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Anotacija

Cilveka pirkstu kustibu kontrole precizu maniputaciju laika balstas uz divu fipu mehanismiem. Pirmkart,
tas ir atgriezeniska saites no taktilajiem mehanoreceptoriem, kas signalizé par to vai motoras
programmas mérkis ir sasniegts un vai visi parametri atbilst gaiditajiem. Atgriezeniska saite var
nodrosinat precizu parametru kontroli, tacu tas friikums ir IEna darbiba un atbiides reakcijas nobide
laika. Vairuma gadijumu precizu manipulaciju nodrosinasanai nepieciesami apsteidzosas regulacijas
mehanismi, kas balstas uz ta saucamajiem iekégjiem modeliem. Sadi modeli tiek sintezati CNS
iekSiené. Tie raksturo manipulejama objekta krifiskas Tpasibas un, balstoties uz iepriek$gjo pieredzi,
prognozé iespéjamo objekta uzvedibu manipulaciju laika. leks&jo modelu izveido$anas, savukan, ir
iespéjama tikai pateiccties sensorajai informacijai, kas tos uztur un dinamiski korige.

Muasu zinatniska darba merkis ir izpétit pirksiu motoras kontroles programmas k& art taktilas
informacijas kodésanas mehanismus, kas nodrosina precizas manipuiativas kustibas. Konkrétie
uzdevumi bija noskaidrot kada veida tiek panakta divu pirkstu saskanota darbiba, veicot kopigu
manipufativu uzdevumu. Otrs konkrétais uzdevums bija noskaidrot k3 taktilie receptori pirkstgalos kodé
tadus lokalos kontaktvirsmas parametrus ka tangenciala spéka komponenta virzienu.

Lai pierakstitu aferento impulsaciju, més izmantojam mikroneirografijas tehniku, kas lauj registrét nervu
impulsus no viena vieniga aksana nomoda esosam cilvékam. ST unikala tehnika atklaia jaunas iespsjas
analizét taktilos neiralos mehanismus cilvekam ar tadu precizitati, kas iepriek$ bija iesp&jama tikai
eksperimentos ar narkotizétiem dzivniekiem.



Summary

Superior abilities of humans to dexterous manipulations depend on two main types of control
mechanisms. First it is feedback control using sigrals from tactile mechanoreceptors enabling a task-
specific load-to-grip’ sensorimotor transformation. Feedback control may provide precise control of
parameters, but limitation in this control is long event-response delays. Thus, sensory based closed-
loop feedback is ineffective at movement frequencies that regularly occur in manipulation. In fact, most
manipulatory tasks require also feedforward control mechanisms. The parametric adjustment of
fingertip forces to object properties gives strong evidence that the CNS uses internal models of the
relevant physical properties of the objects that we interact with, in conjunction with sensorimotor
memotries. During manipulations, the internal models related to object properties are activated and
updated by tactile sensors in the hand. Internal models retain the critical parameters of object and using
previcus experience predicts possible behavior of object during manipulation.

In this light the main task of our study was to disclose the mechanisms of motor control pregrams and
reveal the coding mechanisms in tactile afferenis enabling dexterous manipulations in humans.
Specifically we addressed question how the coordination of two digits is achieved when engaged in
common restraint task. Further we investigated how the tactile receptors in fingertips encode such force
parameters at contact site as direction of tangential force component.

We used the fechnique of microneurography to record signals in human tactile afferents while applying
mechanical stimuli to fingertips compatible to those that arise in everyday manipulative tasks.
Microneurography is a method that allows us to record impulses in single nerve fibers in awake human
subjects. It is based on percutaneously inserted fungsten microelectrodes that impale the relevant
peripheral nerve. With this technique it is possible to analyze tactile neural mechanisms in man with a
precision and resclution previously available only in experiments on anaesthelized animals, while at the
same time, the subject can perform motor and psychophysical tasks.



Sammanfattning

Manniskans formaga att undersoka cch manipulera foremal med sina hander beror framst pa hjarnans
avancerade kontroll av handen. Denna kontroll iorutsatter ett forfinat samspel melian sinnessignaler och
motoriska kontrollfunktioner. | kontrollen av manipulativa uppgifter, som nar man tar ett foremal och
lyfter det fran underlaget, kravs bl.a. att de applicerade krafterna anpassas ill det aktuella féremalets
fysikaliska egenskaper. Sa anpassas t ex gripkrafterna till féremalets vikt, form och friktion mot huden
sa att féremalet inte glider ur greppet. Samtidigt undviks onddigt starka gripkrafter. Signaler fran
mekanareceptorer i fingertopparna ar sarskilt vikitga for kontroff av krafterna under manipulation, men
deras nackdelar ar langa reaktions tider. Ofta kontrolisystemen arbetar med framférhalining, dvs
prediktivt, baserad pa minnesinformation om foremais egenskaper. Tidigare erfarenheter av omvéarldens
féremal spelar salunda en avgorande roll. Hjarnan anvander salunda interna modeller for saval handens
och féremalens egenskaper som for uppgiftens dynamik.

| detta arbete har analyserats hur enskilda fingrar ar kontrollerade under gemensam manipuiativ rérelse
nar de haller objekt i jamvikt vid paverkan utifran. Till skillnad fran tidigare undersokningar ger en
experimentel! situation mojlighet for subjekiet att dela normala och tangentiella krafter cberoende av
varandra. Det adderas saledes fill en frihetsgrad vid kontroll av manipulativa krafter. Utan undersékning
av motoriska kontrollfunktioner analiserade vi svarel av taktila receptorer och deras férmaga koda
riktning av tangential kraft under manipulationer. Med mikroneurografi registrerade vi nervtrafik till och
fran manniskans handen.
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1 Introduction

While restraining an object subjected to unpredictable destabilizing load forces, subjects use sensory
information related to load changes to automatically generate grip responses via a task-specific ‘load-to-
grip' sensorimotor transformation. Tactile receptors of the skin in contact with the object are the enly
type of mechanoreceptors capable of triggering and scaling appropriate grip responses, but muscie and
joint afferents may provide information related to the reactive forces preduced by the subject. The
employed sensorimotor transformation appears to exploit short term predictions of the rate of load
changes. Furthermore, the friction in the objeci-digit interface modifies the gain of the entire load-to-grip
force transformation based on frictional information obtained during initial skin-object contact.

1.1 Grasp stability

In many manipulative tasks it's crucial that the hand maintains a stable contact with the manipulated
object. While slips at some contact surfaces may be a necessary element of the task, 'grasp stability' as
used in this thesis implies that the object is handled in such a manner that the object doesn't
accidentally escape the grasp. If a digit applies too little normal force in relation to the load and friction
at its contact surface, it will slip and the object may consequently be lost. The load corresponds in this
context to the force and torque tangential to the contact surface (Kinoshita ef al, 1997).

A number of factors determine the minimal force compatible with a stable contact at single digit-ohject
interfaces. Two obvious factors when lifting an object with vertical contact surfaces using an oppasition
grasp are the weight of the object and the friction between the object and the digits engaged in the task
(e.g., Westling & Johansson, 1584). For a given frictional condition a heavier object requires both more
vertical lifting force and more normal force. On the other hand, for a given weight a more slippery object
requires more normal force than a less slippery object. Notably, the friction may vary from one time to
another for a given object, for instance, because of varying amounts of sweat at the digit-object
interface (Cadoret & Smith, 1996; Johansson & Westling, 1984b; Smith, Cadoret & St-Amour, 1997).
Mareover, the digit-object interfaces may show fricticnal anisctropies and consequently the friction may
be different depending on the direction of the tangential force (Hager-Ross, Cole & Johansson, 1998).
The object’s shape also influences the normal force required to maintain grasp stability. Indeed,
Jenmalm et af (1997) demonstrated that subjects in a purposeful manner adjust the applied normal
force to the angle of the contact surface in relation to the gravitational field. Likewise, the curvature of
the contact surface affects grasp stability but its effect is more complex. Whereas surface curvature per
se barely influences the required and the employed normal force as long as the load is linear (Jenmalm,
Goodwin & Johansson, 1998), it dramatically increases the force requirements when there are torques
tangential o the contact surface (Goodwin, Jenmalm & Jchansson, 1998).

Weight, surface characteristics and cbject shape are all mare or less intrinsic object properties that
affect grasp stabifity. But even if these factors are taken into account, grasp stability may, of course, be
leopardized by external forces (Cole & Abbs, 1988; Johansson & Westling, 1988a).

1.2 Strategies for achieving grasp stability

Manipulative tasks can in theory be divided into two principle classes on the basis of the properties of
the manipulated object: a passive object is subjected only to gravitational and inertial forces whereas an
active object in addition may be affected by external forces at unpredictable moments in time
(Johansson ef al, 1992). A typical example of & passive object is a glass with water while a dog's leash
represents a potentially active object. It should be noted that the dichotemy of manipulated objects into
passive and active objects is primarily didactic in purpose: an object may as a consequence of
manigulation quickly change from being a passive’ object into 'active’ object, e.g., wnen a power tool is
turned on and brought into use.



Previous studies on senscrimotor control of fingertip forces during manipulative tasks have revealed
that the nervous system maintains a precise balance between forces normal and tangential to the grasp
surface through a subtle interplay of feedforward and feedback control mechariisms {Jchansson, 1996).
While such mechanisms always play crucial roles during manipulation, their relative importance varies.
Relevant properties of passive objects are stable over time and motor outputs during their manipulation
are self-paced. Therefore, based on memory information from previous experiences with the same or
similar objects the brain can to a large extent rely on anticipatory control mechanisms to adapt the
motor commands pricr to their execution. In contrast, with active objects, anticipatory contrel
mechanisms are of limited use and the control systems must rely tc a higher degree on somatosensory
feedback to adjust the forces to foad changes (Johansson ef al, 1992).

Figare 1.} Schemutic idlustration of a passive obhject und a sample tricl. A: Schematic illustration of the
apparatus used in Paper { and the measured fingertip torces. B: Single trial in which the thumb contacted
sundpaper and the index finger contacted the more slippery material suede. Kinematic and kinetic records as a
function of time: From top to bottom, superimposed normalitangential loree ratios, normal forces, vertical
tangential forces (foad) and vertical position. To prevent slips between a digit and its contact surlace the ratio
between normal force and tangential force (load) has o be greater than a minimum 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 Lhe applied force ratio and the slip ratio (horizontal lines) represents a satety margin against
slips (black and gray areas). Shaded bars delincate the trial in to the various phases observed during selt-paced
titting tasks. Adapted from Bursteadt et af 19974,

1.2.1  Lifting passive objects

Johansson ef al {1984} first described the sequential coordination of forces during two-digit lifting using
an oppesition grasp (Fig. 1.1). During the preload phase, the digits contact the object, the normal force
('grip force') begins to increase and contact is established. The following load phase is characterized by
a parallel increase in the grip (normal force) and lift force (vertical tangential forces; ‘load’). When the
vertical force overcomes the weight of the object, lift-off from the support occurs and the object starts to
move (transitional phase) to the desired vertical position (static hold phase). The normal force and load
decrease in parallel shortly after the object is replaced on the support (unfoad phase) and, finally, the
object is released. This kind of manipulatory tasks thus progresses in a series of distinct phases, each
characterized by a specific goal, €.9., the preload phase terminates once contact has been established
and the subsequent load phase terminates at object lift-off.

The paralle! change in normal force and toad obviously pravides a pariial solution o the problem of
grasp stability: when the load at the contact surface increases. so does the normal force. Imporiantly, if
this coordinative constraint is to support grasp stability in an efficient manner, the motor program must
be parameterized appropriately to the task requirements. e, the vettical lifting force must {1 the abject's



weight and the normal force must be scaled to fit the load given the frictional condition. The coordination
of the normal force and load during self-paced manipulation of passive cbiects rely to a large extent on
memory mechanisms. Once an object has been lifted, the farce coordination in subsequent lifts reflects
both the object's frictional characteristics and its inertia (Flanagan & Tresilian, 1694, Flanagan, Tresilian
& Wing, 1993, Flanagan & Wing, 1993, 1995, 1597, Johanssan & Westling, 1984a, 1988b; Westling &
Johansson, 1984). But this is also the case for the torques that develop tangential to the individual
contact surfaces during a lifting trial {Goodwin, Jenmalm & Johansson, 1998; Johansson, Backlin &
Burstedt, 1999; Kinoshita et al, 1997 Wing & Lederman, 1998). Moreover, normal subjects use vision in
a powerful way to enable proper anticipation of force requirements. This is true not only for cbject shape
(Jenmalm & Johansson, 1997) but aisc when subject uses vision and takes advantage of a general
knowledge of the density of specific objects (Gordon et af, 1991a-b, 1993) and location of objects’
center of mass (Goodwin, Jenmalm & Johansson, 1598).

