi th t he p re fe r red d i rec t ion of the af ferents ( r 2 =0 .15 , p < 0 . 0 1 , A n g u l a r - L i n e a r 
co r re la t i on ) . The abso lu te d i rec t iona l sens i t iv i ty w a s g rea tes t for af ferent w i th the p re fe r red d i rec t ion in 
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t he d is ta l q u a d r a n t (F igs. 7A - B). T h e r e w a s a pos i t ive cor re la t ion b e t w e e n the overa l l r espons i v i t y of 
t he SA- I a f fe ren ts and the abso lu te d i rec t iona l sens i t iv i ty (F ig . 4 .7C) ( r s = 0 . 5 0 , p < 0 . 0 0 0 1 ) and an i n v e r s e 
co r re la t i on b e t w e e n the d is tance b e t w e e n t he p r imary s i te o f s t imula t ion a n d the r e c e p t i v e f ie ld c e n t e r 
a n d t he a b s o l u t e d i rec t iona l sensi t iv i ty (F ig . 4 .7D) ( r s = - 0 . 2 7 , p<0 .05) . T h e re la t ive d i rec t i ona l sens i t i v i t y 
o f t he s a m e SA- I a f fe rents w a s 0 .23±0 .18 ( m e a n ± S D ) . In cont ras t to the abso lu te d i r e c t i o n a l 
sens i t i v i t y , it d id ne i ther vary wi th the p re fe r red d i rec t ion (F igs. 7E and F) ( r 2 = 0 . 0 0 2 , p = 0 . 9 ; A n g u l a r -
L i nea r co r re la t i on ) nor w i th the d i s tance b e t w e e n the p r imary site of s t imu la t ion and t h e recep t i ve f ie ld 
c e n t e r (F ig . 4 . 7H) ( r s =0 .19 ; p=0 .13) . H o w e v e r , it d e c r e a s e d wi th the overa l l r espons i v i t y o f the a f fe ren ts 
(F ig . 4 . 7 G ) ( r s = - 0 . 3 2 ; p<0 .01 ) . 
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F i g u r e 4 . 7 . Directional sensitivity of SA I afferents. A - shows for all SA J afferents influenced by force 

direction the absolute directional sensitivity, i.e., the length of the arrows are scaled as number of nerve impulses 
and their direction represents the afferents' preferred directions. B - D Absolute directional sensitivity plot ted 
against the preferred direction (B), overall responsivity (C) and distance between the primary site of s t imulat ion 
and the receptive field centers. F - H illustrate the relative directional sensitivity in the same format as absolute 
directional sensitivity in A-D. 

4.3.2.2 SA-II afferents 
F o u r t e e n SA- I I a f ferents ( 3 4 % ) we re s p o n t a n e o u s l y ac t i ve when e n c o u n t e r e d , i.e., t h e y r e s p o n d e d at 
l ow ra tes in t he a b s e n c e o f ex terna l ly app l i ed tact i le s t imu l i . A s wi th the SA- I a f fe ren ts , t he SA-I I 
a f fe ren ts s h o w e d a ma in ta ined d i s c h a r g e du r ing the p la teau phase of the s t imu lus , in add i t ion to a 
d y n a m i c r e s p o n s e to the prot ract ion p h a s e . F igure 4 . 8 A s h o w s responses ob ta ined in a s ing le 
d i rec t iona l l y sens i t i ve SA- I I af ferent. Th i s a f ferent w a s exc i ted by s t imu la t ion in the n o r m a l d i rec t ion but 
r e s p o n d e d s t ronge r to s t imul i wi th t angen t i a l c o m p o n e n t s in the p rox ima l a n d radia l d i r ec t i ons . S t imu l i 
w i th t a n g e n t i a l fo rce c o m p o n e n t s in t he oppos i t e d i rec t i ons , i.e., in the d is ta l and u lnar d i rec t ions , d id no t 
c o n v i n c i n g l y exc i te th is af ferent . For th is af ferent , and for mos t SA-I I a f fe ren ts , a m a i n t a i n e d d i s c h a r g e 
du r ing t h e p la teau p h a s e rapid ly dec l i ned du r ing the s t imu lus ret ract ion. Th i r teen ( 3 2 % ) SA- I I a f fe ren ts 
d i s c h a r g e d dur ing the in ter -s t imulus in te rva ls , inc lud ing the af ferent in F ig. 4 .8A. Th is b a c k g r o u n d 
d i s c h a r g e w a s sub jec ted to a marked pos t -exc i ta to ry dep ress i on fo l low ing st imul i in exc i ta to ry 
d i rec t i ons . St imul i w i th tangent ia l fo rce c o m p o n e n t s in oppos i t e d i rec t ions cou ld c a u s e the f ir ing rate to 
go b e l o w tha t of the backg round act iv i ty (see distal d i rec t ion in Fig. 4 .8A) . 
As w i t h the SA- I a f fe rents , t he d i rec t ion o f t he tangent ia l fo rce c o m p o n e n t for s t imul i e l ic i t ing the 
s t r o n g e s t r e s p o n s e s cou ld vary a m o n g s t the SA-I I a f fe ren ts ; only f ive out o f the 32 d i rec t iona l l y 
sens i t i ve SA- I a f ferent s h o w e d equa l ly s t rong m a x i m u m responses in t w o o r thogona l d i rec t ions and o n e 
in t h ree d i rec t ions . F igu re 4 .8B s h o w s d a t a f rom the SA- I I af ferents w h o exh ib i ted the s t ronges t 
r e s p o n s e to tangen t ia l fo rce c o m p o n e n t s in the p rox ima l d i rect ion (n=15) . T h e a v e r a g e i ns tan taneous 
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f i r ing ra tes o f t hese a f fe ren ts w e r e m o d u l a t e d ef f ic ient ly by the d i rec t ion of s t imu la t ion (F i g . 4 . 8 C ) , w i t h 
the s t r o n g e s t r e s p o n s e in the p rox ima l d i rec t ion and t he w e a k e s t r e s p o n s e in the o p p o s i t e , d i s ta l , 
d i r ec t i on . 
I r respec t i ve o f d i rec t ion o f fo rce that e l ic i ted the s t ronges t r e s p o n s e s , t he in tens i ty o f t h e r e s p o n s e in 

nea r l y al l SA- I I a f fe ren ts fel l m o n o t o n o u s l y f rom that in t he d i rec t ion o f the s t ronges t r e s p o n s e to tha t in 
the o p p o s i t e d i rec t i on , w i t h an in te rmed ia te ly s t rong r e s p o n s e in the n o r m a l d i rec t ion ( s e e F ig . 4 . 8 D ) . 
On l y fo r f ou r of the 3 2 d i rec t iona l l y sens i t i ve SA-I I a f fe ren ts the r e s p o n s e to the no rma l f o r c e s t i m u l a t i o n 
a p p e a r e d w e a k e r t h a n e x p e c t e d f r om such a grad ient , i.e., the r esponse to no rma l f o r c e s t i m u l a t i o n w a s 
w e a k e r t h a n the a v e r a g e responses ob ta ined dur ing f o r ce s t imu la t ion in the four d i r ec t i ons w i t h 
t angen t i a l f o rce c o m p o n e n t s ( M a n n - W h i t n e y ) . T h u s , t h e s e a f ferents a p p e a r e d to be e x c i t e d by 
t angen t i a l fo rce c o m p o n e n t s as s u c h . 

o J 

P N D 

F i g u r e 4 . 8. Response of a single SA-JI afferent. For details see legend of Fig. 4 . 5 . 

4.3.2.2.1 Preferred directions 
T h e p re fe r red d i rec t i ons o f ?he SA- I I a f fe rents , es t ima ted by vector ia l add i t ion , w e r e d is t r ibu ted all 
a r o u n d t he angu la r s p a c e , but not un i fo rmly (F ig . 4 .9A) (p<0 .05 , Ray le igh tes t ) . The d i rec t iona l 
p r e f e r e n c e s w e r e b i ased t owa rds a sec to r app rox ima te l y o r ien ted in the p rox ima l d i rec t ion . T h e m e a n 
a n g l e o f p re fe r red d i rec t i on for the SA- I I a f ferents w a s 7 9 ° (p rox ima l d i rec t ion = 90° ) a n d the l eng th o f 
the m e a n vec to r as a m e a s u r e of concen t ra t i on w a s 0. 34 . The re w a s no c lear re la t ionsh ip b e t w e e n 
p re fe r red d i rec t ion a n d the overa l l respons iv i t y of the a f fe ren ts (Fig. 4 .9B) ( r 2 =0 .xxx , p = 0 . 5 8 ; Angu la r -
L inear co r re la t ion tes t ) . Fu r the rmore , the re was no o b v i o u s re la t ionship b e t w e e n the loca t ion of the 
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recep t i ve f ie lds a n d the pre fer red d i rec t i ons of the SA- I I a f fe rents (see inse ts of f i nger t ips in F ig. 4 . 9 A ) 
(p=0 .32 , Ray le i gh test) . 