By stating that anticipatory, feedforward mechanisms play an important role in the control of
manipulation it is implicitly assumed that there exist internal modets of the limb-object system
(Blakemore, Goodbody & Wolpert, 1998; Flanagan & Wing, 1997; Ghez, Hening & Gordon, 1981,
Johansson & Cole, 1992; Johansson & Westling, 1988a; Lacquaniti, Borghese & Carrozzo, 1992; Miall
& Woipert, 1986). That is, the control systems must anticipate the static and dynamic properties of the
manipulated object as well as the limb-object system. The biological basis for this is unknown but we
know for sure that these madels, as expressed by the anticipatory feedforward control, quickly and
securely can he modified by sensory inputs. If, for instance, the friction at individual digit-object
interfaces unexpectedly has decreased from one trial to another, the normal force must increase in
relation to the load to avoid slips. Accordingly, the force coordination is adjusted within about 100 ms
after the initial contact with the object, and the new force coordination is retained for the rest of the trial
as well as in subsequent frials involving the same object (Edin, Westling & Johansson, 1992; Johansson
& Westling, 1984a). Similarly, the force profiles during the load phase reflect the aniicipated weight of
the object but once the object has been successfully lifted, subject's implicitly know the forces required
to lift the object in subsequent lifts (Johansson & Westiing, 1988b). Finally, on bases of haptic cues
alone subjects adapt in single trials to changes in ebject shape (Jenmalm & Johansson, 1997).
Importantly noted, whether the behavior solely evolves by anticipatory mechanisms or is adjusted by
sensory cues, the normal forces applied to the contact surfaces are coupled to the load. We do not yet
understand the mechanisms underlying this coupling. Although the force appiied by a finger tip can be
decomposed into components that are normal and tangential to the contact surface, these components
do not correspond to specific muscles. Indeed, which muscles to engage in order to achieve grasp
stability, i.e., proper normal forces in relation to destabilizing tangential forces, depend on the grip
configuration, posture of the hand and object shape. Moreover, no simple relationship exists in some
tasks between the required fingertip forces and the neural drive to specific muscles. When an object is
held with the index finger and the thumb, concomitant wrist rotations change the force output from the
long extensor and flexor finger muscles as a direct consequence of changes in muscle length. Yet this
effect is not observed either during slow or rapid flexion and extension movements at the wrist: the
finger tip forces are virtually unaffected by slow wrist rotations (Johansson & Westling, 1984a), whereas
during rapid wrist rotations the normal forces increase (Werremeyer & Cole, 1997).

Edin et al (1992) let subjects lift an object using their index finger and thumb. The digits either contacied
vertical surfaces with similar or different friction in relation to the skin. A simple strategy to successfully
accomplish this task wouid have been to take up the same amount of tangential force at the two digits
and at both surfaces apply a normal force scaled appropriately for the most slippery surface. This would
certainly have resulted in a stable grasp at both digit-object interfaces but would have resulted in an
unnecessary large normal force at the less sliopery surface. After the initial trial with a new combination
of surface materials at the contact disks, subjects instead took up more tangential force at the less
slippery surface and consequently they could apply less normal ferce (because the object had a low
center of mass in these experiments, the asymmetric distribution of vertical lift force resulted in only a
small tilt of the object after lift-off). The fingertip forces are thus adjusted to the local frictional condition,



i.e., there exists mechanisms that ensures a proper relationship between the forces normal and
tangential to individual contact surfaces.

From this short exposition it should be clear that the sensarimotor control of even simple lifting tasks is
remarkably complex. Indeed, studies on children show that the mature pattern of anticipatory control
and force coordination is not expressed until they have reached 8-10 years of age (Eliasson et al, 1995;
Forssberg et al, 1991, 1992, 1985; Gordon et al, 1892).

1.2.2  Restraint of active objects

When an object is held in a precision grip, unexpected destabilizing load forces promptly friggers an
increase in the normal force (Cole & Abbs, 1988; Johansson & Westling, 1988a; Winstein, Abbs &
Petashnick, 1991). Importantly noted, atthough these grip responses commence within 100 ms after a
load challenge, they are still too slow to actually prevent the object from being lost from the grasp.
Rather, the main teleological reason for the grip responses is to quickly re-establish and maintain an
adequate coordination between the normal force and the load at the digit-object interfaces. Similar grip
responses have been observed when the grasp is destabilized by a ramp increase in the load force
{Johansson, Hager & Risa, 1992; Johansson ef af, 1992). Provided that the subjects — in anticipation of
the destabilizing load ramp — had kept a sufficiently large normal force prior to the load change, a brisk
normal force increase (‘catch-up response’) was followed by a normal force increase in parallel with the
increasing load force ('tracking response’). Importantly, the subjects' reactive grasp behavicr emerged
automatically and proceeded without instructions to the subjects fo respond in any particular manner
(Fig. 1.2).
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Figure 1.2, Schematic ifustration of an active object and sample il Ar Schematic illustration of the
apparatus used in Paper [[-{1 and the measured fingertip forces. B: Restraint trials carried out unimanually with
a two-digit grasp with similar or different friction at the two contact disks. Trial in the left panel carried out with
saidpaper at both contact disks and the trtal in the right panel with sandpaper at ene of the contact disks and the
more slippery material ravor at the other. Kinematic and kinetic records as o function of time: From top to
bottom. superimposed nermal:tangential force ratios. normal forees rates, nermal forces, horizontal tungential
[orees (Loaddy and horizontal position ol the contact disks. Horizontal lines in the foree ratio records indicate for
cach digit the estimated slip ratio. The vertical distance between the applicd torce ratio and the sjip ratio
represents a safety margin against slips. Dotted lines superimposed on the tangential foree records represents the
sum of the tangential torces. that is the restrained load lorce. The position wraces represent the movement of the
contwt disks (pusitive in the distal divectiony. Shaded bars delincate the wial i the sequences typically
ebserved during restraint sk, Adapted from Bresieade cr ol J2077
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The scaling of the subjects’ responses to the load ramp depended on both the amplitude (Johansson et
al 1992) and the rate of load force increase {Johansson, Hager & Riso, 1992). These stimulus
parameters are evidently primarily encoded by cutaneous afferents with receptive fields in contact with
the object {Johansson, Hager & Backstrom, 1992; Macefield, Hager-Ross & Johansson, 1996), whereas
muscle afferents are unable to reliably respond until the normal force response has already been
initiated (Macefield & Johansson, 1956).

Althcugh the advantage of anticipatory control strategies is limited when neither the magnitude nor the
temporal aspects of a destabilizing force is known, subjects definitely make use of memory infermaticn.
The frictional condition at individual digit-object interfaces can be detected when the object is grasped
and this in turn determine the minimal normal force in relation to the tangential force necessary for
grasp stability. Accordingly, subjects automatically adjust the normal-force-to-load coordination to the
prevailing frictional conditions (Cole & Johansson, 1993). Moreover, as noted above, subjects typically
apply more normal force if they expected a load increase then if they don't (Johansson, Hager &
Backstrém, 1992, Johansson & Westling, 1988a). Because of the significant sensorimotor delays, this
preload normal force must be large enough to prevent slippage despite increasing load during the
latency period.

1.2.3  Independent control of human finger tip forces

There is no systematic study done concerning the independent control of human finger-tip forces before
the study by Edin and collaborators {1992). Subjects lifted an object with two parallel vertical grip
surfaces and a low centre of gravity using the precision grip between the tips of the thumb and index
finger. The friction between the object and the digit was varied independently at each digit by changing
the contact surfaces between lifts or rotating the object. In contrast to the current study, the lifting task
was used and, consequently, there were no possibility to use different normal forces on each digit.

The main finding is that the normal force/tangential force (NF/TF) ratio is adjusted to the friction at the
individual contact areas. With equal frictional conditions at two grip surfaces, the finger tip forces are
about equal at the two digits, i.e., similar vertical lifting forces and grip forces are used. With different
friction, the digit touching the most slippery surface exerts less vertical lifting force than the digit in
contact with the rougher surface (Fig. 1.2). Deviaticn in the tangential force balance between the index
finger and thumb could be observed as early as 0.1s after the start of the increase in tangential force
and well before the start of the vertical movement. The delay in the force separation indicated that the
tangential force partitioning was nat a necessary mechanical consecuence of the different surface
characteristics. Thus the partitioning of the vertical lifting force is dependent on digit afferent inputs and
result from active automatic regulation and not just from the mechanics of the task.

The safety margin employed at a particular digit is mainly determined by the frictional conditions
encountered by the digit and to a less degree by the surface condition at the same digit in the previous
lift (anticipatory control), but is barely influenced by the surface condition at the other digit. When a small
slip occurred at one digit, the tangential force at that digit suddenly decreases while it increases at the
other digit. Such passive redistribution of the tangential force caused by overt slips are always followed
by triggered force adjustments. The final net outcome is an increased safety margin at the slipping digit
but a virtually unaffected safety margin at the other digit.

The tangential force trajectories are markedly influenced by object rotation. In contrast, the trajectories
of the normal forces and the sum of tangential forces are not influenced. This indicates that the control
of the total tangential force and the partitioning of the force between the digits are governed by different
mechanisms.

The findings suggest that the force distribution among the digits represents a digit-specific lower level
neural control establishing a stable grasp according to a "non-slip strategy”.
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1.2.4  Coordination of forces among digits engaged in a task

Lifting an object not only recuires establishment of a stable grasp at each digit-object interface. The task
also imposes constraints related to the coordination of forces applied by the digits engaged. Holding a
passive obiject stationary in air, for examople, requires that the total force and total torque acting on the
object are zero. Consequently, successful performance of a lifting task requires both an adequate
adjustments of fingertip forces at each digit-object interfaces to prevent accidental slips and a
coordination of forces among the digits engaged. Hence, establishment cf a stable grasp requires a
precise contral of the fingertip forces.

Previous studies of precision grip conirol has primarily focused on grasp involving two digits, typically
the thumb and index finger. In such opposition grips normal forces at each digit are constrained:
reactive grip response at one digit will cause changes in normal force component at both digits. In
contrast, we designed object with two parallel grasp sites which enable subjects use different normal
and tangential force combinations at each digit. In such situation the CNS must deal with the additional
degrees of freedom that arises from the fact that grasp stability can be achieved with even more
combinations of fingertip forces and therefore requires special mechanisms controlling coilaboration
between digits.

1.3 Ta{;tile afferent signals in the control of precision grip and manipulative
actions

1.3.1  Behavioural cbservations

1.3.1.1  Parameterization for object weight - anticipution and updating

The weight of the object principally medifies the duration of the loading (and unloading) phase and the
force rates during this phase. The heavier the object the more extended the phase of parallel force
'ncrease and higher the force rates. However, the ratio between the grip and load forces are not
influenced. In liting series with unexpected weight changes between lifts, it was established that these
force rate profiles were programmed on the basis of the previous weight (Johansson and Westling,
1988). The maximum rates of the grip and load forces typically occur at a load force of half the value of
the force when the object lifts off. Then they are strongly reduced prior to expected lift off.
Consequently, with lits programmed for a lighter weight the cbject do not move at the end of the
continuous force increase. However, the forces then continucus to increase but in a discontinuous
fashion until the force of gravity is overcome. With lifts programmed for a heavier weight, on the other
hand the high load and grip force rates at the moment the load force overcome the force of gravity
cause a pronounced positional overshoot and a high grip force peak, respectively. In these conditions
somatosensary signals elicited by the start of the movement automatically terminate the erroneous
programmed commands.

1.3.1.2 lchieving a stable grasp and friction - related paramererization

The frictional condition between the object's surface and the skin infiuence the parallel co-ordination and
ratio between two forces. The more slippery the material, the higher the rate of grip force increase, and
the higher the final grip force. In contrast, the course of the lifting movement and the rate of
development of the load force are essentially unaffected by the frictional condition. The force co-
ordination adapts to a new frictional condition such that a fairy small safety margins to prevent slips is
established. An initial adjustments to the new frictional conditions appears already 0.1-0.2 s after initial
touch. Sometimes this is insufficient for establishing an adequate safety margin, and "secondary
adjustments will occur later during the lift {Johansson and Westling, 1984a; 1987). In both cases signals
in tactile afferents are indispensable for this regulation and further findings indicate that the adaptation is
made to the friction per se, rather than on the basis cof different texture properties of the touched
materials (Johansson and Westling, 1884b). However, as in the case of weight adaptation, the initial
forca paramsters prior to any adjustments to a new fricticnal condition is principally based on
"anticipatory parameter control” using sensorimotor memories. i.e.. an internal representation of the
object's properties based on previous manipulative experiences. Somatosensory afferent signals only
intervene intermittently according to an "event driven” contral policy.
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1.3.2  Tactile afferent signals and their relevance

1.3.2.1  Initial afferent responses

1.3.2. 1.1 Triegering of the motor commands accounting for the loading phase

Experiments with digital anaesthesia have shown that signals in cutaneous afferents arising during the
preload phase are important for the release of the motor commands accounting for the loading phase
(Johansson and Westling, 1984b). There are initial contact responses present in SA | and FA Il units
(Fig. 1.1), and most distinct in the FA } units (ca. 30-200 imp/s) (Johansson and Westling, 1987). The
CNS apparently utilises the initial responses to confirm that adequate contact has been estabiished
before releasing the muscle commands, leading to further manipulation. Spatially accurate contact (and
release) information is also required for stereognostic discrimination and for determining which parts of
the fingers are engaged/disengaged and so free for further tasks.

1.3.2.1.2 Initial adjustments to friction

As mentioned before a new structure influences the rate of grip force increase already after about 0.1
sec, i.e. approximately at the moment the grip and load forces begin to increase in parallel. The initial
responses in the FA | units are considered responsible for this adjustment because they are influenced
by the surface material strongly enough to predominate over other factors causing response variation,
for instance, rate of grip force increase. The estimation of the friction between the skin and the object is
most likely dependent on afferent signals related to slip events. The existence of small localised slips
within the contact surface may be explained on the basis of the unequal distribution of pressure over the
areas of contact due to the elastic properties and curvature of skin. With the touched surface being flat
the pressure is highest at the centre of the area in contact and decreasing towards iis periphery. The
generation of shear forces between the object and the skin wili elicit slips within the peripheral parts of
the area of contact where the pressure is low, before overali slip occurs. In practise, such forces exist as
soon as an object is gripped: e.g., even during the preload phase due to the deformation changes of the
finger tip and due to the physiological muscle tremor. The probability of the occurrence of this kind of
slips would be refated to the ratio between the two forces which would vary across the contact surface,
but also fo the coefficient of friction between the surface and the skin - the fower the friction the higher
the probability. Thus, mechanoreceptive afferent units could provide the central nervous system with
signals related to the frictional conditions already during the preload phase {Johansson and Westling,
1987).