Distal 

F i g u r e 4 . 8 . Preferred direction of all SA-I afferents influenced by the direction of tangential force. For 
details see legend of Fig. 4 . 6 . 
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F i g u r e 4 . 9 . Directional sensitivity of SA II afferents. F o r details see legend of Fig. 4 . 7 . 

4.3.2.2.2 Directional sensitivity 
Nei ther t h e abso lu te d i rec t iona l sens i t i v i ty var ied w i t h t h e preferred d i rec t ion of the a f fe ren ts (Fig. 4 .10 
A-B) ( r 2 = 0 . 0 1 , p = 0 . 8 5 ; Angu la r -L inea r co r re la t i on ) , nor t h e relat ive d i rec t iona l sensi t iv i ty (F ig , 4 .10 E-F) 
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( r 2 = 0 . 1 6 , p=0 .07 ; A n g u l a r - L i n e a r co r re la t i on ) . The m e a n va lues ± S D for t h e abso lu te a n d the re la t ive 
d i rec t i ona l sens i t iv i ty w e r e 2 .5±1 .9 i m p u l s e s and 0 .24±0 .20 , respect ive ly . T h e abso lu te d i rec t iona l 
sens i t i v i t y did not co r re la te re l iab ly w i th t h e overa l l respons iv i t y of t he S A II a f ferents (F ig . 
4 . 1 0 C ) ( r s = 0 . 3 0 , p=0 .09 ) . H o w e v e r , the re la t ive d i rect iona l sens i t iv i ty d e c r e a s e d w i th t he ove ra l l 
r espons i v i t y (F ig . 4 . 1 0 G ) ( r s = - 0 . 5 0 , p < 0 . 0 1 ) . The d i rec t iona l sensi t iv i ty d id no t co r re la te to the d i s t ance 
b e t w e e n t he pr imary s i te o f s t imu la t ion a n d the recept ive f ie ld (F igs. 10 D a n d H) ( r s = - 0 . 2 1 , p=0 .26 fo r 
a b s o l u t e d i rec t iona l sens i t i v i ty ; r s = 0 . 2 4 , p = 0 . 2 0 for re la t ive d i rect iona l sens i t iv i ty ) . 

D 

P N D 

Figure 4 . 1 0 . R e s p o n s e o f a s ing le FA- I a f fe rent . C. A v e r a g e d i n s t a n t a n e o u s f i r ing ra tes . A f fe ren ts a re 
g r o u p e d by s t ronges t r e s p o n s e dur ing p ro t rac t ion and re t rac t ion p h a s e . Fo r fur ther de ta i l s see l e g e n d of 
F ig . 4 . 5 . 

4.3.2.3 FA-I afferents 

4.3.2.3.1 General response behavior 
T h e FA- I a f fe ren ts r e s p o n d e d to both d y n a m i c c o m p o n e n t s of the force s t imu la t i on , i.e., t h e y s h o w e d 
"on " - a n d " o f f - r e s p o n s e s (Ta lbot et a l . 1 9 6 8 ; Kn ibes to l 1973) . Of the 61 FA- I a f fe ren ts that r e s p o n d e d to 
at least in o n e d i rec t ion o f force s t imu la t i on , 60 r e s p o n d e d dur ing the p ro t rac t ion p h a s e a n d 49 du r i ng 
the re t rac t ion phase ; o n e af ferent r e s p o n d e d dur ing the retract ion phase on ly . T h e a f fe rent exemp l i f i ed 
in F ig . 4 . 1 1 A w a s typ ica l in the s e n s e tha t it r esponded to both phases a n d was in f l uenced by d i rec t i on 
of the tangen t i a l force c o m p o n e n t . T h e r e s p o n s e of th is af ferent to the p ro t rac t ion phase w a s s t ronger 
w i th s t imu l i compr i s i ng a tangent ia l f o rce c o m p o n e n t in t he p rox ima l d i rec t ion than in the d is ta l d i rec t ion , 
and in the radial than in the u lnar d i rec t ion . 
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As wi th t he s low ly adap t i ng a f ferents the d i rec t ion o f the tangen t ia l fo rce c o m p o n e n t for the s t imu la t i on 
that e l ic i ted the s t r o n g e s t r esponses cou ld va ry a m o n g s t t he FA-I a f fe ren ts ; on ly th ree o u t o f the 50 
d i rec t iona l l y sens i t i ve FA- I a f ferent s h o w e d equa l l y s t rong m a x i m u m r e s p o n s e s in two o r t h o g o n a l 
d i rec t ions a n d th ree in t h ree d i rec t ions . F igure 4 .11B rep resen ts d i rec t iona l ly sens i t i ve FA- I a f fe ren ts 
that exh ib i t ed the s t r o n g e s t response to tangent ia l fo rce c o m p o n e n t s in the p rox ima l d i r ec t i on (n=21 ) . 
T h e a v e r a g e i n s t a n t a n e o u s f i r ing ra tes in t he four d i rec t i ons of s t imu la t ion for t hese a f f e ren t s are s h o w n 
in F ig . 4 . 1 1 C . Note that the d i rec t ion o f s t imu la t ion on ly marg ina l l y in f luenced the p e a k f i r ing rates 
w h e r e a s it m a r k e d l y m o d u l a t e d the du ra t i on of the p ro t rac t ion response . C o m p a r e d to t h e d is ta l 
d i rec t ion , t he r e s p o n s e w a s p ro longed wi th the tangen t ia l f o rce in t he u lnar and radia l d i r ec t i on and 
mos t p r o l onged in the p rox ima l d i rec t ion . 
I r respec t ive o f d i rec t ion o f the s t ronges t r esponse , the r e s p o n s e s in d i rec t iona l l y sens i t i ve FA- I a f f e ren ts 
we re w e a k e r w h e n s t imu la ted in the no rma l d i rec t ion . H o w e v e r , wi th s t imu la t ion in the d i rec t i on o p p o s i t e 
to that p roduc ing t he s t r o n g e s t response , for m a n y of t he d i rec t iona l ly sens i t i ve a f fe ren ts the r e s p o n s e 
w a s s t r o n g e r than tha t to s t imu la t ion in t he no rma l d i rec t ion , sugges t ing tha t t hese a f fe ren ts w e r e 
sens i t i ve to t angen t i a l f o rce c o m p o n e n t s as s u c h . I ndeed , for 24 of all 50 d i rec t iona l l y sens i t i ve FA- I 
a f ferents the r e s p o n s e to no rma l fo rce s t imu la t ion w a s w e a k e r t han the a v e r a g e r e s p o n s e s ob ta ined 
dur ing fo rce s t imu la t ion in the four d i rec t ions w i th t angen t i a l fo rce c o m p o n e n t s ( M a n n - W h i t n e y ) ( see 
a f ferents r e p r e s e n t e d by d a s h e d l ines in F ig . 4 .11D) . 

FA I .-. 7 

F i g u r e 4 . 1 1 . Preferred direction of all SA -1 afferents influenced by the direction of tangential force. Fo r 
details see legend of Fig. 4 . 6 . 

4.3.2.3.2 Preferred directions 
T h e d is t r ibu t ion of p re fe r red d i rec t ions of the d i rec t iona l ly sens i t i ve FA-I a f fe rents w a s s ign i f i cant ly 
d i f ferent f r o m a un i fo rm d is t r ibut ion (F ig . 4 .12A) ( p < 0 . 0 0 0 1 , Ray le igh test ) . T h e d i rec t iona l p re fe rences 
w e r e m a r k e d l y b iased for fo rce c o m p o n e n t s in an a p p r o x i m a t e l y 180° sec to r or iented t o w a r d s the 
p rox ima l a n d radial d i rec t i ons . The m e a n ang le of p re fe r red d i rect ion for t he SA-I I a f fe ren ts w a s 129° 
(p rox ima l a n d radia l d i rec t ion is 90° and 180 °, respec t ive ly ) and the concen t ra t i on w a s 0 . 5 1 . The re w a s 
no s ign i f i can t re la t ionsh ip b e t w e e n the pre fe r red d i rec t ion of the af ferents and their overa l l respons iv i t y 
(F ig . 4 . 1 2 B ) ( r 2 =0 .xxx ; p = 0 . 0 6 ; Angu la r -L inea r cor re la t ion) . 
A l t h o u g h far f r om a str ict re la t ionsh ip , the d i rect ion f r om the p r imary si te of s t imu la t ion t o w a r d s the 
cen te r of the recept ive f ie ld for many a f fe rents rough ly m a t c h e d their p re fer red d i rec t ion (see insets of 
f inger t ips in F ig. 4 . 1 2 A ) . T h e mean angu la r d i f fe rence b e t w e e n the pre fer red d i rect ion a n d the d i rec t ion 
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t owa rd t he center of t he recept ive f ie ld w a s - 7 ° and the concen t ra t i on o f t he d i f fe rence d is t r i bu t ion w a s 
0 .58 w h i c h ind icate a s ign i f i can t d i r e c t e d n e s s of the d is t r ibu t ion ( p O . 0 0 0 1 , Ray le igh tes t ) . 