1.3.2.2 Responses at the start and the termination of movement

The most striking feature of the FA Il units is distinct burst responses at the start of the vertical
movement of the object and at the sudden cessation of the movement ending the replacement phase
{Fig 1.1). Remotely located FA Il units aiso respond readily to these transient mechanical events. FA ||
units with endings located at the transition between the palm and wrist respond and provide trigger
signals even during digital anaesthesia. This is in agreement with the evidence that Pacinian corouscle
units are easily excited by high-frequency vibrations spreading through the tissues (Talbot et al., 1968;
Johansson, Landstrom and Lundstrom, 1982). The other three types of tactile units in the glabrous skin
are virtually indifferent to the mechanical transients present at these moments. Furthermore, the
musculotendious afferents could hardly match the sensitivity of the FA |l units io these evenis.

The functional significance of these responses is apparently to switch motor programmes betwsen [ifting
phases and to contrbute to update the sensory-motor pertaining to the weight of objects (Johanssaon
and Westling, 1988).

1.3.2.3  Release responses

There are well-demarcated "release responses” in the FA | units and half of the SA | units close to the
very release of the object. Most FA [l units alsc responded, although less reliably.

The signass related to the loss of contact might be of great importance during manipulation. For
instance, they may provide information zbout which parts of the fingers are disengaged and free for

further tasks (Jchansson and Westling, 1980,
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1.3.2.4 Responses during holding

Responses in SA Il units are considered most important during helding and manipulation. The
oopulation of SA Il units may play a rcle in registering the magnitudes and directions of load forces and
the balance between the grip forces and other manipulative forces (Fig. 1.1).

1.3.2.5 Afferent slip responses

In case of insufficient adjustments to the frictional conditions small slips occur and afferent slip
responses could be observed in FA |, FA I, SA | units, and each of the three unit types appear capable
of reliably signalling the occurrence of overall slips.

Responses originated from small slips localised to only a part of the skin area and occurred in the
absence of detectable overall slips were denoted as localised afferent slip responses (Johansson and
Westling, 1987). Localised slip responses are only chserved in the FA | and SA | units.

Following the afferent slip response, there is an upgrading in the grip force/ioad force ratio to a higher
and stable value, that is, the safety margin is restored preventing further slips (Johansson and Westiing,
1984b). Of particular interest is that the resultant new force coordinations following slips in each
instance are maintained throughout the lifting trial, suggesting that the relationship between the two
forces is controlled on the basis of a memory trace (see above; Jechansson and Westling, 1984b). The
updating of this trace was most likely accounted for by tactile information entering intermittently at
inappropriate force co-ordination, as during slips. Further evidence for a memory influencing the force
co-ordination is the fact that the frictional condition in the previous trial could exert certain influences on
the force co-ordination remaining throughout the current trial (Westling and Johansson, 1984).
Moreover, anaesthesia of the fingers appeared not to principally atter the motor behaviour, except for
the lack of the adjustments to friction. This indicated that, once set, the co-ordination could be
maintained without requiring cutaneous afferent information. A memory, setting the co-ordination,
would, if adequately updated, allow the CNS to simultaneously change the grip and Ioad forces in a
manner appropriate for the current friction.

1.4 General objectives

In Experiment | and I we investigated control principles of manipulative forces of the two engaged
fingers when shearing the restrain task and how coordination among fingers is achigved.

Experiment I[l was designed to investigate the capacity of the varicus types of tactile afferents to
encode parameters of manipulative forces. Particularly we analyzed the sensitivity of tactile afferents to
direction of force vector at magnitudes and rates compatible with thase arising in everyday manipulative
tasks.

Specific aims

1. To examine how subjects adapt the relation between the normaltangential force to the
local frictional condition during two finger manipulations when the task doesn't constrain
the individual fingers to apply similar normal forces (Experiment 1).

2. To identify mechanisms responsible for the adjustments to prevailing local frictional
conditions in the case of unpredictable frictional changes at individual fingers (Experiment
in.

3. To determine if grasp stability is achieved in a similar manner despite obvious differences in the
anatomical and neural substrates that implements the contrel during unimanual and bimanual
tasks (Experiment (-/1).

4. To show how sensitive are differant types of tactile afferents to the direction of tangential force
component applied to fingertip (Experiment 11},
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2 Experiment|

2.1 Introduction

It is not known whether changes in normal forces applied at the engaged digits are used to control force
ratios at the separate digit-cbject interfaces in situations when the task allows various distributions of
normal farces across the engaged digits. Moreover, a digit-specific adaptation of force ratios has so far
only been demonstrated in lifting tasks in which the motor output is fully self-paced. It is not known
whether such adaptations also occur when we handle objects which are subjected to unpredictable
loading forces. It has recently been demonstrated that when subjects restrain a manipulandum held in
an opposition grasp between the index finger and thumb, narmal force responses are triggered by
loading of the manipulandum. Furthermore, these responses are scaled to the load rate and amplitude
by control mechanisms using sensory information about the development of the load force {Johansscn
et al. 1992a-c). The sensory contral of the normal force is based on signals in cutaneous afferents with
receptive fields in contact with the object (Johanssen et al. 1992a; Macefield et al. 1996). In contrast to
tactile afferents, muscle afferents do not reliably respond until the normal force response is initiated and
their discharge rate then follows the development of the normal force (Macefield and Johansson 1996).
Impertantly, the magnitude of the normal force response can be gained in a feed-forward manner on the
basis of information about the frictional condition initially obtained as the abject is grasped (Cole and
Johansson 1993). This reactive grasp behavior, which obviously supports grasp stability emerges
automaticaily and proceeds even without instructions to the subjects to respond with grip changes.

In the present study, we let subjects use the tips of two digits to restrain a manipulandum with
horizontally eriented grip surfaces subjected to distal loading occurring at unpredictable times. Because
the digits applied forces on the same side of the manipulandum, two mechanical constraints usually
associated with manipulative tasks were eliminated. First, the normal forces applied at the engaged
digits could be independently controlled. Second, although the total load force tangential to the grip
surfaces was specified by the task, it could be partitioned between the digits in any way found suitable
to the subject. In lifting tasks performed with the precision grip the partitioning of the load can be
changed by tilting the object (Edin et al. 1992} or by repositioning of the digits. In the present task,
however, subjects could if they 50 desired use a single digit to restrained the object. A natural
counterparts to this task is to place the index and middle fingers on a book that lays cn a desk and to
restrain the book from moving while someone else tries to drag it away.

With this task, several different control strategies can be employed to avoid loosing the obiect because
of frictional slippage. For example: {1) The subject may always apply similar tangential and normal
forces at the two grip surfaces. However, with different frictional characteristics at the two grip surfaces,
the safety margin against slippage would be unnecessarily high at the digit in contact with the less
slippery surface. (2) The subject may employ similar tangential forces at the two grip surfaces and apply
a stronger normal force at the more slippery surface to obtair similar safety margins at both digits. (3)
The subject may use similar normal forces at both grip surfaces but partition the tangential forces
according to the frictional condition such that the tangential force is smaller at the more slippery surface
and larger at the less slippery surface. Again, such a strategy could yield similar safety margins at both
digits. Compared to the first alternative with similar tangential and normal forces the second and third
alternative would require a smaller total force cutput from the subject's hand. (4) To minimize the total
force output subjects, however, should only use the digit at the least slippary surface.

2.2 Methods

2.2.1  Subject and general procedtre

Seven healthy adults {22-42 years old, 4 men: 3 women) particihated in the experiments after giving
their informed consent. They were unaware of the specific purpese of the study.



The subjects were seated in a chair with their upper arm approximately parallel to the trunk and their
forearms extended anteriorly and the wrist slightly dorsiflexed (about 30 degrees). Vacuum casts
supported the forearms up to the palms. In this position the subject used the fingertins of two digits
positioned side-by-side to restrain an instrumented manipulandum with two norizontally criented flat grip
surfaces which could be loaded in the distal direction (Fig. 2.1). The digits were slightly flexed and the
nlane of the grip surfaces approximately intersected the centers of the metacarpophalangea! joints. With
such a posture we avoided passive normal force changes caused by small movements of the
manipulandum when it was loaded. A curtain prevented the subjects from seeing their hands and the
manipulandum while they performed the task. The subjects washed their hands with soap and water
before each of the series.

Load force

Torgue

7

Normal forces

Digit 2 ¥ [y Digit 1

Figure 2.1. Side and top view 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 posttive direction of the normal and tangential forces recorded at cach grip surface
and the servo controlied Toad 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. cach on a
stitt bearn connected to the rotational axis of the torque motor.

2.2.2  Apparatus

We developed a modified version of the apparatus that has been described in a previous study
(Johansson et al. 1992c): First, the rotation axis of the torque motor was oriented vertically instead of
horizontally. Second, the exchangeable grip surfaces (3¢ mm in diameter, spaced 2 mm apar) were
attached side by side in the horizontal plane, each on a stiff beam connected to the rotational axis of the
torque motor (the beams were 100 and 132 mm long, respectively, cf. Fig. 2.1). The grip surfaces were
covered by either rayon or 320 grain sandpaper.

A multiple element strain gauge transducer system at each beam measured the fingertip forces at the
separate plates as orthogonal components (DC-120 Hz): the force perpendicular to the grip surface
(normal force) and the force in the plane of the grip surface opposing the direction of the puiling force
\tangential force). To accurately measure the actual forces imespective of the exact location of the digit
at the grip surface, each beam was equipped with two transducer systems with different distances to the
rotational axis. The cross-talk between the normal and tangential force measurements was less than
5% over the whole grip surface. Normal and tangential forces reported in the text refer lo the forces
applied at the separate digit-object interfaces unless otherwise stated. A potentiometer attached to the
shaft of the motor monitored the anguiar position of the manipulandum and this position was used to
calculate the arc displacement of the center of the inner grip surface at 0.05 mm resolution, Detection of
slips, i.e., relative maticn between the manipulandum and the pulp surface, was facilitated by an
accelerometer (10-600 Hz) at the manipulandum (Jchansson and Westling 1984),

The total load force generated at the grip surfaces was servo regulated by a laboratory computer on the
basis of the signals from the tangentiai force transducers (torque motor; 0-10 N load force amplitude in
proximal or distal direction, bandwidih 3-15 Hz). Thus. sub'ects were able to partition the load force
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freely between the digits during tasks invoiving two digits. The manipulandum was servo-regulated to a
constant position (stiffness 1.2 N‘/mm) when untouched.

2.2.3 Task and experimental procedures

We analyzed the restraint iask with two grasp cenfigurations: (i) In the unimanual series, the subjects
restrained the manipulandum with the right index finger and the middle finger and (11) in the bimanual
series the subjects used the left and right index fingers. Subjects were instructed to keep the digits not
involved in the restraint task flexed around the supporting vacuum casts. Either both digits invoived in
the task contacted sandpaper or sandpaper was used at one grip surface and rayon at the other. Thus,
the seven subjects carried out six series with different combinations of digits and surface materials: (i)
Three unimanual series during which both digits contacted sandpaper or the right index or middle finger
contacted rayon; (i) Three bimanual series during which both digits contacted sandpaper or the right or
left index finger contacted rayon. The different surface materials used in the experiments represented
low (rayon) and high {sandpaper) surface friction (Cole and Johansson 1993). The series were
presented in different orders to all subjects.

Each of the series consisted of thirty triais of distal pulling loads. A trial started when a brief sound cue
indicated that the servo had moved the grip surfaces to the initial position under position servo control.
The subject then contacted the manipulandum with the fingertips. A trial commenced when the
computer detected a background normal force of at least 0.7 N at both grip surfaces. Each trial could
conveniently be divided in four phases: The pre-ramp phase began once the subject had contacted the
plates with both digits. The load force was zero during this phase that was of a duration randomly
distributed between 1.0 and 3.0 s. During the load phase the load force increased ai 4 N/s for a period
of 1 s. During the hold phase the total load was maintained at 4 N. The duration of the hold phase was
randomiized in the range 3 to 6 s. Finally, during the release phase, the subject was instructed to slowly
decrease the finger forces at a second sound cue so that frictional slips occurred and they lost the
manipulandum.

Subjects were free to adopt any self-chosen strategy to restrain the manipulandum. If they accidentaily
lost it during a trial, which occurred in 8.5% of the trials, the lost trial was repeated and the test series
resumed. Such lost trials were ignored during data analysis.

Prior to data collection each subject was given a practice series with ten triais, during these trials the
apparatus was fully visible. The subjects did not receive instructions about what forces to apply during
these series, unless they applied pre-ramp normal forces of such high magnitudes that their force
responses to the load ramp were very weak (Cole and Johansson 1993). This occurred only
occasionally in the beginning of the practice series but in such cases the experimenter simply asked the
subject to apply less force when holding the manipulandum.

2.24 Data collection and analysis

Data were collected at 12 bit resolution and analyzed with a mulii-functional laboratory computer system
{SC/IZOOM, developed at the Department of Physiology, Umea University). The accelerometer signal
was rectified using an on-line root-mean-square processing with rise and decay time constants of 1 ms
and 3 ms, respectively. The force and accelerometer signals were sampled at 400 Hz and the position
signal at 100 Hz.

The normal hold force (NF) and the tangential hold force (TF) applied during the held phase were
measured as the mean normal and tangential force during a 300 ms period that cormmenced 700 ms
after the end of the load phase. The pre-ramp normal force was measured as the mean of the normal
force applied during the 300 ms period just before the onset of the load force increase. We calculated
the normal:tangential hold force ratio for each digit using the absolute value of the tangential forces
because one of the digits, rarely but occasionally, applied a neqative tangential force, i.e., it pushed
rather than pulled.

The mement of frictional slip at the end of each trial for each of the digits was identified off-line by visual
inspaction of the force and accelerometer records. The force ratio at each of the digits at the moment of
slip was defined as the slip rafio (this ratio thus corresponds to the inverse of the coefficient of static
friction). The safety margin was calculated for each tral by subtractirg the slip ratio from the

17



normal:tangential hald force ratio in fine with previous studies on human precision grip (Johansson and
Westling 1984; Edin et al. 1892; Cole and Johansson 1993).

To compare the fingertip forces applied by the two cooperating digits, we calculated the differences
between the forces applied by the right index finger and the other digit: pre-ramp normal force
difference, normal hold force difference and tangential hold force difference. Similarly, the slip ratio
difference was calculated.

For each of the two grasp configurations, 630 trials were carried out making a total of 1260 trials. Out of
these trials successfully performed by the subjects, a total of 1245 trials were included in the analysis.
Thus only 15 trials were excluded from analysis due to sampling errors.

2.2.5 Statistics

To analyze the unimanual and himanual grasp configurations, we used cne analysis of variance that
included four dependent variables in mixed between-groups and within subjects MANOVA design (2 X
(2 X 3)); between the 2 engaged digits {right index finger and the right middle or left index finger
depending on the grasp) and within 2 grasp configurations and 3 surface combinations. Four variables
were included in the analysis as dependent variables; (i) the pre-ramp normal force, (ii) the normal hold
force, (iii) the normal:tangential hold force ratio and (iv) the safety margin. We used planned
comparisons to test specific hypotheses in the MANOVA. To abtain approximately normal distributions,
we transformed the variables using the natural logarithm prior to the statistical analyses. Accordingly,
population statistics are presented as the geometric means -/+ standard deviations and refer to data
pooled across subjects unless stated otherwise.

To analyze the coordination of the fingertip forces in the unimanual and bimanual grasp configuration,
we applied multiple linear-regression models as described in RESULTS. To assess the impacts of grasp
configuration and surface condition. these were included in the models as indicator variables ('dummy
variables’, Neter et al. 1989). The adjusted R? (also called the adjusted coefficient of multiple
determination) measured the propertionate reduction in the total variation in the dependent variable with
the use of the entire set of independent variables in the model when the degrees of freedom associated
with these variables are taken into account (Neter et al. 1989). To assess the contribution of individual
independent variables to the regression model, we used the squared partial correfation, (also called
coefficient of partial determination), i.e., the relative marginal reduction of the variation in the dependent
variable associated with one of the independent variable when all the other independent variables
already have been included in the model (Neter et al. 1989).

We considered test outcomes with p-values < 0.01 to be ‘significant’. In particular, all reported
correlation coefficients are significant. If not otherwise stated, the analyses were performed with the
data pooled across subjects and grasp configuraticn. All statistical analysis was carried out using
STATISTICA™ 5.0 for Windows (StatSoft, Inc.).
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2.3 Results

2.3.1  General performance

A similar sequence of force responses charactenzed the subjecis’ perfermance whether they carried out
the restraint task unimanually or bimanually. First, when they held the cbject prior to the ramp load
increase (load phase), they used a certain pre-ramp normal force. The subsequent loading triggered
normal force responses with both grasp configurations similar to those observed in subjects carrying out
a restraint task with a pinch grasp (Johansson ef al. 1992c}. As such, these normal force responses
occurred in both digits and consisted of a catch-up and a tracking response, i.e., after a certain delay
the digits responded to the loading with a rapid normal force increase followed by an increase in normal
force in parallel with the increasing tangential force,

Figure 2.2 shows examples of singie trials with the unimanual and bimanual grasp configurations.
Similar tangential forces and normal forces were applied at the two digits when they made contact with
sandpaper (Fig. 2.2 A and B}. However, when one of the digits contacted rayon, subjects partitioned the
load asymmetrically between the digits and let the digit contacting the less siippery material (sandpaper)
take up a larger part of the load (Fig. 2.2 C and D). In contrast, the two digits applied similar normal
forces even when they contacted different surface materials. In fact, the partitioning of the load force
between the digits reflected the frictional canditions at the digit-object interfaces (Fig. 2.5): the
narmal:tangential force ratio at each digit-object interface was adjusted to the prevailing slip ratio (Fig.
2.6}. The digits applied nomal-tangential force ratios of similar magnitude when both contacted
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Figure 2.2. Single wials carried out unimanually and bunanually with similar or different [riction at the two
dizit-ubject interfaces. 4 and B, nnimanual and bimanual grasp with sandpaper at both dizits. € and £,
unimanual and bimanuail grasp when the index finger ot the right hand contacted sandpaper and the
accompanying digit contacied rayon. 4 - 5. horizontal lines in the force ratio records indicate for cach digit the
estimated mintmum normal:tungential force ratio required to prevent fricional ships. e the slip raro. Black
and hatched arcas represent safety margins against frictional slips. i.e.. the difference berween the emploved
normal:tangential farce ratio and the slip mtio. for right index finger and accompansying digit. respectively
Dotted lines superinmpused on the tmgential force records represents the sum of the tangenual forees. fe., the
load force. Lhe position traces represent the movement of the grip surfaces ( positive in the distal direction).
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sandpaper, hut of strikingly different magnitude when the digits were in contact with different materials.
In bath situations the force ratios coordinated by the subject were adjusted to the lccal frictional
condition and exceeded the slip ratios by a safety margin.

Already during the load phase the digits took up load in a manner that reflected the frictional condition at
the two digit-object interfaces (Fig. 2.2) and this was true also in some trials before any discerible slips
had taken place (Fig. 2.2 C). The asymmetric partitioning of the load could begin already within the first
0.2 s of the load phase although the exact moment of its onset varied between series and also from trial
to trial within a single series (¢f. Figs. 2.3 C, D, G and H). In some series the load became
asymmetrically partitioned although the surface structures were the same at the two grip surfaces (Fig.
2.3 E and F}. Occasionally subjects applied tangential forces even pricr to the loading of the
manipulandum, i.e., one digit pushed and the other digit pulled the maripulandum during the pre-ramp
phase {Fig. 2.3 E, also cf. Figs. 2.2 D, 2.3 G). However, the absolute value of the tangential force at
zero load force was less than 0.22 N in 75 percent of the trials.

Frictional slips typically occurred during the foad phase rather than during the hold phase. These slips
resulted in a redistribution of the load between the digits that was maintained for the remainder of the
trial: an unloading of the digit that slipped and an increased loading of the other digit.

2.3.2  Pre-ramp normal forces

Irrespective of the grasp configuration, when sandpaper was used at both grip surfaces the pre-ramp
normal force was similar at the two digits for data averaged across all subjects (Fig. 2.4 B). Subjects
applied significantly higher pre-ramp normal forces when one of the digits contacted rayon than when
both digits contacted sandpaper (geometric means 1.93 N vs. 1.44 N; F(1,12) = 16.84, p < 0.005,
pooled across digits and grasp configurations; cf. Fig. 2.4 B). Importantly, the digit contacting rayon and
the digit contacting sandpaper applied similar pre-ramp normal forces on average (geometric means
1.95 N vs. 1.88 N). Thus, each digit's pre-ramp normal force was influenced in the same way by both
the local surface condition and the surface condition at the other digit. This applied to both the
unimanual and the bimanual grasp configurations. However, the pre-ramp normal forces were typically
higher in the bimanual condition than in the unimanual conditions (geometric means 1.92 N vs. 1.59 N
for the right index finger and 1.96 N vs. 1.56 N pooled across both digits, F(1,12) =20.7C, p < 0.001).
This, in turn, might be explained by a slightly higher friction for the middie finger than for the right index
finger when those digits contacted rayon (see slip ratios in Fig. 2.4 C).
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Figure 2.3. Superimposed load trials during four types of test series each performicd by two different subjects
(A4 - D, subject KP; K - H, sitbject SM). A - B and E - F refer to test serres in which both digits contacted
sandpaper, whereas the right index tingers contacted rayon in ¢ - D and ¢ - H. The subjects performed the task
unimanually in A, €, £ and G and bimanually in 8, P, £ and H. For further details sec fegend 1o Fig. 2.2,

At the level of individual subjects, the two digits occasionally applied somewhat different pre-ramp
normal forces on average (see thin lines in Fig. 2.4 B). The extent to which these differences were due
to differences between the frictional condition at the two digit-object interfaces was analyzed with a
multiple-linear regressicn model in which grasp cenfiguration was used as an indicator variable
(adjusted R2 = 0.10). The pre-ramp normal force and the slip ratio difference was weakly but positively
correlated (2 = 0.086). This indicated that the differences in the pre-ramp nermal forces were enly to a
small degree dependent cn different frictionat conditions at the two digit-chject interfaces. Thus, we
concluded that the ‘average’ frictional condition across the two grip surfaces principally accounted for
the frictional influences on the pre-ramp normal forces rather than the local frictional condition.
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Figure 2.4. Fingertip forces during hold phase for unimanual and himanual configurations. Filled columns reter
to the right index finger and hollow columns to the accompanying finger. The height ot the columns represent
the geometric mean and the vertical bar the values representing 34% of the distribution (-: $.1.) tor data pooled
across all subjects. Geometric mean values for individual subjects are indicated by the lines superimposed on the
pairs of adjacent columns. Pairs of cotumans refer to umimanual and bimanoal grasp with sandpaper at both digit-
object interfaces, and unimanual and bimanual yrasps with ravon at one of the digit-object interfaces. A,
tungential hold force. B, normal hold foree and pre-ramp normal torce (lower column and thin lines). C,
normal:tangential hold force ratio and minimum force ratio necessary to prevent frictional ships (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 confacted rayon.

2.3.3 Normal and tangential forces during the hiold phase

Tangential hold force. With sandpaper at both grip surfaces, the tangential hold force was similar at the
two digiis for data averaged across all subjects (Fig. 2.4 A). In individual series, however, the tangential
force was often higher at one of the digit-object interfaces (see lines in Fig. 2.4 A). In series with
pronounced digital asymmetry in the tangential hold forces, this asymmetry could be seen in virtually all
trials. Figure 2.3 A, B, E and F exemplifies the inter-trial vaniability in fingertip forces within subjects and
test series when both digits contacted sandpaper. Whereas subject KP partitionad the load rather
symmetrically between the digits when both digits contacted sandpaper, subject SM preferred to take up
more load with one of the digits. In the bimanual grasp configuration, the right index finger took up the
largest load (Figs. 2.3 F), whereas it was the middle finger in the unimanual configuration (Figs. 2.3 £).
importantly, across series with asymmetric load partitioning there were no systematic patter as to which
digit took up the largest load.

In test serigs with rayan at one grip surface, the digit contacting rayon tock up & smaller portion of the
load force (Fig. 24 A). This digit tock up 29% of the load on average (Fig. 2.5 A). but there could e
substantial variations hetween ard within test series in the partitioning of the load force. as shown in
Fig. 2.4 A and exemplified in Fig. 23 C. D, G and H.



Normal hold force. In contrast io the tangential hold force, the normal hold force showed no obvious
difference in magnitude related to the local surface condition (Fig. 2.4 B). For each combination of grasp
configuration and surface materials on the grip surfaces, the digits applied on average similar
magnitudes of normal hold force in the data pooled over ali subjects (cf. pairs of columns in Fig. 2.4 B).
As with the pre-ramp ncrmal forces when one of the digits contacted rayon, both digits increased the
normal hold force compared to when both contacted sandpaper (geometric means 4.18 N vs. 293 N;
F(1,12) = 44,98, p < 0.001, pooled across digits and grasp configurations). The normal hoid forces were
typically higher in the bimanual condition than in the unimanual condition (geometric means 3.98 N vs.
3.54N; F(1,12) =11.02, p < 0.01, pooled across both digits) (Fig. 2.4 B). However, in individual test
series, subjects often applied substantially higher normal hold forces at one of the digit-object interfaces
(see thick lines in Fig. 2.4 B). The normal forces applied by the engaged digits were significanily
different in 22 out of the 42 series (12 unimanual and 10 bimanual series; paired T-test}. The digit
preferentially used by subjects to apply normal forces was, nowever, not the same in all subjects. Thus,
there was no common behavioral strategy observed such as applying most normal hold force with a
certain digit or at the most or the least slippery contact surface.
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Rayon
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Figure 2.5. Bffecis by frictional differcnces 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 digil is plotied against the difference in slip ratie at the two digit-cbject intertaces. Fach line
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, respectivelv. The vertical lines delincate data points according to the surlace
materials at the digit-object interfaces. Form lett to right: (i) right index contacting sandpaper and the
accompanying digit rayon. (if) both digits conlacting 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. At the single trial level, the partitioning of
the load during the hold phase was related to differences in slip ratios and normal hold forces, but not to
differences in pre-ramp normal forces nor o the grasp configuration. This was shown by a multiple-
linear regression modei that included grasp configuration as an indicator variable and explained as
much as 88% of the total variance (adjusted R? = 0.88). The resulis reported were obtained from
analyses of data pooled across all subjects, but were qualitatively similar to those obtained from
analyses on single subjects.

The regression analyses described below showed that the partitioning of the load was mainly
determined hy the difference between the frictional condition at the two digits. Moreover, these analyses
suggested that the development of normal forces applied at the separate digits may have influenced
how the load force was partitioned. In contrast, the grasp configuration influenced neither the load
partitioning nor the difference in appiied normal forces.