4.3.2.3.3 Directional sensitivity 
T h e abso lu te and re la t ive d i rec t iona l sens i t iv i ty for the FA- I a f ferents w a s 2 .00±0 .95 i m p u l s e s a n d 
0 .24±0 .18 ( m e a n ± S D ) , respec t ive ly . Ne i ther did the abso lu te d i rec t iona l sens i t iv i ty v a r y w i th t he 
p re fe r red d i rec t ion (F ig . 4 . 1 3 A - B ) ( r 2 = 0 . 0 4 , p=0 .38 ) , nor t he re lat ive d i rec t iona l sens i t iv i ty (F ig . 4 . 1 3 E-F) 
( r 2 = 0 .05 , p = 0 . 2 7 ; A n g u l a r - L i n e a r cor re la t ion) . There w a s a pos i t ive co r re la t i on b e t w e e n t h e a b s o l u t e 
sens i t iv i ty a n d the ove ra l l respons iv i t y of t he af ferents (F ig . 4 .13C) ( r s = 0 . 3 9 , p<0 .01 ) , a n d as w i th t h e 
s low ly adap t i ng a f fe ren ts a n inverse cor re la t ion be tween re lat ive d i rec t iona l sens i t iv i ty a n d t he ove ra l l 
r espons i v i t y of the a f fe ren ts (F ig . 4 . 1 3 G ) ( r s =-0 .65 ; p < 0 . 0 0 0 1 ) . T h e d i s t a n c e b e t w e e n t he p r ima ry s i te o f 
s t imu la t i on a n d the recep t i ve f ie ld did not cor re la te wi th abso lu te d i rec t iona l sensi t iv i ty (F ig . 4 . 1 3 D ) 
( r s = 0 . 0 7 , p=0 ,62 ) , but t h e re lat ive d i rec t iona l sensi t iv i ty i nc reased wi th th is d i s t ance (F ig . 4 . 1 3 H ) 
( r s = 0 . 4 2 , p < 0 . 0 0 5 ) . 
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F i g u r e 4 . 1 2 . Directional sensitivity of FA I afferents. For details see legend of Fig. 4 . 7 . 

4.3.3 Afferents whose responses were not influenced by the direction of tangential force components 
Rela t ive ly f e w a f fe rents tha t r e s p o n d e d du r i ng the p ro t rac t ion p h a s e w e r e ind i f ferent to the d i rec t ion of 
the tangen t i a l fo rce c o m p o n e n t . Th is app l i ed to 5, 8 and 10 SA- I , SA-I I a n d FA- I a f fe rents and 
c o r r e s p o n d e d to 7 % , 2 0 % and 17 % of the af ferents that r e s p o n d e d to o u r s t imu l i , respec t i ve ly . T h e s e 
indi f ferent a f fe rents all s h o w e d s imi la r r e s p o n s e s to s t imul i w i th tangen t ia l fo rce c o m p o n e n t s in all four 
d i rec t ions (F ig . 4 .14) a n d w e r e i n te rm ing led wi th the d i rec t iona l sens i t i ve o n e s w i th regard to the 
locat ion of t he recept ive f ie lds on the f inger t ip (see f inger t ips in F ig. 4 .14 ) . T h e response in tens i ty to 
no rma l f o r ce s t imu la t ion d i f fe red for s o m e of these a f fe ren ts f rom that du r i ng s t imu la t ion w i th tangent ia l 
force c o m p o n e n t s ( M a n n - W h i t n e y ) . Th is app l ied to two S A - I , two FA-I a n d o n e SA- I I . W i th e x c e p t i o n for 
one of the FA- I a f fe rents , the r e s p o n s e to the norma l fo rce w a s w e a k e r than the r e s p o n s e s to s t imul i 
w i th t angen t i a l force c o m p o n e n t s . Thus , t h e s e a f ferents a p p e a r e d to be exc i ted by tangent ia l fo rces 
i r respec t i ve of their d i rec t i on . 
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R e s p o n s e , i m p R e s p o n s e , i m p R e s p o n s e , i m p 

F i g u r e 4 .13 . Afferents indifferent to the direction of the tangential force component (shown as in Fig. 5 B . 
Note that the similar responses to stimuli with tangential force components in all four directions. These afferents 
were intermingled with the directional sensitive ones with regard to the location of the receptive fields on the 
fingertip. 

4.3.4 Directionality of responses to different phases of stimuli 

In th is sec t i on we inves t iga te w h e t h e r the i n f l uences o f d i rec t i on of tangent ia l fo rce c o m p o n e n t s 
o b s e r v e d fo r the r e s p o n s e s dur ing the pro t rac t ion p h a s e w a s represen ta t i ve for the r e s p o n s e s e v o k e d 
in o the r p h a s e s o f s t imu la t ion . For s lowly adap t i ng a f fe ren ts w e f ocused t he c o m p a r i s o n o n r e s p o n s e s 
e v o k e d du r ing the p ro t rac t ion and p la teau phases ; t h e r e s p o n s e s in most o f t hese a f fe ren ts qu i ck l y 
dec l i ned a f ter the s ta r t of t he re t rac t ion p h a s e . L i kew ise , w e c o m p a r e d the p ro t rac t ion and re t rac t ion 
p h a s e s fo r the FA- I a f ferents s ince t hese a f fe ren ts d i d not re l iab ly r espond du r ing the p l a teau phase . 
Slowly adapting afferents. N ine ty - f i ve and 9 8 % of t h e SA- I a n d SA- I I a f fe rents that r e s p o n d e d dur ing t h e 
p ro t rac t ion phase a l so responded to the p la teau p h a s e . C o n s i d e r i n g a f ferents that r e s p o n d e d the 
p ropor t ion o f d i rect ional ly sens i t i ve a f fe ren ts w a s s imi la r ly h igh w h e n a s s e s s e d f rom the r e s p o n s e s to 
t he pro t rac t ion p h a s e , the p la teau p h a s e a n d to the ent i re s t imu la t i on (see F ig . 4 .15A) . Of t he 69 SA- I 
a f fe rents tha t r esponded bo th dur ing the p ro t rac t ion and t h e p la teau phases , 61 w e r e d i rec t iona l ly 
sens i t i ve in both p h a s e s . T h e c o r r e s p o n d i n g n u m b e r s for t h e SA-I I a f ferents we re 3 9 and 3 1 . For bo th 
t y p e s of a f ferents t he re w a s a g o o d c o r r e s p o n d e n c e b e t w e e n the d i rec t iona l p re fe rence du r i ng the t w o 
p h a s e s (F ig . 4.14 B-C) . W i t h only e l even S A - I and t w o SA- I I a f fe rents the p re fe r red d i rec t ion d i f fered by 
m o r e than ± 4 5 ° . T h e m e a n abso lu te a n g u l a r d i f fe rence for all SA-I a n d SA- I I a f ferents w a s 2 5 ° ( m e d i a n 
= 11° ) a n d 15° ( m e d i a n = 1 1 ° ) , respec t i ve ly , and t he c o r r e s p o n d i n g s tanda rd dev ia t i ons w e r e 31° and 
16° . 
FA-I afferents. For ty -n ine FA- I a f fe rents r e s p o n d e d to the re t rac t ion phase , wh ich c o r r e s p o n d s to 82 % 
of t hose r e s p o n d i n g dur ing the pro t rac t ion phase ; all but o n e a f ferent respond ing dur ing the re t rac t ion 
p h a s e r e s p o n d e d a l so dur ing the p ro t rac t ion phase . The r e s p o n s e to the re t rac t ion phase typ ica l ly 
occu r red dur ing t h e later ha l f of t he phase (F igs. 11 A and C) and for a f ferents that w a s s t rong ly exc i ted 
the r e s p o n s e cou ld ex tend into the in ter -s t imu lus in terva l by one or a few impu lses . S imi lar ly , impu l ses 
cou ld a lso a p p e a r e d ear ly dur ing t h e p la teau phase after t he inc rease in f o r ce dur ing the p ro t rac t ion 
phase . T h e s e responses dur ing cons tan t f o r ce cou ld be exp la ined by the v iscoe las t i c behav io r of the 
f inger t ip . T h a t is, t h e f inger t ip unde rwen t d e f o r m a t i o n a l c h a n g e s not only du r i ng the pro- a n d ret ract ion 
phases but also ini t ial ly du r i ng the s u b s e q u e n t pe r i ods of cons tan t force (cf. posi t ion and f o r c e s igna ls in 
F igs . 5A, 8 A a n d 11 A ) . 
For a f fe ren ts that r e s p o n d e d , the p ropor t ion of a f ferents in f l uenced by force d i rec t ion w a s abou t the 
s a m e dur ing the re t rac t ion phase (76 %) a n d the p ro t rac t ion p h a s e (83%) (F ig . 4 .15A) , but t ended to be 
h igher if a s s e s s e d f r om response to the en t i re s t imu la t ion ( 9 5 % ) . Whi ls t d i rec t ion of s t imu la t ion dur ing 
the pro t rac t ion p h a s e only marg ina l l y in f luenced the peak f i r ing ra tes of d i rect iona l ly sens i t i ve a f ferents , 
dur ing the re t ract ion phase both t he peak ra te and t he dura t ion w e r e in f luenced (Fig. 4 .11B ; see a lso 
Fig. 4 .11 A ) . 

6 5 



T w e n t y - n i n e FA-I a f fe ren ts w e r e d i rec t iona l l y sens i t ive in both the p ro t rac t ion and re t rac t ion p h a s e s , 
w h i c h c o r r e s p o n d s to 58 % a n d 7 8 % of t h e FA-I a f ferents d i rec t iona l ly sens i t i ve dur ing t h e p ro t rac t ion 
a n d re t rac t ion phase , respec t i ve l y . A l t h o u g h there was a stat is t ica l ly s ign i f i cant co r re la t i on b e t w e e n the 
p re fe r red d i rec t ions du r i ng the p ro t rac t ion a n d retract ion p h a s e s ( r s =xx , p < 0 . 0 0 1 , S p e a r m a n ' s rank 
co r re la t i on ; alt Ray le igh tes t b a s e d on a n g u l a r d i f fe rence??) for abou t o n e hal f (55 %) o f t he a f fe ren ts 
t he p re fe r red d i rec t ion o f t h e re t rac t ion p h a s e we re more than 4 5 d e g r e e d i f ferent f r o m tha t o f the 
p ro t rac t ion phase (F ig . 4 . 1 4 B ) . T h e m e a n d i f fe rence was 67° and the c o r r e s p o n d i n g s t a n d a r d dev ia t i on 
5 4 ° . B e c a u s e of the m o v e m e n t o f the s t imu la t ion sur face in the oppos i t e d i rec t ion , it m a y be 
h y p o t h e s i z e d that the d i rec t i ona l p r e f e r e n c e of the r esponse dur ing the re t rac t ion p h a s e shou ld be 1 8 0 ° 
sh i f ted re la t ive to the p re fe r red d i rec t ion du r i ng t he pro t rac t ion p h a s e . H o w e v e r , that c o u l d h a v e b e e n 
t he c a s e for on ly a f e w o f the a f fe rents (F ig . 4 .14B) . Thus , for the FA I a f fe ren ts the d i rec t iona l i t y for t he 
p ro t rac t ion phase did not we l l p red ic t tha t o f the re t ract ion phase . 
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F i g u r e 4. 14. Directionality during different stimulation phases. A. Column height shows the number o f 
afferents that responded during the regular sequence test to the protraction and plateau phases for the SA afferent 
and protraction and retraction phases for the FA I afferents. and to the entire epoch of stimulation for all three 
types of afferents. The horizontal line indicates the total number of afferent recorded from. Filled part of the 
columns indicate number of afferents whose responses were influenced significantly bs the direction of the 
tangential force component . B. Scatter plots displaying the relation between the preferred direction obtained 
during the protraction phase against that during the plateau phase for the SA - I and SA - I I afferents and retraction 
phase for the FA - I afferents. (Data from afferents that were directionally sensit ise in both phases.) C. Anuular 
difference in preferred direction for the same data as in B. 
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4.3.5 Relationship between afferents' preferred directions and the compliance of the Fingertip 
In a g r e e m e n t w i th recen t obse rva t i ons by N a k a z a w a e t a l . (2000) w e no ted that the c o m p l i a n c e o f the 
f inger t ip var ied w i th d i rec t ion o f the force s t imu la t ion w i th t he h ighest s t i f fness for s t imu l i t ha t i nc luded 
tangent ia l f o rce c o m p o n e n t s in the d is ta l d i rec t ion . T o es t ima te the d i rect ion o f f e r e e s t i m u l a t i o n 
assoc ia ted w i th m a x i m u m c o m p l i a n c e , w e c o m p u t e d the vec to r s u m of the tangent ia l d i s p l a c e m e n t o f 
the s t imu la t i on su r face du r ing s t imu la t ion w i t h tangent ia l f o r ce c o m p o n e n t s in the four d i r ec t i ons wi th 
tangen t ia l f o rce c o m p o n e n t s . A s for the es t ima t i on of a f fe ren ts ' pre fer red d i rec t ions, w e u s e d m e a n 
va lues o b t a i n e d f rom 5 repet i t ions in all f o u r d i rec t ions o f s t imu la t ion de l i ve red dur ing r e c o r d i n g f r o m a 
s ing le a f fe ren t . L i kew ise , in t hese c o m p u t a t i o n s w e a t t r ibu ted the d i rec t ion o f the d i s p l a c e m e n t s to tha t 
of the t angen t i a l c o m p o n e n t o f the force s t imu la t i on , a l t h o u g h the d i rect ion of the m o v e m e n t o f the 
s t imu la t ion su r f ace cou ld di f fer s o m e w h a t f r o m d i rec t ion o f the app l ied force d u e to an i so t r op i c 
m e c h a n i c a l p roper t ies o f the f inger t ip (F ig . 4 .16 A ) . T h e d i rec t ion of m a x i m u m c o m p l i a n c e w a s u n e v e n l y 
d is t r ibu ted a r o u n d the c i r c u m f e r e n c e of t he s t imu la t ion s i te ( p < 0 . 0 0 0 1 ; Ray le igh test ) ; t he c o n c e n t r a t i o n 
was 0 .87 a n d the m e a n ang le w a s 109° (p rox ima l d i rec t i on = 90°) . T h u s , the f inger t ips w e r e mos t 
comp l i an t a p p r o x i m a t e l y in the p rox ima l d i rec t ion . T h e d i rec t iona l d e p e n d e n t c o m p l i a n c e c o m p u t e d as 
t he vec to r s u m of the y ie ld in t he four d i rec t i ons o f t a n g e n t i a l fo rce c o m p o n e n t s w a s 0 .39 ± 0 .15 m m 
( m e a n ± S D ) a n d var ied s o m e w h a t wi th t he d i rec t ion o f m a x i m u m c o m p l i a n c e (Fig. 4 . 1 6 C ) . 
F igure 4 . 1 6 D c o m p a r e s the d is t r ibu t ions o f e s t i m a t e d p re fe r red d i rec t ions for the th ree t y p e s o f a f fe rent 
and the d i rec t ion o f m a x i m u m c o m p l i a n c e w h e n reco rded f r o m the s a m e af ferents. T h e r e w a s a s t r i k ing 
c o r r e s p o n d e n c e b e t w e e n t hese d is t r ibu t ions for the FA- I a f fe ren ts . W e c o m p u t e d the a n g u l a r d i f f e rence 
b e t w e e n t h e s e d i rec t ions and tes ted e v i d e n c e of d i r e c t e d n e s s of the d is t r ibut ion (Ray le igh tes t ) . For the 
FA- I a f fe ren ts t he re w a s a s ign i f icant d i r e c t e d n e s s w i th m e a n ang les of 6° (p<0 .0001) a n d the 
concen t r a t i on w a s 0 .56 . Th i s s u g g e s t s tha t t h e d e f o r m a t i o n of the f inger t ip const i tu te a n i m p o r t a n t f a c t o r 
in d r iv ing t he FA- I a f fe ren ts . S imi lar ly , the SA- I I a f fe rents a l so s h o w e d a d is t r ibut ion t ha t s u g g e s t s that 
de fo rma t i on is impor tan t , but the d i r ec tedness d id not r e a c h stat is t ical s ign i f i cance ( p = 0 . 1 3 ) . In con t ras t 
to the FA- I a n d SA- I I a f fe ren ts , the p re fe r red d i rec t ions o f t he SA-I a f ferents tended to be inverse ly 
re la ted to t h e d i rec t ion o f m a x i m u m c o m p l i a n c e . T h e r e w a s a s igni f icant d i rec tedness w i t h m e a n ang le 
d i f fe rence of 168° (p<0 .05 ) a n d the concen t ra t i on w a s 0 .24 . Th is sugges ts that t i ssue s t r e s s rather t han 
d e f o r m a t i o n pr imar i ly exc i tes t hese a f fe ren ts . 
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F i g u r e 4 . 16. Fingertip compliance tangential to the stimulation surface. A. Direction of movement of the 
stimulation surface (in its tangential plane) when delivering stimuli with tangential force components in the 
distal, radial, proximal and ulnar directions. Note that the direction of the movement of the stimulation surface 
differed somewhat from direction of the applied force. B. Directions of estimated maximum compl iance 
obtained during the regular sequence tests. Each vector (unity circle) refers to data obtained when recording from 
a single afferent. Mean angle indicated b\ white arrow. Length of arrow corresponds to concentrat ion (Rayleigh 
test). C. Directionally dependent compliance computed as the vector sum of the compliance measured in each 
direction of stimulation as a function of the estimated angular direction of maximum compliance. 
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4.3.6 Regular vs. irregular presentation of stimulation directions 