The tangential hold force difference was negatively correlated with the siip ratio difference (' = 0.68).
The percentage of variance accounted for by the slip ratio difference was slightly higher when the effect
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of the grasp configuration, pre-ramp normal force and normal hold force difference was taken into
account {partial rZ = 0.78). Of these factors, the normal hold force difference was the most important;
The tangential hold force difference was positively correlated with the normal hold force difference

(r2 = 0.30, partial r2 = 0.58), but only weakly and negatively correlated to the pre-ramp normal force
difference (r2 = 0.016, partial r2 = 0.046). The partial correlation between the tangential hold force
difference and grasp configuration failed to show statistical significance. We also performed an
alternative regression analysis inc'uding the same variables as above but in which the norma! hold force
difference was treated as the dependent variable and the tangential hold force difference as an
independent variable (adjusted R? = 0.69). As expected, the positive correlation between the normal
hold force difference and the slip ratio difference (partial r? = 0.33) was substantially weaker than the
negative carrelation between the tangential hold force difference and the slip ratio difference (partial

r2 = 0.78). In contrast to the tangential hold force difference (partial r2 = 0.04€), the normal force
difference showed an positive and slightly stronger correlation to the pre-ramp normal force difference
(2 = 0.15, partial r2 = 0.22). Again, the grasp configuration was found to be accountable for a minute
amount of the variance in the normal hold force difference.
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Figure 2.6. Etlcets by frictien on employved normal:tangential toree ratios during the hold phase. The
normal:tangential force rabo emploved by the indicated digit as a function of local slip ratio The solid lincs
through origin indicate the minimuam torce ratio required to prevent slip: the vertical distance between this line
and emploved ratio corresponds te the satety margin w prevent slips. Ordinate values at the lett and right end of
each line corresponds 1o the geometric means when the digit contacted sandpaper or rayon, respectively, and
cach line refers to data by one subject. Horizontal and vertical bars indicate the geometric S.EL in slip ratio
and hold force ratio. respectively. The boxes encloses data points according 10 the surtace materials at the erip
surtices. Teft and right columins refer 1o data collected in the unimanual zrd bimannal grasp configuration,
respectively, Asterisks as i Vig, 2.0

2.3.4  Normaltangential hold force ratios at the separate digit-object interfaces

With sandpaper on both grip surfaces, the normalitangential hold force ratio was practically the same
whether on not there was an imbalance in the application of the finger tip forces between the digits (cf.
Figs. 2.3 A, Band Figs. 2.3 E, F). Furthermore, the force ratio was also the samc at the digit-object
nterfaces with sancpaper whether the other digit contacted sandpacer or rayon {152 vs. 1.55), The
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behavior in test series with rayon at ane grip surface and sandpaper at the other also indicated that the
force ratios were controlled variabies. That is, at the individual digit the normal:tangential force ratio was
efficiently adjusted to the lccal slip ratio (Fig. 2.6). As can be seen in Fig. 2.6 some subjects increased
the normal:tangential force ratio in parallel with the slip ratio, keeping a similar safety margin whether
the digit contacted rayon or sandpaper, whereas other subjects tended to increase the magnitude of the
safety margin with the more slippery rayon surface. Notably, the slip ratio and accordingly the applied
normal;tangential force ratio was lower at the right middle finger than at the other digits.

That the force ratio was a controlled variable was further validated by the force coordination at individual
digits during series of trials in which the force contribution of the two digits markedly varied between
trials. in such series the normal and tangential hold forces applied by the individual digit were
significantly and positively correlated {e.g., Fig. 2.7 A). For 58 out of all 84 available combinations of
subject-digit-surface-grasp configuration, these variables were positively correlated (n = 30 in each
series, 2 = 0.22 {o 0.81). In addition, with different surface materials at the two digits, the slope (and
intercept) of the relationship between normal and tangentiai hold force was typically different, again
reflecting an adaptation of the force coordination to the local frictioral condition (Fig. 2.7 A): In 16 out of
the 28 test series with different surface materials the slope was different, and in 4 of these also the
intercept was different, whereas in & series the intercepts only differed (liner regression including the
digit as an indicator variable and the cross-product term for the tangential force and digit).

A T Unimanual Bimanual
5 -5

Normal force | =

" 4 . ’Av/’.

2 1 - ¢ &
0 - T ] L L T LI I T 3 T I 1 I T )
0 2 1 0 2 4
- " a RightIndex - rayon
B = Accompanying digit - sandpaper

12 -| - = Slip ratio (geometric mean £ 5.D.)
Nermal force
Tangentiat force }

8 - -
4
Tt .
4 - -t et
. 223
-4 T s rerla
O - T ] i T 3 1 1 T 1 ] 1 T T 1 T T —l 1
8] 2 4 0 2 4

Tangential force (N)

Figure 2.7. Force coordination during single test serics while right index finger contacted ravon and the
other finger sandpaper. A, lincar correlation between normal and tangential hold forces during unimanual and
bimanual test serivs. Linear rewression lines extrapolated to zeve tmgential force. B, relationship hetween the
Langential torce and the normalitangential force ratio Tor the sume data as in A Note, doring the unimanua!
condition this very subject emploved a netably Tow tangential torce at the digit contacting ravon.

One subject marked with asterisks in Figs. 2.4, 2.5 and 2.6 was, however, aberrant by showing
extremely poor adjustments of the force ratio to frictional differences between the digits in the unimanual
grasp configuration. In the series of trials with sandpaper at the right index finger and rayon at the
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middle finger he applied exceptionally high normal forces and partitioned the load force approximately
symmetrically. This subject also applied high normal:tangential hold force ratios with the right index
finger in the bimanual grasp configuration when the left index contacted rayon (Figs. 2.4 and 2.6).

To prevent frictional slips, subjects consistently avoided too low normal:tangential hold force ratios but
evidently also avoided low normal hold forces even when the tangential force was close to zero which
sometimes happened in test series with rayon (cf. Fig. 2.4 A): hold normal force less than 2 N occurred
in just 6.8% of all trials (cf. Fig. 2.4B). Consequently, as exemplified in Fig. 2.7 B, in test series with very
low tangentiat force, the normal:tangential force ratio and safety margin during the hold phase increased
drastically when the tangential force approached zero at the digit in contact with rayon. it is important to
note that there was no corresponding change in the force ratio employed at the digit in contact with
sandpaper. Figure 2.3 G shows single trial data from a subject who applied low tangential forces at the
rayon strface (about 0.5 N) in that test series and yet kept the normal forces at about 2 N, resulting in
high normal:tangential force ratios.

The effect of the grasp configuration on the employed normal:tangential force ratio and the safety
margin was analyzed in more detail for the right index finger because it participated in both unimanual
and bimanual tasks. Neither the employed normal:tangential hold force ratios {pooled across surfaces)
nor the safety margins against frictional slips were significantly different between the two grasp
configurations {2.56 vs. 2.58 and 1.14 vs. 1.23 respectively, data pooled across surfaces). Furthermore,
the force ratio and the safety margin changed in the same way when the surface was shifted from
sandpaper to rayon whether the right index cooperated with the left index or the right middie finger. In
sum, this analysis strongly suggested that the normal:iangential force ratio was adjusted to the local
frictional condition irrespective of grasp configuration.

2.4 Discussion

During the static hold phase, subjects employed normal:tangential force ratios that were adjusted to the
local frictional condition at each digit with virtually no influence from the frictiocnal condition at the other
digit-object interface. Although the subjects could have performed the present task successfully with any
force distribution between the digits, they typically partitioned the load in a manner reflecting the
frictional differences between the grip surfaces. The normal force, in contrast, showed no obvious
difference in magnitude at the two digits related to the local surface condition. Rather, changes in
fricticn at the other digit influenced the normal force in a similar manner as changes in the digit's local
fricticn. That is, the ‘average’ frictional candition across the two grip surfaces principally accounted for
the frictional influences on the normal hold force as well as on the pre-ramp normal force, The
adaptation of the normal:tangential force ratios for the local friction at each digit thus involved
mechanisms responsible for the ‘global’ control of the normal force and for the frictional dependent
partitioning of the load between the digits.

2.4.1  Distribution of normal force across the digits

By taking up most of the load at the less slippery grip surfaces, subjects reduced the total ‘force’
required to constrain the manipulandum as compared to a strategy with similar tangential and normal
forces. That is, to counteract the same amount of tangential force, less normal force is required to
prevent frictional slips at the finger in contact with the less slippery surface. However, if the control
principle would be to minimize the total work, one would expect subjects to use a single digit when one
of the digits contacted rayon (low friction) and the other contacted sandpaper (high friction). There were
indeed a few test series in which the subject shifted most of the load to the contact area with higher
friction, but typically a substantial portion of the load was taken up alsc by the digit in contact with the
surface of lowest friction (Figs. 2.4 A and 2.5). Hence, a simple tule” of minimizing the total 'work’ does
not apply as such.

A more plausible control rule’ is that the normal forces at the two digits were constrained by neural
mechanism to be alike and the load ferce was partitioned according to the frictional conditions under
this constraint. Indeed. it is commonly believed that the brain operates with task-related coordinative
consiraints to simplify the control mechanisms by reducing the number of degrees of freedom of the
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musculoskeletal apparatus thai have to be explicitly controlled {Bernstein 1967; Turvey et al. 1978,
Macpherson 19¢1; Sporns and Edeiman 1993). Besides, keeping the normal force alike may simplify
the sensory control of the normal force by globally gaining the amplitude of the normal force responses
to the loading by the ‘average’ friction at the grip surfaces (cf. Cole and Johansson 1993). Against this
explanatory model, it may be argued that the normal forces were not always the same at the two digits
engaged in the task. There where times when subjects appiied substantiatly higher normat hold forces
at one of the digit-object interfaces (Fig. 2.4 B). But adjustments or modifications of the digital
preference in this respect between, within, and across test series may, for instance, represent a strategy
to distribute the total force between the digits during the lengthy course of the experiments. Thus, on a
speculative note, we suggest that there are control mechanisms that govern the distribution of normal
force between the digits while leaving other mechanisms in charge of the adaptation of the fingertip
forces so that slips are avoided at the separate digit-object interfaces.

The acceptable range of normal force at an individual digit may, in tum, be constrained by the need of
maintaining a stable caontact with the grip surface. Even in test series in which subjects showed a very
large digital asymmetry in normal force application, the normal hold force was rarely below 2 N at any
digit. This was also true for trials in which the load was very asymmetrically partitioned, rendering
tangential hold force close to zero at the digit with low normal force. Consequently, the
normal:tangential force ratio became quite high in such trials (Fig. 2.7). High normal:tangential force
ratios have also been observed in lifting tasks during manipulative phases with low tangential forces
(Westling and Johansson 1984). Likewise, due to inertial forces, the tangential forces may decrease to
zero while an object held in the hand is accelerated in the air and yet the normal forces do not decrease
below 1-2 N (Flanagan and Wing 1993). This type of constraint regarding the control of normal force in
manipulation has subsequently been observed with several different grip configurations and type of
object movements (Flanagan and Tresilian 1994).

Adopting a certain minimal normal force is functional for a number of reasons: First, a fingertip exhibits a
pronounced nonlinear mechanical response to forces applied normal to its surface. The stiffness, for
instance, drastically increases with increased normal force at forces below 1-2 N (Westling and
Johansson 1987; Srinivasan and Lamotte 1995). Likewise, the area of contact at the finger pad
increases steeply at low normal forces, e.g., the contact area at 1 N normal force is already about 2/3 of
the corresponding area at 10 N (Westling and Johansson 1987). Applying 1-2 N normal force at the
finger tip thus ensures a stable contact between digits and objects. Secondly, a digit can intervene on
the basis of sensory evenis during the task only if it has established a stable contact with the
manipulated object. Thirdly, at contact forces below about 1 N, changes in the normal force strongly
activate cutaneous mechanoreceptive afferents, in particular FA | and SA |, whereas at higher normal
forces the FA | afferents almost exclusively respond to tangential force changes (Macefield et al. 1598).
Thus, the sensory apparatus to mechanical events of particular importance to grasp stabllity may be
‘tuned” by the choice of normal force. Similar sensory ‘tuning’ occurs when we manipulate and hold food
hetween aur incisors (Trulsson and Joharssen 1956) and when we use our hands to stabilize stance
{deka and Lackner 1994, 1395). Fourthly, even medest unpredictable changes in tangential forces are
more likely o result in frictional slips at low normal hold forces and it is therefore also desirable to apply
a certain minimal normal ferce when the tangential force is low. Indeed, tn our restraint task with
unpredictably occurring changes in tangential forces, subjects used 1-2 N normal forces also while they
held the manipulandum while not loaded, i.e., the pre-ramp normal forces.

2.4.2  Frictional scaling of normal forces

We have previously shown that sensory information related to the frictiona! conditicn is used to gain the
magnitude of the normal force response cemponents in a restraint task (Cole and Johansson 1993). In
those experiments the fricticnal condition was varied between trials, but remained the same at the two
digits-object interfaces. Signals in tactile afferents obtained as the object was initially grasped
presumably provided the decisive sensory information {cf. Johansson and Westling 1987). This typs of
frictional scaling of the normal forces also occurred in the present study. However, the present resulis
reveal that the pre-rarip and nermal hold force employed by a given digit was influenced in a similar
manner by frictional changes taking place at that digit and al the other digit. This implies that sensory
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information obtained at each digit-object interface effectively controlled the normal forces at both digits
engaged in the task. In lifting tasks employing opposition grips while different surface materials are
present at the pair of grip surfaces, subjects grade the normal forces to the ‘average’ friction (Edin et al.
1992). Furthermore, in liting tasks people clearly use frictional experiences encountered in the previous
trial to scale the normal force output in anticipation of the frictional condition while grasping the object
(e.g., Johansson and Westling 1984). With different frictional conditions at the opposing grip surfaces
this anticipation reflects the ‘average’ frictional condition {Edin et al. 1992). An adjustment of the force
output appears as soon as 0.1-0.2 s after the initial touch if there has been a frictional change. This
adjustment is presumably mediated by the contact responses in tactile afferents {Johansson and
Westling 1987). Still, the friction of the previous trial weakly influences the ncrmal hold force when the
object is held stationary in the air (Westling and Johansson 1984).