W e s t i m u l a t e d the f inger t ip wi th 4 N fo rce at a re lat ive ly h igh repet i t ion rate ( - 1 . 3 s t imu l i / s ) to rep l i ca te 
the fas t ra te of m o v e m e n t s that m a y o c c u r under m a n y natura l exp lo ra to ry and m a n i p u l a t o r y tasks . D u e 
to the v iscoe las t i c p rope r t i es of the f inger t ip s h o w i n g r a t e - d e p e n d e n c e hys te res is a n d c r e e p (e .g . , 
P u b o l s Jr 1 9 8 2 a ; Se r i na e t a l . 1998 ; P a w l u k a n d H o w e 1999a ) we a s s u m e d that the d i r ec t i on o f t he 
p rev ious s t imu la t ion m a y in f luence the m e c h a n i c a l s ta te o f the f ingert ip unde r t hese c o n d i t i o n s . I n d e e d , 
the d i s p l a c e m e n t reco rds in F igs. 4 .5A, 4 . 8 A and 4 . 1 1 A ind icate that c reep occu r red t h r o u g h o u t t he 
p la teau p h a s e o f the s t imu la t ion and tha t the pos i t ion of the s imu la t ion p robe du r ing t h e i n te r - s t imu lus 
in terva l fo l l ow ing a f o r ce s t imu la t ion o f ten d id not fu l ly re turn to the pos i t ion it had b e f o r e t he s t imu la t i on . 
In par t icu lar , the re w a s a c lear hys teres is regard ing m o v e m e n t s of the s t imu la t ion s u r f a c e in i ts 
tangen t ia l p l ane du r i ng s t imul i w i th tangen t ia l fo rce c o m p o n e n t s (see P D P , PR-U in F igs . 4 .5A , 4 . 8 A a n d 
4 .11 A ) . A c c o r d i n g l y , t he d i rec t iona l ly sens i t iv i ty of the a f fe ren ts in our s tudy cou ld h a v e par t ly b e e n 
re la ted to t he s e q u e n c e o f s t imula t ion p resen ta t i on , i.e., w i th the regular s e q u e n c e tes t all 5 repe t i t i ons 
o f the s t imu l i in a g i v e n d i rec t ion had a f i xed p rev ious h is tory . To address th is i ssue, w e c o m p a r e d t h e 
d i rec t iona l i t y o f the a f fe ren ts based on the regu la r s e q u e n c e test wi th the d i rec t iona l i t y o b t a i n e d du r i ng 
the i r regu la r s e q u e n c e tes t . In the latter tes t the s t imul i w e r e in terming led so that the p r e v i o u s h is to ry o f 
each o f the f i ve repe t i t i ons of the st imul i in a g iven d i rec t i on had a d i f ferent p rev ious h is to ry . For e a c h 
a f fe ren t w e a s s e s s e d d i rec t iona l i ty us ing the s a m e p r o c e d u r e as wi th da ta ob ta ined in t he regu la r 
s e q u e n c e tes t . 
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Figu re 4. 17. A. Preferred directions estimated for individual afferents of each type during the regular 
sequence test plotted against that estimated during the irregular sequence test. B. Angular difference in preferred 
direction for the same data as in A. Afferents significantly influences by force direction during only the regular 
sequence test, only the irregular sequence test and during both tests are indicated by different symbols. 
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The n u m b e r o f a f fe ren ts w h o s e r e s p o n s e s w e r e i n f l uenced by the d i rec t ion of the tangen t ia l fo rce 
c o m p o n e n t w a s s imi la r du r ing the two m o d e s of s t imu lus p resen ta t i on . T h a t is, on ly o n e SA- I a f fe rent , 
two SA- I I a f fe ren ts a n d f i ve FA- I a f fe rents in f luenced du r i ng regu la r s e q u e n c e we re no t i n f l uenced 
dur ing t he i r regu lar s e q u e n c e test . It a l so occu r red that a f fe ren ts not in f luenced dur ing regu la r s e q u e n c e 
w a s i n f l uenced dur ing the i r regular ( two SA- I a f ferents o n e SA- I I a f fe rent ) . The re w a s a l so a h igh 
s imi lar i ty b e t w e e n t he t w o m o d e s of s t imu lus p resen ta t ion regard ing the pre fe r red d i rec t ion (F ig . 4 . 17 A 
( a n d B) ) . Fo r all but f i ve a f fe rents the ang les w e r e w i th in ± 4 5 ° . T h e m e a n abso lu te a n g u l a r d i f f e rences 
( ± S D ) w a s 12 ± 1 4 ° , 10 + 8° and 13 ± 19° for the S A - I , SA- I I and FA- I a f fe rents , respec t i ve ly . T h u s , 
w e c o n c l u d e that the s e q u e n c e of s t imu la t ion p resen ta t ion ne i ther i n f l uenced subs tan t ia l l y the i n c i d e n c e 
d i rec t iona l i n f l uences o n t he af ferent r e s p o n s e s , nor sys tema t i ca l l y the p re fe r red d i rec t ions of the tac t i le 
a f fe rents . Th i s s u g g e s t s tha t the popu la t i on o f tact i le a f fe ren ts o f the f inger t ip wil l c o n v e y s imi la r 
d i rec t iona l m e s s a g e s in natura l man ipu la t i on tasks in w h i c h d i rec t iona l ly d i f ferent s t imul i f o l l ow e a c h 
o ther in i m m e d i a t e s u c c e s s i o n . 

4.4 Discussion 
T h e p r e s e n t resu l ts d e m o n s t r a t e that the r e s p o n s e s in m o s t SA- I , SA- I I a n d FA-I a f fe rents that i n n e r v a t e 
the t e rm ina l pha lanx a re in f l uenced by d i rec t ion of f inger t ip fo rces c o m p a r a b l e to those tha t o c c u r in 
natura l man ipu l a to r y t a s k s . Fu r t he rmore , near ly all S A - I , FA- I and SA- I I a f fe rents that i nne rva te the 
te rm ina l p h a l a n x r e s p o n d to t hese fo rce s t imul i w h e n a p p l i e d to a s i te tha t se rves as a p r imary ta rge t for 
ob jec t c o n t a c t du r ing man ipu l a to r y tasks . O u r X- ray ana l ys i s ind ica tes that ou r f ingert ip s t imu la t i on w a s 
phys io log i ca l , i.e., it resu l ted in de fo rma t i ons that r e s e m b l e t hose w h e n sub jec ts ac t ive ly app l y f o r ces 
aga ins t a p a s s i v e ob jec t . 