In sum, tactile mechanisms provide sensory information about the local frictional condition at each digit-
object interface. However, there is no evidence that this information is used in multi-digit grasping to
scale the normal hold force in a digit-specific manner. Instead, the present study and other
investigations indicate that the normal force applied by each digit it is scaled by the ‘average' friction
cver digit-object interfaces.

2.4.3  Frictional dependent partitioning of the load among the digits

In hath grasp configurations we observed a digit specific adaptation of the normal:tangential hold force
ratios to the prevailing frictional condition. An adjustment of the normal forces to the ‘average' friction at
the two digits (as discussed above} was one element in the control of the force ratio, whereas a second
element was the partitioning of the load between the digits. As such, even though the subjects could not
see the apparatus during the trials and visually confirm that they restrained a single rigid object they
clearly adopted a strategy that would not make sense if each digit restrained a separate manipulandum.
Several possible mechanisms may be involved with regard to the partitioning of the force.

For instance, sensory information about local friction at the separate digits may have been used to
partition the load forces. Because the subject could not control the load force, but merely share it
between the digits such sensory information could have been used to balance the tangential forces
based on a comparison of the fricticn at the two digits and knowledge about the prevailing normal
forces. The controller in charge of such a task would not only integrate information from both digits but
also operate on both digits. Another option is that the load force may have been partitioned by digit-
specific controllers in anticipation of the local frictional conditions and the current disiribution of narmal
force between the digits. Results from the manipulation of passive objects indicate that the memory
traces related to the frictional condition at the separate digit-object interface might be processed and
expressed in a 'digit-specific’ manner (Edin et al. 1992). Indeed, anticipatory control of the load
partitioning could have played an important role in the present experiments since the trials were
delivered in blocks in which the surface condition was kept constant. Accordingly, based on sensory
information along the lines discussed abave, the putative sensarimotor memory systems could have
been updated to the current frictional condition during the first cne or two frials in a series (Edin st al.
1992). As such, during the first trials after a frictional change subjects may have leamed what the
adequate normal:tangential force ratios were for grasp stability and applied those in subsequent trials. A
third alternative is that passive mechanisms such as frictional creep or slips contributed to the initial
distribution of the load force from the more to the less slippery digit-chject interface. Qur observation of
frictional slips during the load phase which resulted in a redistribution of the load between the digits
suggest that this could take place, at least in the dynamic phase of trials. If so. the actuai partitioning of
the load would be critically dependent on the local friction but also on the development of the normal
force and how it is distributed between the digits and scaled by the ‘average’ friction. In an ongoing
study we are currently investigating mechanisms responsible for the initial adjustments to a new
frictional condition, i.e., how the partitioning of the load forces and the normal:tangential force ratios
were adjusted after an unpredictable change in surface combination. Impertantly. anticipatory
mechanisms were able to control the distribution of the load because the l0ad was in some trials
asymmetrically distributed already witnin the first 0.2 s of the load phase and prior to any discemible
slip. Moreover, it is highly unlikely that this partitioning was a necessary result of the physics of the task
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because such partitioning of the load was cbserved also in trials when the digits contacted the same
surface material.

2.44  Motor equivalence

The contribution by each digit to restraining the object varied between test series and to a lesser degree
between triais within a test series; irrespectively, the goal of the restraint task was met. Likewise, the
task was performed in a similar manner regardless of grasp configuration, i.e., it showed effector
invariance. These findings can appropriately be summarized by the term ‘motor equivalence’ used long
age by Lashley to denote invariant goal achievements with variable means (Lashley 1930}.
Interestingly, ‘motor equivalence’ also characterizes subjects’ behavior when they transport an object
using a variety of unimanual and bimanuai grasp configurations (Flanagan and Tresilian 1994,
Kinashita et al. 1995, 1996). Even at the muscular level there is no fixed activation pattern during grip
actions despite behavioral invariance in terms of force generation (Maier and Hepp-Reymond
1995a;see also Macpherson 1991). Accordingly, electromyography recordings i monkeys and man
have demonstrated that single digit actions are the result of activity in several muscles that generally
influences more than one digit {Maier and Hepp-Reymond 1995b; Maurer et al. 1895; Schieber 1995).
Regarding the partitioning of forces across digits, this study clearly showed that some biomechanical
models of the forces exerted by individual digits during grasping do not apply to the present task. In one
such model, it is assumed that the engaged fingers exert forces in proportion o the physiclogical cross-
sectional area of the extrinsic flexor muscles acting on the digit (An et al. 1985); in ancther it is
assumed that the fingers exert forces in proportion to their relative strengths (Armstrong 1982).
However, a simple example makes it obvious that a fixed fractional contribution of the engaged digits
can hardly be a viable strategy in most manipulative actions: as soon as the thumb is positioned
inappropriately while holding a glass, this strategy would inevitably cause the glass to be tilted.
Accordingly, in a multi-digit liting task Kinoshita ef al. (1995) showed that the fractional contribution of
normal force by individual digits changed when the number of digits engaged in the task changes, and
when an abject held in the air is shaken {Kinoshita et al. 1996). Using a similar multi-digit lifting task
Radwin ef af (1992) found that the fractional contribution of the different digits could also change with
object weight. It is important to note that none of these studies investigated the control of finger forces
in relation to the control of grasp stability because only the forces normal to the object's surface were
measured. The present results clearly show that the local frictional condition at the separate digit-object
interfaces is one factor that can strongly influence the distribution of forces across the engaged digits
because the normal:tangential force ratio at each digit-objects interface is one variable controlled in
manipulation.

3 Experimentll

3.1 Introduction

During both the self-paced lifting tasks and the reactive restraining tasks, the adjustments of the finger
tip forces to friction primarily depended on tactile sensory information obtained from the initial contact
with the contact surfaces and on the memory traces from previous trials (Johansson and Westling
1984b, 1987; Cole and Johansson 1993}. Mcreaver, the normal:tangential force ratio is adapted to the
local frictional condition at the individual digit-object interfaces in both types of tasks (Edin et al. 1992:
Burstedt et al. 1997a-b). This adaptation means that subjects lifting objects with vertical paralie! grip
surfaces take up more of the load af the digit exposed to the less slippery surface than at the
cogperating digit; the normal forces are bound to be nearly equal at the two opposing digits (Edin et al.
1992: Burstedt et al. 1997h). Interestingly, during a restrain task, which also allowed the use of different
normal forces {in addition te different tangential forces), subjects still apply similar normal forces by the
two engaged digits (Burstedt et al. 1897a). In both types of tasks the normal forces are scaled to the
average friction at the digit-object interfaces.
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Based on studies of lifting tasks we have hypothesized that the ratio at each digit is controlled by digit
specific tactile sensory information and sensorimotor memaries related to the local frictional condition
(Edin et al. 1992). Furthermore, we recently concluded that adjustments of the fingertip forces can
emerge from the action of anatomically independent neural networks controlling each engaged digit.
This conclusion was made in light of the fact that the lifting task was accomplished in a similar manner
whether it was carried aut by one subject or cooperatively by two subjects, each contributing with one
digit {(Burstedt et al. 1997b). However, in the restrain task we noted that sensory information related to
the local frictional condition at the respective digit-object interfaces conirolled the normal force at both
digits (Burstedt et al. 1997a). Thus, at some level of cantrol frictional information must be compiled from
both engaged digits. In the case of the lifting task carried out cooperatively by two subjects, the
necessary interdigital coordination could well have developed by learning about which forces to apply
during the sequence of practice trials always performed prior to data collection. Likewise, subjects could
have exploited digit specific anticipatory mechanisms using frictional experiences accumulated across a
series of consecutive trials also in the restrain task by Burstedt et al. {1997a). Indeed, it is well
documented that manipulative tasks can be controlted in a predictive feed-forward fashion, based on
internal models of environmentai objects (Ghez et al. 1991; Johansson and Cole 1992; Lacquaniti 1992;
Johansson 1996a; Flanagan and Wing 1997). It has been aiso demcnstrated in monkeys that grip force
gradually increases from trial to trial if perturbations are repeatedly applied to test object {Dugas and
Smith 1992).

In the present study we instead analyze mechanisms by which human subjects adapt the finger tip
forces to unpredictable changes in the local frictional condition between consecutive trails. We adopted
a restrain task in which the subjects were free to use different normal forces and tangential forces at the
two engaged digits: Tangential loads were delivered to a manipulandum that had two parallel
horizentally oriented contact surfaces, one for each digit (Burstedt et al. 1997a). By letting the subjects
perform the task both unimanually and bimanually we could determine if the interdigital coordination
operated in a similar fashion despite obvious differences in the anatomical substrates implementing the
control.

3.2 Materials and Methods

3.2.1.1 Subjects und general procedure

Experiments were performed on six healthy, right handed subjects (3 female and 3 male), ranging in
age from 18 to 26 years. The local ethics committee approved the experimentai protocol. All
participants gave their informed consent to the experimental procedures although the specific purpose
of the experiment was not made known. The subjects were seated in a chair with their upper arms
approximately parallel to the trunk and their forearms extended anteriorly. The hands were pronated
with palms facing downwards and the wrist slightly dorsiflexed {about 30 degrees). Vacuum casts
supported the forearms up to the palms. A curtain prevented the subjects from seeing their hands and
the manipulandum during the experimental trials. The subjects washed their hands with scap and water
about 5 minutes before the experiment. Prior to data collection, subjects were shown the
manipulandum and given some ten practice trials to familiarize themselves with the apparatus and the
task.

3.2.1.2 Munipulandum

The manipulandum has been described in detail in a previous report (Burstedt et al. 1397a). In short, it
had two horizontal exchangeabie flat contact surfaces (30 mm diameter, spaced 32 mm center to
center; ¢f. Fig. 2. top panels}. It could be loaded in the distal direction by a force servomechanism (0-10
N load force amplitude, bandwidth 0-15 Hz) but when not touched was servo-regulated to a constant
position (stiffness 1.2 N/‘mm}. A strain gauge transducer system measured the forces applied
perpendicuiar {normal force) and tangential to each contact surface (DC-120 Hz} with a maximum cross
talk between the forces of less than 5%. The displacement of the manipulandum was gauged at 50u
resclution.
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3.2.1.3  Test series and subjects ' task

The subjects were instructed to prevent the manipulandum from moving during the trials. To achieve
this, the subjects used the tips of twe fingers positioned side-by-side (cf. Fig. 3.2, top panels). They
received no instructions abaut what forces to apply and were free to adopt any strategy required to
restrain the manipulandum. However, if during the practice trials a subject applied pre-response normal
forces of such high magnitudes that their force responses to the load ramp were severely attenuated
(Cole and Johansson 1993), the experimenter asked the subject to apply less force. No penalty was
imposed if subjects accidentally lost the manipulandum due to slippage; if a slip occurred the
manipulandum was simply returned to its starting positicn, the trial was repeated and the test series
resumed. The fingers were sfightly flexed and the plane of the contact surfaces approximately
intersected the centers of the metacarpophalangeal joints. With such a posture passive normal force
changes caused by movemenis of the manipulandum were reduced to a minimum.

Before each load trial a brief sound cue prompted the subject to contact the manipulandum with the tips
of the two fingers. A trial commenced when the computer detected a background normal force of at
least 0.7 N at both contact surfaces. tach trial could conveniently be divided in four phases (Fig. 3.1).
The pre-foad phase was of a duration randomly distributed between 1.0 and 3.0 s and began when the
subject touched the contact surfaces; the load force was zero in this phase. During the load phase the
load force increased at 16 N/s for a period of 0.25 s. During the subsequent hofd phase the total load
was maintained at 4 N. The duration of the hold phase was randomized between 3 and 6 s. A second
sound cue instructed the subiject to initiate the release phase, i.e., to slowly decrease the grip forces
until the manipulandum was lost due to slips. The manipulandum was then returned to its starting
position and a sound cue was given to the subject to start a new trial. Five to ten seconds elapsed
hetween successive trials.

Each subject was run in two test series with different grasp configurations: (i} In the unimanuai series,
subjects restrained the manipulandum with the right index and middle fingers and {ii) in the bimanua/
series subjects used the left and right index fingers. Each test series consisted of sixty trials of pulling
loads applied in the distal direction. in all trials the right index finger was exposed to fine grain
sandpaper {no. 320) which showed a high and rather stable friction in relation to the digit. The
cooperating right middle or left index finger was exposed to sandpaper in 30 trials and in 30 trials to
rayon that was more sfippery. These two surface conditions appeared in an unpredictable order (the
grip surfaces could be changed quickly). Three subjects were run first with the unimanual series
followed by the bimanual series, and another 3 subjects were run in the reverse order.

3.2.14  Duata collection and analysis

Data were collected, stored and analyzed using a custom-built data acquisition and analysis system
(SC/ZOOM; Department of Physialogy, Umea University). The force and position signals were sampled
at 12 bit resolution with 400 samples/s. Event markers refated to onsets and offsets of the various
phases of each load trial were sampled with + 0.1 ms time resolution. Force rates and movement
velocity of the manipulandum were obtained using * 6 point symmetrical numerical time differentiation (-
3 dB at 26 Hz). The instantaneous ratic between the normal and tangential forces was also computed
off-line for each digit.

The following measurements were made in each single trial for each digit: (1) the pre-load normal force
was the mean normal force during the 0.3 s period prior to the onset of the load force increase (foad
phase). This measure represented forces used by subjects to held the manipulandum in the absence of
a load ferce. (2) the onset of the normal force response was the point in time when the normal force rate
exceeded 1 N/s, i.e., the minimum force rate that empirically could be reliably distinguished in sing'e
trials {Fig. 3.1). (3) the pre-rasponse normal and tangential force were forces measured at this onsat. (4)
the peak normal force was the maximum normal force measured within 0.5 s after the start of the load
phase (Fig. 3.1). At this point we also measured the tangential force. (5) the magnitude of the triggered
increase in normal force was assessed as the difference between the peak normal force and the pra-
response normal force {G) the static normal and tangential forces were measured as the mean forces
during a 0.3 s time window starting 0.5 s after the onset of the hold phase. {7} normal:tangential force
ratios were collected at normal force response onset. peak normal force and &t static force.
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The normal:tangential force ratio at the onset cf the slip generated at the end of each trial was assessed
for each digit as previously described (Burstedt et al. 1997a). This ratio represented the inverse of the
coefficient of static friction at the end of the trial. The occurrence of slips was established by examining
the force ratios and their changes, movements of the manipulandum and, most importantly, sudden
changes in distribution of the load force between the digits (see below and Figure 3). The average of
ratios obtained for the current trial and the four nearest trials with the same surface structure was used
as an estimate of the static slip ratio for that trial. It was 0.70 £ 0.10 {mean + SD for data from all
subijects) for the right index finger while was always in contact with sandpaper and 0.69 + 0.09 for the
cooperating right middle or left index finger in contact with sandpaper or 1.53 + 0.32 with the more
slippery rayon (see also horizontal lines in top panels of Fig. 3.2). Additional measurements of static and
dynamic slip ratios were made during the load phase of many trials and will be more fully described in
RESULTS.
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3.2.1.5 Statistical analysis

Numerical values of normal:tangential force ratios, normal forces and tangential forces were transferred
to a statistical program (STATISTICA™ Statsoft, Tulsa OK). Unless otherwise stated, repeated
measures analysis of variance (ANOVA) was performed to analyze main effects of four repeated
measures (within subjects) factars: prevailing surface condition (2 levels: sandpaper-sandpaper and
sandpaper-rayon), surface condition in the immediate previous trial (2 ievels), phase of trial {4 levels:
pre-load phase, onset of normal force response, peak of narmal force response and hold phase), and
digit (4 levels: right index and middle finger in the unimanual task, and right and left index finger in the
bimanual task). Phase was not used as a factor in the analyses of the triggered increase in normal force
because this increase was computed as the difference between two succeeding points of
measurements. Data referring to each subject and each of the experimental conditions were averaged
and used in the ANOVA analyses. All possible effects were not examined. Rather, the analyses focused
on planned comparisons and specific effects as described in ResuLTs. The Pearson coefficient of
correlation (r) was used as a measure of correlation. The paired t-test was used for pair-wise
comparison of two variables. The Pearson Chi-square test was used to evaluate the significance of the
relationship between categorized variables. The level of probabhility selected as statistically significant
was p<0.05 and, unless otherwise indicated, population estimates are presented in the form of means
+8D values based on data pooled across all trials by all subjects.
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Figure 3.4. Repeated slips. A trial during which multiple slip-and-stick events (indicated by circles and
vertical lines) assouviated with sudden tangential force redistribution were observed. Note that the slips observed
during the load phase and early during the hold phase occurred at normal:itangential torce ratios that were
significantly higher than the measured static slip ratio at the end of trial as indicated by the dotted horizontal line.

3.3 Results

Whether subjects used their right index and middle fingers (‘unimanual grasp condition’) or the right and
left index fingers (‘himanual grasp condition’}, the loading of the manipulandum triggered normat force
responses at both fingers in @ similar fashion. Figure 1 shows examples of behaviors in two single trials:
with both fingers centacting sandpaper (Fig. 3.1A); or the right index finger contacting sandpaper and
the accompanying finger raycn (Fig. 3.1B). After a delay following the onset of the load ramp

(0.12 £ 0.02 s), the digits responded 1o the loading with a rapid increase in normal force comesponding
to the ‘catch-up respense’ described in previous studies (Johanssen et al. 1992b, ¢; see aiso Cole and
Abbs 1928). Because the period of this unitary response (some 0.25 s) extended into the hald phase
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there was neither time nor a need for a subsequent ‘tracking response’ (cf. Johansson et al. 1992b).
The normal force peaked 0.09 £ 0.05 s after the end of the load force ramp. Then the normal force
decayed to its static value and was maintained during the hold phase (Fig. 3.1).

Ta restrain the manipulandum during the load trials subjects often relied more heavily on the right index
finger that always contacted the same surface material, i.., sandpaper that showed a high friction in
relation to the skin. The material in contact with the cooperating finger was varied unpredictably
between sandpaper and the more slippery rayon surface. Thus, even when both fingers contacted the
same surface structure (sandpaper), subjects tended to apply on average larger normal and tangential
forces by the right index finger than by the cooperating finger (Fig. 3.2). This bias was statistically
reliable in the bimanual grasp condition {p<0.05 for normal and tangential forces, respectively) but not in
the unimanual grasp condition where it was not observed in all subjects. Despite the occurrence of this
bias, the normal:tangential force ratios were purposefully adapted to the local frictional condition at each
digit. That is, the response to friction was superimposed on the digital bias.

3.3.1 Normal:tangential force ratios in various phases of load trials

To successfully restrain the objeci, two principal constraints have to be fulfilled: {1) The sum of the
tangential forces applied by the two engaged digits must equal the load force imposed on the hand by
the manipulandum; and (2) at least at one of the engaged digits, the subject had to apply a normal force
that was large enough in relation to the tangential force to prevent initiation of slips or the

manipulandum would escape. That is, the normal.tangential force ratio had to exceed the prevailing
static slip ratio, which corresponds to the inverse of the coefficient of static friction.

Between the onset of the load force increase and the start of the subjects’ normal force response, the
normal:tangential force ratios fell precipitously at both fingers because the tangential forces increased
whereas the normal forces remained at the pre-load values (Fig. 3.1). The normal force responses
triggered by the load increase served to dampen this steep fall in force ratios and thus helped to prevent
slips when the tangential forces continued to increase during the load phase. Due to the decline in
normal force following its peak, the force ratio further decreased during the hold phase towards the hold
phase values (Fig. 3.2, top and bottom panels), although this was not associated with any systematic
change in tangential forces (Fig. 3.2, middle parels). The horizontal lines in the top panels of Fig. 3.2
show slip ratios that were determined at the end of each trial. The difference between the force ratios
used and the corresponding skip ratios represents a measure of the safety margin against slips.
However, as will be detailed below, these slip ratios may not be representative for the ratios prevailing
during the early period of the trials.

The force ratio at the digit subjected to frictional changes between trials was influenced by the surface in
contact with that digit (p<0.005). The force ratio was higher at each point of measurement when the digit
contacted rayon compared to the less slippery sandpaper surface (Fig. 3.2, cf. open and closed
corresponding symbols for the right middle and lefi index finger in top panels; also cf. Figs. 1A and B).
The subjects implemented these ratio adjustments to the frictional condition at the individua! contact
surfaces by changing both the normal and tangential forces. The higher force ratio observed when a
digit was in contact with rayon was caused by a combination of higher normal force and lower tangential
force (Fig. 3.2, middle and bottom panels; cf. cpen ard filled symbols). As a result of the lower
tangential force at the cooperating finger, the right index finger was subjected to higher tangential forces
in this surface condition (Fig. 3.2, middle panels). The force ratio was, however, kept at the same level
as in the sandpaper-sandpaper surface combination because the normal force was also higher on the
right index finger when the cooperating finger contacted rayon (Fig. 3.2, bottom panels).

3.3.2  Slips contributed to the distribution of tangential force between the two cooperating fingers

Slips and sliding appeared to be a principal mechanism accounting for the redistribution of load between
the fingers after a change from sandpaper to rayon. This slippage took place during the load phase and
at the finger contacting the more slippery {rayon) surface when the normal:tangential force ratio fell
oelow a critical level at that digit (Figs. 1B and 3). Its onset was characterized by a sudden redistribution
of load force between the digits, i.e., the tangential force fell on the slipping digit and increased on the
non-slipping right index finger in contact with sandpaper. Consequently, the normal:tangential force ratio
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transiently increased at the slipping digit while it simultaneously decreased at the right index finger. After
this event the tangential force increased at a higher rate at the non-slipping digit and at a considerably
slower rate at the slipping digit. As will be further described below, this modest increase in tangential
force could be explained by frictional sliding or creep between the digit and the rayon surface occurring
in parallel with ar increase in normal force. That is, the increase in normal force and the coefficient of
dynamic friction can be seen to define the increase in tangential force.

Interestingly, the transient slips that occurred during the load phase neither appeared to robustly trigger
additional increases in normal force at the slipping digit, nor upgrade the ncrmal:tangential force ratios
at the non-slipping digit (Fig. 3.3) (cf. Johansson and Westling 1984a; Edin et al. 1992). Normal force
responses were, however, regularly observed in response to slips that occurred in the hold phase tater
during the trials {e.g., Fig. 3.4). Thus, it appeared that the subjects' sensitivity io slips was markedly
reduced during the load phase, when they allowed slips to partition the load force between the digits in
order to restrain the manipulandum.

Slips during the load phase were observed in all test series for trials with rayon on one digit, but they
appeared most distinctly in the bimanual grasp configuration. Indeed, in the latter condition an abrupt
and marked redistribution of the load force between the digits was observed in nearly all trials {Fig. 3.3).
The development of the tangential forces at specific points in time (Fig. 3.2, middle panels) revealed
that the frictional condition influenced the partitioning of the load between the digits largely during the
period from the onset of the triggered normal force response to the moment of peak normal force. In
65% of all trials with the sandpaper-rayon surface combination an obvious load force redistribution
resembling slippage was detected during the period of the triggered increase in normal force and in
another 16% of the frials such redistribution occurred earlier - during the pre-response period. The
sudden load redistribution in the pre-response period occurred mainly with the bimanual grasp and
accounted for the frictional effect observed on the partitioning of tangential forces at the anset of the
normal force response in Fig. 3.2 {middle panels, bimanual grasp).

3.3.2.1 Loss of the manipulandum due to slips

During the slip-mediated redistribution of load force between the digits the tangential force increased on
the non-slipping right index finger. This finger was in contact with sandpaper and the applied normal
force was usually high enough to prevent a slip at this digit. However, in 12 % of trials with the
sandpaper-rayon surface combination, slips occurred at both fingers during the load phase and
consequently the manipulandum was lost from the grip. Figures 5A and B show examples of such trials
with the sandpaper-rayon surface condition. The sequence of events was reproducible between trials
and between subjects. First, slippage occurred at the digit in contact with rayon as described above for
successful trials. The concomitant unloading of the slipping digit led to an increased rate of tangential
force increase at the right index finger, such that the normal:tangential force ratio then declined even
faster. Finally, once the slip ratio was reached, the index finger also started to slide and the
manipulandum was quickly lost. Thus, to prevent this, the normal force had to be large enough, in
particular on the right index finger, to take up the part of the load that was transferred to it because of
the slippage occurring at the cooperating finger. The subjects lost the manipulandum in only 2% of trials
with sandpaper at hoth contact surfaces; one such trial is shown in Fig. 3.5C.

3.3.2.2  Dynamic friction and sliding of the manipulandum

The trials in which the manipuiandum was lost due to slippage revealed some important frictiona
characteristics of the digit-object interface. These characteristics allowed us to interpret the sliding
events that occurred also during the dynamic phase of successiu! trials as well as during the frictional
measurements at the end of each trial. Measurements of the force ratios at the onset of these slips and
during the fast movement of the manipulandum before it was lost allowed relizble comparisons between
static and dynamic slip ratics at each digit-object interface. With rayon, the dynamic slip ratio was often
fairly constant during the movement of the manipuiandum and in most cases substantially higher than
the static slip ratio measured during the initiation of the slip (Figs. SA and B). Furthermore, inspection of
the time course of the force ratio revealed that a good early measure of the dynamic slip ratio was the
normai:tangential force ratio after the tangential force at a siipping digit ceased to decrease. This
measurement of the dynamic slip ratio was also appiied (o those successtu! trials in which slippage
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occurred during the load phase. For the finger in contact with rayon the dynamic slip ratio was on
average 37 £ 16% higher than the matching static slip ratio {n=121; p<0.001; paired t-test). In contrast,
for the finger in contact with sandpaper there was no obvious difference between the static and dynamic
slip ratio (Fig. 3.5 C).

Interestingly, the static slip force ratios when unequivocal slippage occurred during the load phase could
be substantially higher than the corresponding static slip ratios recorded at the end of the trials (see
right index finger data in Figs. 3.1 B and 3.4). For the finger in contact with rayon the static slip ratio
during the load phase was on average 138% (+27%, n=179; p<0.001, paired t-test) of the
corresponding static slip ratio measured at the end of the trials. The consecutive slip events at the digit
in contact with the rayon surface in the exceptional trial shown in Figure 3.4 illustrates the decrease in
the static slip ratio during the course of a trial. This observation implies that the slip ratio measurements
given in Figs. 3.1 and 3.2 {and in Fig. 3.9) underestimate the true static slip ratios during the load phase.
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Figure 3.5. Dunamic friction and sliding of the sandprelandum, Single trials with overt slippage during the
load phase resulting in the loss of the manipulandum. The finger cooperating with the right index tinger was in
contacted with rayen in A and B, and sandpaper in C: the right index tinger was as always in contact with
sandpaper. The static slip ratio was measured at the initiation of the slip. 'Dynamic (riction” was measured when
the {angential 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 lines),
i.e., the handle was sliding. During this period the normalitangential force ratio reached a platcau that
corresponds to the dynamic friction at the respective digit-object interface. Whereas the static and dynamic
friction of rayon characteristically were ditterent (thin lines in A and B), the static and dynamic friction for
sandpaper were rather simitar (C, and thick lines in A and B).