4.4.1 Responsiveness of the fingertip afferents 

T h e overa l l h igh r e s p o n s i v e n e s s of the tact i le a f ferents , i r respec t i ve o f t y p e and locat ion of their 
recep t i ve f ie ld at the f inger t ip , impl ies tha t v i r tual ly all a f fe ren ts of the te rm ina l pha lanx potent ia l ly 
con t r i bu tes to the e n c o d i n g of mechan i ca l even ts w h e n t h e f inger t ips man ipu la te ob jec ts unde r na tu ra l 
cond i t i ons . T h a t is, not on l y a f ferents w h o s e recept ive f ie lds w e r e in d i rec t con tac t wi th the s t imu la t ion 
su r face r e s p o n d e d but a lso a f ferents tha t t e rm ina ted at t h e s ides and e n d o f the pha lanx . H e n c e , w h e n 
de f i ned by s t imu l i r ep resen t i ng c o m m o n use of the hand t he s izes of the recept ive f ie lds are m u c h 
larger t h a n typ ica l ly repor ted for tact i le a f fe ren ts , in par t i cu la r conce rn i ng the h u m a n SA- I a n d FA- I 
a f fe ren ts (e .g . , ( J o h a n s s o n 1978; J o h a n s s o n and Va l lbo 1980) ) . A l t h o u g h , it is genera l l y a c k n o w l e d g e d 
that a r ecep t i ve f ie ld is de f i ned func t iona l l y and that its s i ze var ies w i th the na ture of the s t imu la t ion a n d 
its in tens i ty , p rev ious s tud ies of the tact i le innervat ion of t h e f inger t ips h a v e used loca l ized st imul i of 
ra ther w e a k amp l i t ude w h e n charac te r i z ing the recept ive f ie lds (e .g . , (Kn ibes to l and Va l lbo 1970; 
Kn ibes to l 1 9 7 3 , 1 9 7 5 ; J o h a n s s o n 1978 ; J o h a n s s o n and Va l l bo 1980 ; Ph i l l ips e t a l . 1990 , 1992) ; a lso 
see L a M o t t e and W h i t e h o u s e 1986; V e g a - B e r m u d e z a n d J o h n s o n 1999a b; Pubo ls 1987 ; Ta lbo t et a l . 
1968) . L i kew i se , m o s t s tud ies have been focussed o n a f fe ren ts that i nnerva te the g l a b r o u s sk in in the 
reg ion o f t he con tac t s t imu lus , and r e s p o n s e s of r emo te a f fe ren ts m a y not have been cons ide red 
tho rough ly . T h e ex tens i ve exc i ta t ion o f the a f ferents is l ikely to resul t f r o m a w idesp read d is t r ibu t ion of 
c o m p l e x s t r e s s e s and s t ra ins ove r the d is ta l pha lanx d u e to c o m p r e s s i o n a l y ield w h e n the f inger t ip is 
l oaded . T h e s e m e c h a n i c a l even ts are re f lec ted by the m a r k e d de fo rma t i ons on the s ides and end o f the 
f inger r e m o t e f rom the con tac t a rea ; w i th tangent ia l f o rce c o m p o n e n t s the re are also rol l ing m o v e m e n t 
o f the en t i re f i nger -pu lp w i th respec t to the pha langea l b o n e . 

4.4.2 Afferents sensitive to the direction of fingertip force 

I r respec t i ve of t ype a n d loca t ion o f the recept ive f ield on t he te rmina l pha lanx , the vast major i ty of the 
respond ing a f ferents w e r e sens i t ive to the d i rect ion of the tangent ia l fo rce c o m p o n e n t . T h u s , v i r tua l ly all 
s e n s o r s of t he te rmina l p h a l a n g e s potent ia l ly cont r ibu te i n fo rma t ion abou t the d i rect ion of f inger t ip fo rce. 
Th is app l i es p robab ly to in fo rmat ion a b o u t o ther aspec t s of the contac t cond i t i on as we l l , s u c h as 

6 9 



con tac t fo rce and s h a p e o f the s t imu la t ion sur face . In terest ing ly , the va r ious t ypes o f a f f e ren ts s h o w e d 
a s imi la r d i rec t iona l sensi t iv i ty ; the re la t ive d i rect iona l sens i t i v i ty du r ing the prot ract ion p h a s e w a s 
0 .23±0 .18 , 0 . 24±0 .20 a n d 0 .24±0 .18 ( m e a n ± SD) for t he S A 4 , S A 4 I and F A 4 a f fe ren ts respec t i ve l y . 
For bo th t ypes of s l ow ly adap t ing a f fe ren ts the re w a s a h igh c o r r e s p o n d e n c e b e t w e e n t he d i rec t i ona l 
p re fe rence for the r e s p o n s e s to the p ro t rac t ion and the p la teau phase . Th is sugges t s tha t the d y n a m i c 
and s ta t ic r esponses be dr iven largely b y c o m m o n m e c h a n i c a l even ts . In cont ras t , fo r the F A 4 a f fe ren ts 
the p re fe r red d i rec t i ons of the r e s p o n s e s to the p ro t rac t ion and ret ract ion p h a s e s c o u l d b e qu i te 
di f ferent . Th is cou ld no t be exp la ined s i m p l y by the o p p o s i t e d i rec t ion of the m o v e m e n t o f t h e s i m u l a t i o n 
su r face du r i ng t hese p h a s e s . 

4.4.2.1 Irregular vs regular sequence 
For all t h r e e t ypes o f a f fe ren ts , the p re fe r red d i rec t ions fo r the tangent ia l fo rce c o m p o n e n t w e r e 
d is t r ibu ted in va r ious a n g u l a r d i rec t ions f r o m the s t imu la t i on si te, but not un i formly . P r o b a b l y s e v e r a l 
fac tors con t r i bu ted to an a f fe rent 's d i rec t iona l behav ior , e .g . , an iso t rop ic de fo rma t i ona l p rope r t i es of the 
f inger t ip c o m b i n e d wi th t he locat ion , ancho r i ng and sens i t i v i ty and b ranch ing p roper t ies o f t h e ne rve 
end ings ( see G o o d w i n a n d Mor ley 1987) . T h e re la t ionsh ip be tween the d is t r ibut ion o f p re fe r red 
d i rec t ions o f the FA- I a f fe ren ts pre ferent ia l l y in the p r o x i m a l a n d rad ia l d i rec t ions and t he d i rec t i on of 
m a x i m u m c o m p l i a n c e o f the f ingert ip s u g g e s t that t he s ize o f f inger t ip de fo rmat ion cons t i t u te an 
impor tan t c o m p o n e n t in dr iv ing the FA- I a f fe rents . A t e n d e n c y to a s imi lar re la t ionsh ip w a s o b s e r v e d for 
the SA- I I a f fe ren ts . In cont ras t , the p re fe r red d i rec t ions o f t he SA-I a f ferents we re o f ten d i rec ted 
oppos i te to the d i rec t ion o f m a x i m u m c o m p l i a n c e , i.e., o f t en in d is ta l d i rec t ions . Th is s u g g e s t s tha t t h e 
exc i ta t ion o f t hese a f fe ren ts did not d e p e n d o n the f i nger t ip de fo rma t i on as such , but m a y h a v e 
d e p e n d e d o n c o m p r e s s i v e s t ress . T h e r e a r e indeed e v i d e n c e in the m o n k e y that SA- I a n d R A (FA- I ) 
impu lse ra tes are co r re l a t ed w i th d i f fe rent c o m p o n e n t s o f f inger t ip de fo rma t i ons (Ph i l l ips a n d J o h n s o n 
1 9 8 1 ; S r i n i vasan a n d L a M o t t e 1987; V e g a B e r m u d e z a n d J o h n s o n 1999) . Severa l a n a t o m i c a l f ac to rs 
m a y con t r i bu te to the s t i f fness of the f inger t ip being h ighes t for s t imul i w i th d is ta l c o m p o n e n t s . For 
ins tance, t he g rea tes t cu rva tu re o f the f inger t ip occu rs t o w a r d s the distal e n d , the p h a l a n g e a l b o n e h a s 
an a s y m m e t r i c s h a p e w i t h a d isk at the e n d , and t he d is ta l par t o f the f i ngerpad is e f f i c ien t ly a n c h o r e d to 
the stiff pe r i ungua l t i s sue . 
C o n c e r n i n g the loca t ion o f the a f ferent 's t e rm ina t i on in the f inger t ip , w e no ted that t he d i rec t ion f r o m the 
pr imary s i te of s t imu la t i on t owa rds the recep t i ve f ie ld c e n t e r app rox ima te l y c o r r e s p o n d e d to the 
p re fe r red d i rec t ion for m a n y FA-I and SA- I a f ferents . T h i s pa t te rn sugges t s that the e n d - o r g a n s o f s u c h 
a f ferents w o u l d be sens i t i ve to c o m p r e s s i v e stra in or s t ress . Howeve r , for m a n y a f fe ren ts t he loca t ion of 
the recep t i ve f ie ld d id not predict the d i rec t iona l p re fe rence a l though our m e t h o d to ou t l i ne t he recep t i ve 
f ield qu i te fa i th fu l ly i nd i ca tes the locat ion o f the te rm ina l s o f the af ferent ( J o h a n s s o n , 1978 ) . A s s u c h , 
th is a g r e e s w i th c o n c l u s i o n s by G o o d w i n a n d Mor ley ( 1 9 8 7 ) w h o o b s e r v e d d i rec t iona l ly d e p e n d e n t 
r e s p o n s e s in a b o u t 6 0 % of the 'SA' (SA- I ) and 'RA' (FA- I ) a f fe rents w h e n s t imula t ing the m o n k e y 
f inger t ip b y mov ing g ra t i ngs in the u lnar a n d the rad ia l d i rec t ion ac ross the f inger -pu lp . S im i la r 
c o n c l u s i o n have b e e n d r a w n in h u m a n s tud ies in w h i c h t he sk in w a s s t imu la ted by a b rush m o v i n g 
ac ross t he sk in (Ed in et a l . 1995) and in m o n k e y s us ing s m o o t h l y g raded s tepped s u r f a c e s s t roked 
ac ross t he sk in ( L a M o t t e a n d Sr in ivasan 1987) . 
Wi th t he SA- I I a f fe ren ts the re w a s no ind ica t ion of a n y re la t ionsh ip be tween the locat ion of the recep t i ve 
f ie lds a n d p re fe r red d i rec t i on . Th is w a s u n e x p e c t e d s i nce p rev ious s tud ies have e m p h a s i z e d tha t t h e s e 
a f ferents a re sens i t i ve to tangent ia l sk in s t re tch in d i rec t i ons f r om the locat ion of the e n d - o r g a n s , w i t h a 
p r o n o u n c e d d i rec t iona l i t y (Kn ibes to l and Va l lbo 1970; Kn ibes to l , 1975 ; J o h a n s s o n et al 1978; a lso s e e 
C h a m b e r s et al 1972) . However , for t hose SA- I I a f fe ren ts tha t innerva te the p h a l a n g e s , the sens i t i v i ty 
pat tern is genera l l y m o r e comp lex . Of ten the af ferent ac t iv i ty inc reases w h e n the sk in is s t re tched in o n e 
d i rec t ion on ly and m a y d e c r e a s e w h e n the sk in is s t r e t ched in the oppos i te d i rect ion (see B type un i ts in 
J o h a n s s o n 1978) . F u r t h e r m o r e , the p re fe r red d i rec t ion of s t re tch sensi t iv i ty of SA-I I a f fe ren ts ag rees 
reasonab l y w i th the c l e a v a g e l ines of the g lab rous sk in o f the h u m a n hand wh ich ref lect the d i r ec t i ons of 
main f iber s t rands of the de rma l f ibrous t i ssues (e.g. J o n e s , 1946) . Thus , an iso t rop ic fea tu res of the 
f ingert ip re la ted to the spec i f i c o rgan iza t ion of the f ib rous c o n n e c t i v e t i ssues is yet a fac tor that m a y 
in f luence t he d i rec t iona l i t y of af ferent r e s p o n s e s . 
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H o w e v e r , to re la te the e n c o d i n g p roper t i es o f tact i le a f fe ren ts to m e c h a n i c a l even ts t he re is a n e e d fo r 
real is t ic m o d e l s o f the f inger t ip that wi l l exp la in the d is t r ibu t ion o f s t r esses a n d s t ra ins t h r o u g h o u t the 
te rm ina l p h a l a n x in r e s p o n s e to f inger t ip loads in var ious d i rec t ion . B e c a u s e the f inger t ip is a h igh ly 
c o m p l e x i r regu lar v isco-e las t i c b o d y e n c a s e d by the nai l a n d the c u r v e d sk in sur face a n d exh ib i t s n o n -
h o m o g e n o u s an iso t rop ic t i m e - d e p e n d e n t de fo rma t i on p roper t i es , v e r y comp l i ca ted d is t r ibu t ion of 
s t r esses a n d s t ra ins d e v e l o p s w h e n it exe r t s fo rces on o b j e c t s , inc lud ing in t he de rm is w h e r e m o s t 
tact i le s e n s o r s a re l oca ted . Whi ls t seve ra l s tud ies have p r o v i d e d usefu l in fo rmat ion a b o u t m a y a s p e c t s 
of sk in a n d f inger t ip m e c h a n i c s (e .g . , (Ph i l l ips and J o h n s o n 1 9 8 1 ; Wes t l i ng and J o h a n s s o n 1 9 8 7 ; 
S r i n i vasan a n d D a n d e k a r 1996; Ser ina et a l . 1 9 9 7 , 1 9 9 8 ; P a w l u k a n d H o w e 1999a, 1 9 9 9 b ; N a k a z a w a 
et a l . 2 0 0 0 ) , the b i o m e c h a n i c a l m o d e l s p r o p o s e d so far a re not a d v a n c e d e n o u g h to exp la in the 
d i rec t iona l b e h a v i o r o f t he a f fe rents f ound in the p resen t s tudy . 

4.4.3 Comments on use of directional tactile sensory information 

Given tha t t he f inger t ips a re par t icu lar ly d e n s e l y i nne rva ted by tact i le a f fe ren ts - e a c h t e rm ina l p h a l a n x 
is supp l i ed by s o m e 2 0 0 0 a f fe rents ( J o h a n s s o n and Va l lbo 1979) - and tha t the vast ma jo r i t y of t h o s e 
s h o w d i rec t iona l l y d e p e n d e n t r e s p o n s e s , w e are c o n v i n c e d tha t t he popu la t i on of tact i le a f fe ren ts 
supp l y i ng t he f inger t ips p rov ides rich i n fo rma t ion regard ing d i rec t ion of f inger t ip fo rces . H o w e v e r , to o u r 
k n o w l e d g e there a r e no inves t iga t ions pub l i shed c o n c e r n i n g t he h u m a n capac i t y to p s y c h o p h y s i c a l ^ 
d i sc r im ina te d i rec t ion o f f inger t ip fo rces . Neve r the less , s u c h d i rec t iona l in fo rmat ion m a y be cr i t ica l for 
the con t ro l o f d e x t e r o u s man ipu la t i on . Fo r i ns tance , for e a c h f inger t ip e n g a g e d the d i rec t ion of f inger t ip 
fo rce m u s t be kept w i th in the f r ic t ional l imi ts to p reven t acc iden ta l s l ips ( J o h a n s s o n a n d Wes t l i ng 1 9 8 4 a ; 
Ed in et a l . 1 9 9 2 ; Bu rs ted t et a l . 1999) . Tac t i l e in fo rmat ion re la ted to d i rec t ion o f app l ied fo rce m a y be 
m o s t cr i t ica l fo r g rasp s tab i l i ty w h e n w e h a n d l e ob jec ts w i th c u r v e d su r f aces or i r regular s h a p e s ( see 
J e n m a l m a n d J o h a n s s o n 1997 ; G o o d w i n e t a l . 1998) . S u c h ob jec t s eas i l y e l ude the gr ip un less the 
d i rec t i ons o f t he f inger t ip f o r ces are approp r ia te l y spec i f ied w i th re fe rence to the ac tua l g r a s p s i tes o n 
the f inger t ips and t he local g e o m e t r y o f t he ob jec t at the g r a s p s i tes . T h e s e requ i remen ts m a y exp la i n 
w h y popu la t i ons o f tac t i le a f fe rents a lso h a v e a r e m a r k a b l e abi l i ty to d i sc r im ina te smal l d i f f e rences in 
su r f ace cu r va tu re a n d s m a l l d i f fe rence in t h e pos i t ion of c o n t a c t at the f inger t ips (S r in i vasan and 
L a M o t t e 1 9 8 7 ; G o o d w i n et a l . 1 9 9 5 , 1 9 9 7 ; W h e a t et a l . 1 9 9 5 ; L a M o t t e a n d Sr in ivasan 1 9 9 6 ; Kha lsa et 
a l . 1 9 9 8 ; D o d s o n et a l . 1998) . I ndeed , du r i ng f inger n u m b n e s s sma l l i t ems typ ica l ly e s c a p e the gr ip 
m a k i n g m a n i p u l a t i o n imposs ib l e , e .g . du r i ng but ton ing a t t emp t . F u r t h e r m o r e , w h e n h u m a n s use a 
p rec is ion g r ip to res t ra in ob jec ts tha t a re sub jec ted to unp red i c tab le tangen t ia l load f o r ces , the reac t i ve 
m u s c l e ac t i va t ion pa t te rns (dr iven by tac t i le input) that au toma t i ca l l y suppo r t g rasp stabi l i ty d e p e n d o n 
the d i rec t i on o f load ( H ā g e r - R o s s , Co le & J o h a n s s o n , 1 9 9 6 ) . 
P robab l y t he C N S c a n ex t rac t d i rec t iona l in fo rmat ion f r om the popu la t i on o f tact i le a f fe rents based o n a 
mu l t i t ude o f d e c o d i n g p r inc ip les that d e p e n d on the cu r ren t s ta te o f its re levant neural n e t w o r k s , w h i c h 
in t u rn , re la tes to t he cu r ren t task and its p h a s e . Indeed , t he mo to r e x p r e s s i o n of tact i le a f ferent inpu t in 
man ipu la t i on occu r in te rmi t ten t ly dur ing t he p rog ress of the task acco rd ing to a cont ro l po l icy d e s c r i b e d 
as "d isc re te even t s e n s o r d r i ven con t ro l " ( for a br ief o v e r v i e w see J o h a n s s o n , 1998) . It i nvo l ves a 
c o m p a r i s o n o f the ac tua l t ime-va ry ing s o m a t o s e n s o r y in f low wi th a p red ic ted af ferent input g e n e r a t e d b y 
the ac t i ve t a s k d e p e n d e n t s e n s o r i m o t o r p r o g r a m in con junc t i on w i th the e f fe rent s igna ls . In add i t ion to 
t r igger p r e - p r o g r a m m e d pa t te rns o f co r rec t i ve motor r e s p o n s e s , a m i s m a t c h be tween the ac tua l and the 
p red ic ted s o m a t o s e n s o r y input ins tant ia te a n update of re levan t p a r a m e t e r s of the act ive s e n s o r i m o t o r 
p r o g r a m he ld in m e m o r i e s for pred ic t ive con t ro l . Th i s s c h e m e w o u l d d e p e n d on fo rward m o d e l s that 
cap tu re the causa l re la t ionsh ip be tween ac t ions , as s igna led by 'coro l la ry d i scha rge ' (Sper ry 1950) , a n d 
the i r s e n s o r y c o n s e q u e n c e s (Mer fe ld et a l . 1993; Miali and Wo ipe r t 1996 ; Wo lpe r t 1997; K a w a t o 1999) ) . 
G i ven a d y n a m i c a n d t a s k d e p e n d e n t use of s o m a t o s e n s o r y in fo rmat ion the re are severa l c o n c e i v a b l e 
m e c h a n i s m s for ex t rac t ion o f d i rec t iona l in fo rmat ion f rom tact i le a f fe rents o f the f ingert ip . S ince the 
va r ious t ypes of a f fe ren ts in popu la t ion t e r m s s h o w e d d i f fe rences c o n c e r n i n g preferred d i rec t ions , o n e 
w a y fo r the brain to ob ta in d i rec t iona l c u e s cou ld be to m o n i t o r the ba lance be tween the input f rom the 
SA- I , SA-I I a n d FA-I a f fe ren t popu la t ions . S imi lar ly , re la t ionsh ips b e t w e e n the d i rect iona l p re fe rence of 
ind iv idua l a f fe rents and the i r te rm ina t ion in the f ingert ip s u c h as those o b s e r v e d for the SA- I and FA-I 
a f fe ren ts m a y prov ide d i rec t iona l c u e s if mon i to r ing c h a n g e s in the cen t ro id of the popu la t ion act iv i ty 
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wi th re fe rence to the f inger t ip (cf. D o d s o n e t a l . 1998) . Fu r t he rmore , the C N S m a y in a t ask - and p h a s e -
re la ted m a n n e r hand le ind iv idua l a f fe ren ts d i f ferent ly d e p e n d i n g o n the i r d i rec t iona l p r e f e r e n c e s . For 
i ns tance , s igna ls f o rm a f fe ren ts w i t h s im i la r p re fe rence cou ld be m a d e to c o n v e r g e at c o m m o n neura l 
s i tes , a n d by mon i to r ing the ba lance o f ac t i v i t y be tween s u c h s i tes o n g o i n g brain p r o c e s s e s cou ld be 
i n f l uenced by d i rec t iona l i n fo rma t ion . T h u s shi f ts in the ba lance of act iv i ty b e t w e e n neu ra l s i tes 
rep resen t i ng se lec ted g r o u p s of a f fe ren ts w h o s e d i rec t iona l p re fe rences a re b iased t o w a r d s oppos i t e 
d i rec t ions wou ld e n h a n c e t he sens i t i v i t y to fo rces in the d i rec t ion o f f ocus . Th is k ind o f p r o c e s s i n g w o u l d 
be robus t aga ins t fac to rs that m a y c h a n g e t he overa l l d i s c h a r g e rate of t he a f fe rents . E x a m p l e s of s u c h 
fac to rs are the m a g n i t u d e a n d rate o f c h a n g e of the con tac t force, the t e m p e r a t u r e o f t he f inger t ip a n d 
c h a n g e s in v iscoe last ic p roper t i es o f t he f inger t ip re lated to p rev ious in te rac t ions w i th o b j e c t s a n d sk in 
hyd ra t i on etc. (e .g . , D u c l a u x a n d K e n s h a l o 1972; G r e e n 1977 ; Pubo ls Jr 1982b ) . H o w e v e r , the m ino r i t y 
o f a f fe ren ts of each t ype w h o s e r e s p o n s e s w e r e indi f ferent to the d i rec t ion o f f inger t ip f o r ce m a y a l s o 
he lp t he C N S to ob ta in f o r ce d i rec t iona l c u e s . If t hese a f fe rents w e r e in f l uenced by t h e a b o v e fac to rs 
s imi la r to t he d i rec t iona l ly sens i t i ve o n e s t h e y wou ld p rov ide a re fe rence fo r ef f ic ient ex t rac t i on of 
d i rec t iona l in fo rmat ion o b t a i n e d f r o m a f f e ren t s w h o s e r e s p o n s e s a re i n f l uenced by the d i rec t i on of 
t angen t ia l f o rce c o m p o n e n t s . F inal ly , as ind ica ted a b o v e k n o w l e d g e a b o u t t he e f fe rent c o m m a n d s (cf. 
"coro l la ry d i scharge" ) du r i ng m a n i p u l a t i o n m a y cons t i tu te a most impo r tan t bas is for i n te rp re ta t ion o f the 
tact i le i npu t dur ing man ipu la t i on . 

H o w e v e r , fu r ther w o r k wi l l be requ i red to quant i f y the ac tua l capac i t y o f the va r ious t y p e s o f tact i le 
a f fe ren ts in prov id ing i n fo rma t ion abou t d i rec t i on of f inger t ip fo rce. For e x a m p l e , if robus t i n fo rma t i on 
abou t fo rce d i rec t ion is p resen t in an a f fe ren t popu la t ion it mus t be poss ib le to ex t rac t th i s i n fo rma t ion 
i n d e p e n d e n t l y of o the r p a r a m e t e r s o f t h e s t imu lus such as its pos i t ion o n t he f inger t ip or its con tac t f o r c e 
a n d s h a p e of con tac ted ob jec ts . L i kew i se , a n y wor thwh i le popu la t ion recons t ruc t i on m u s t inc lude 
i n fo rma t i on f rom a f fe rents all ove r the f i nger t ip , a lso w h o s e te rmina ls are loca ted ou ts ide the a rea o f 
con tac t w i t h the ob ject . 

5 C o n c l u s i o n s 
1. T h e no rma l fo rce w a s c o u p l e d to t he load in all i nves t iga ted behav io ra l cond i t i ons , i.e., 

u n i m a n u a l and b i m a n u a l m a n i p u l a t i o n {Experiment /-//). 

2. In all behav io ra l cond i t i ons , the re la t ionsh ip b e t w e e n the n o r m a l f o r ce and the load ( the 
' no rma l - fo rce - to - l oad rat io') w a s ad jus ted at e a c h d ig i t -ob ject in te r face to the loca l 
f r ic t ional cond i t i ons {Experiment l-ll). 

3. T o i ndependen t l y con t ro l f i nger t ip f o rces in re la t ion to the loca l f r i c t ion , t he e m p l o y e d 
n o r m a l f o rces a p p e a r to be con t ro l l ed at an inter-d ig i ta l leve l . T h e sca l ing o f the no rma l 
fo rce w a s based o n f r i c t ion- re la ted senso ry in fo rmat ion ob ta ined f r o m the init ial con tac t 
w i th the ob jec t a n d on t he m e m o r y t races f rom prev ious tr ia ls {Experiment l-ll). 

4. S u b j e c t s m a y exp lo i t con t ro l led s l i ps to part i t ion the load fo rce b e t w e e n the d ig i ts a n d 
t h e r e b y ad jus t the no rma l - f o r ce - to - l oad rat ios {Experiment II). 

5. T h e cont ro l of f inger t ip fo rces imp l i es that sub jec ts use d ig i t -spec i f ic ant ic ipa tory 
m e c h a n i s m s in a m a n n e r cons i s t en t wi th the no t ion that the C N S en te r ta ins in ternal 
m o d e l s of re levan t ob jec t and t ask proper t ies du r i ng man ipu la t i on {Experiment l-ll). 

6. T h e responses in m o s t S A I, S A II and FA I a f fe ren ts of the d is ta l p h a l a n g e s are capab le 
to e n c o d e the d i rec t ion of f inger t ip fo rces that o c c u r in man ipu la t i ve tasks {Experiment 
III). 
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