3.3.3  Control of normal forces

A successful digit-specific adjustment of the normal:tangential force ratio that exploits slip mediated load
force partitioning between the digits clearly relies on an appropriate contrel of the normal forces in
relation to the frictional condition at each digit-object interface. The normal farce apolied at the more
slippery contact surface had to be weak enough to permit slippage whereas that at the less slippery
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surface had to be high encugh to prevent accidental slippage as a consequence of the increased load.
Both the size of the triggered force response and the size of the pre-load normal force on which the
triggered response was superimposed were important: {i) most slips that contributed to a purposeful
load redistribution actually took place during the triggered normal force increase; {ii) due to the delayed
onset of the normal force responses, subjects had to maintain normal forces that were sufficiently high
prior to the commencement of the triggered normal force response to prevent the loss of the
manipulandum during the initial load force increase.
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against that of the cooperating finger (y-axis). Open circles represent mean values obtained when both fingers
contacted sandpaper and black circles when the cooperating finger contacted rayen. Data obtained for one
subject are connected with lines and the shaded etlipses correspond to the 95%% contidence intervals in x und v.
B: Mean rate of the normal force response shown as a tunction of time tor each digit. grasp and surface
condition separalely. Each record was constructed from amplitude measureiments at [0 ms intervals obtained
from single irials that were synchronized at the mement of normal foree response anset at the particular finger;
vertical bars correspond to SLM. Solid and dashed lines represent the normal force rate ut the right index tinger
and the ceoperating finger, respectively. Thick hines represent data obtained when both fingers contacted
sandpaper and thin lines represent dara when the cooperating finger contacted ravon, The insets show the same
data atter noomalization tor amplitude.

3.3.3.1 Triguered normal force response

Interestingly, although the friction was changed at just one of the digits, the amplitude of the triggered
increase in normal force was influenced at both engaged digits (Fig. 3.2, filled versus cpen inset
histograms in bottom panels). That is, statistically, the prevailing surface condition had a primary effect
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on response amplitude {(p<0.005) but no reliable interaction was found between the finger and the
prevailing surface factors. When shifting from sandpaper to rayon, the size of the normal force
responses increased at bath fingers in a manner that suggested that they were scaled in parallel. In the
bhimanual grasp condition all subjects showed a paraliel change in the normal force responses (Fig.
3.6A, right panel). In the unimanual grasp four out of six subjects scaled the responses in paraliel (Fig.
3.6A, left panel). However, the other two subjects still scaled the normal force response of the right
index finger by the frictional change at the ccoperating middle finger. The robust effect on the right index
finger was highly functional because this digit took up the load increase when slippage occurs on the
accompanying finger when in contact with rayon. In agreement with previous findings, the frictional input
scaled the amplitude of the triggered increase in normal force while its duration and shape were less
influenced (Fig. 3.68; see 'catch-up' response in Cole and Johansson 1993). There were no reliable
influences by the frictional condition in the previous trial on the magnitude of the triggered respense, nor
were there significant interactions between finger and sur{ace condition in the previous trial, or between
the present and previous surface condition.
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Figure 3.7. Percentage of 'lost’ triais with the sandpaper-rayon surface combination when the cooperating
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

Frictional changes at the digit accompanying the right index finger not oniy influenced the triggered
normal force responses but also the normal forces applied by both fingers prior to the onset of these
responses (p<0.05; planned comparison). Again, the two engaged digits were influenced in a similar
manner (Fig. 3.2, bottom panels, cf., correspanding filled and open symbols). In addition, the magnitude
of the pre-load normal forces was influenced by the frictional condition in the preceding trial {p<0.005;
Fig. 3.2, bottom panels, cf,, corresponding squares and circles). Overall, subjects used somewhat
higher pre-response normal forces with mare slippery frictional conditions in the current and in the
previous trial. These effects were consistent throughout the different conditions, i.e., there were no
interactions between prevaifiing surface, previous surface, and finger (p>0.5).

Because the triggered normal force responses were superimposed on the pre-load normal forces, the
frictional condition in the previous trial influenced the amplitude of the empioyed normal forces more or
less throughout the trials (Fig. 3.2, bottom panels, cf. squares and circles). Even though it was modest,
this effect turned out to dramatically influence the probability of losing the manipulandum due to
slippage in trials with rayon (p<0.001; Chi-square test; Fig. 3.7}. In the unimanual grasp condition, for
instance, the risk of losing the manipulandum durng the load phase was 6 % if the middle finger had
been in contact with rayon in the previous tria! but 26 % if it had been in contact with sandpaper. The
influence of friction in the previous trial was similar but tess pronounced during the bimanual condition
(Fig. 3.7). These resuits indicate that the control of pre-response normal forces was highly critical for a
successful performance of the present restrain task.
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Figure 3.8. Model of load fuorce partitioning. Recorded {dashed lines) and predicted partitioning (solid
lines) of the load force by slippage in the sandpaper-rayon surface condition. Data from six trials pertormed
bimanualty by one subject. Note the similarity in the recorded and predicted tangential force trajeclories during
the load phase and carly hold phase. The model predicted periods of [rictional sliding at the digit in contact with
rayon as indicated by the shaded boxes.

3.34 Theorstical mode! of tangential force development

To verify that we understood the key mechanism involved in the digit specific adaptation of the finger tip
forces 1o the frictional condition, we constructed a theoretical model that simulated tangential force
redistribution caused by slippage. We used the model to predict the onset of force redistribution and the
final tangential force distribution in single trials with sandpaper at the right index finger and rayon at the
cooperating finger. The friction at the contact surface of the right index finger was assumed to be high
enough to prevent sliding in all trials. The model was evaluated by comparing its outcome with
experimental results obtained in single trials.

The following parameters, referring to the finger in contact with rayan, were derived from our
experiments and used to compute the development of the tangential force in the model: (1) static and
dynamic friction assessed during the load phase, (2} tangential and normal ferces at onset of the load
phase (pre-lcad forces), and (3) fractional contribution by the target finger {o the total stiffness in the
loading direction. The fractional stiffness (S) was estimated from the increase in tangential force of the
target finger (AFt) in relation to the total load increase (AL) during the first 100 ms after onset of the load
nhase (S= AFY/AL).The tangential force at each digit prior to any slippage was modeled based on this
fractional stiffness measure, i.e., it was used to determine the fraction of the servo controiled load force
that was taken up by each digit. Furthermere, the contribution by the triggered norma! force response
was characterized by (4) its response onset latency, and (5) its amplitude and time course (waveform.
Measurements were obtained from single trials except for estimates of the dynamic and static friction
and the waveform of the triggered normal force respense. These estimates were derived from data
averaged across all available measurements from trials in a single test series (for waveform cf. Fig.
3.6B).

We confined the madeling to tnals with sandpaper at the rignt index finger and rayon at the cooperating
finger for which reliable measurements could be obtained on all the above parameters (1 - 5); a total of
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170 trials (94 % of all trials) with the bimanual and 128 trials {71 %) with the unimanual grasp condition
were included for analysis. The tangential force change was incrementally calculated in steps of 1 ms
during the load phase. If the normal:tangential force ratio was above the static sfip ratio (Rswar) the
tangential force of the target finger was modeled to increase in proportion to the total load force
increase and the digit's fractional stiffness {AFt=S-AL). This tock place during the early period of the
load phase because of the relatively strong pre-load normal force and the relatively smalt load force.
However, if the normal:tangentiaf force ratio feli below the static slip ratio when the tangential force
further increased a simulated sliding took place between the finger and the contact surface. That is, the
tangential force was suddenly reduced to increase the normal:tangential force ratio to coincide with the
dynamic slip ratio which, in turn, held the normal and tangential forces in an equilibrium as long as the
‘sliding’ continued {AFN/AFt=Rgya, thus AFt = AFn / Rayn; where AFn represents normal force increase
and Ry the dynamic slip ratio). The ‘sfiding’ stopped when the triggered normal force response brought
up the normal:tangential force ratio above the static slip ratio to make the finger 'stick’. The mode! thus
can be represented by the following pseudo-cade:
IF Fti< Fni / Rstar

THEN Fivi = Fti + S- ALt

ELSE Ftis1 = Fnis1 / Rgyn
The model simulations were in good qualitative agreement with the empirically observed data {Fig. 3.8).
For instance, as a consequence of the dynamic friction, during periods of sliding the tangential force that
was generated at the slipping digit slightly increased with the increasing normal force as observed with
experimental data (Fig. 3.1B, and Figs. 3. 3 and 3. 5). Moreover, once the frictionat sliding had started
the sliding typically continued until the end of the load phase (gray in Fig. 3.8). Because of the continual
increase of normal force for some time after the end of the load ramp, a safety margin against further
slips was restored also at the previously sliding digit. The simulations were also in rather good
quantitative agreement with the empirical data. In particular, the model was reliable in predicting how
the final load force would be partitioned between the digits during the static hold phase with either grasp
configuration. In the experimental data, load force re-distributions due to distinct slips were discerned in
141 of the 170 trials {83 %} with the bimanual grasp configuration. Of those 141 trials, the model
nredicted slips in 131 (94%). Moreover, the point of onset of load force redistribution between the digits
was predicted to occur 146 £ 34 ns after the onset of the ramp load increase and this correlated well
with the experimental data, i.e., 146 £ 42 ms (12=0.50; p<0.001, 131 trial). The model likewise identified
24 of the 29 trials in which no marked load redistribution occurred. The subjects behavior was thus
predicted correctly in 155 out of 170 trials (91%). Moreover, the predicted tangential force during the
hald phase at the left index finger correlated well with the observed valtues (12=0.42; p<0.001; 170 trials):
1.00 £ 0.35 N vs. 1.05 £ 0.48 N. (Notably, the total load force, 4 N, was under servo control.) We
observed fewer trials with load force redistribution having likely been caused by slips in the experimental
unimanual grasp condition than with the bimanual grasp configuration (94 out of 128; 73 %). The model
predicted an even lower frequency of frictional related redistribution in this grasp condition (59 % of all
trials). Interestingly, this agrees with the generally weaker effect of the frictional condition on load
redistribution and adaptation of normal:tangential force ratio for the right middfe finger compared to the
left index finger (Fig. 3.2, top panels). Furthermore, on average, the predicted onsets of slip-induced
force redistribution and final static load forces reasonably matched the experimental data (142 + 52 ms
vs. 152 + 40 ms and 1.33 + 0.51 Nvs. 1.44 + 0.50 N.). However, on the single trial ievel the correlation
between the predicted and observed data were rather poor (r2=0.08 p<0.02 and r2=0.28 p<0.0001 for
onset latency and static force, respectively; 128 trials).
In summary, the model seemed to efficiently capture two essential peripheral mechanisms involved in
the adaptation to differentiai frictional conditions: load partitioning mediated by slip and sfiding at the
digit contacting the most slippery contact surface. We believe that the subjects did indeed take
advantage of this mechanism but that additional factors may have contributed, especially during the
unimanual grasp condition.
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Figure 3.9. Asymmetric load force partitioning between fingers by changes In finger stifiness in the
direction of loading. The relative stiffness of the two fingers seemed to be actively adjusted in A at
normal:tangential torce ratios well above the ratios at which slips cccurred at the end of the trial (both fingers
exposed 1o sandpaper). In B the tangential force traces were different from the onset of the lead ramp indicating
a difference in mechanicat 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 tinger (unimanual
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 lines
indicate the ruoment when the difference in the mechanical stiffness appeared.

3.3.5 Differences between the unimanual and bimanual grasp configurations

In about 30 % of the trials during the unimanual grasp condition we observed a change in partitioning of
the load between the engaged fingers that appeared close to the onset of the triggered normal force
response; only a few such trials were observed with the bimanual grasp configuration. The stiffness in
the loaded direction suddenly decreased and the force ratio markedly increased at the middle finger
(Fig. 3.9A). Frictional sliding was considered an unlikely explanation of these redistributions of
tangential force because they occurred at normal:tangential force ratios more than twice the estimated
static slip ratio. Furthermore, such redistributions were observed when the middle finger was in contact
with rayon as well as with sandpaper. Figure 9A actually shows a frial with sandpaper at both contact
surfaces. In this case the subjects seemed to have inappropriately anticipated rayon at the digit
accompanying the right middle finger. These redistributions thus seemed lo reflect active changes in
force coordination related to anticipatory mechanisms particularly operative in the unimanual grasp
condition (as such, they also explain the weaker performance of our thecretical model in this condition).
Likewise, such mechanisms would have contributed to the higher normal.tangential force ratios for the
right middle finger than for the left index finger when these digits contacted sandpaper (Fig. 3.2, top
panels). A stronger anticipatory influence during the unimanual condition was also suggested by the
stronger effect of the previous frictional conaition on the probability of lesing the object due to overall
slippage (Fig. 3.7). Finally, with two subjects who most strongly relied on the right index finger to
restrain the ebject in the unimanual condition {digital bias) we repeatediy observed that the tangential
forces at the two fingers increased at markedly different rates, and this was apparent already from the
beginning of the loading phase regardless of surface cendition (Fig. 3.28; alsc see middle panes of Fig.
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3.2). Note, however, that this difference in finger stiffness may have been combined with load
redistributions mediated by slips and creeps.

3.4 Discussion

The results of the present study demonstrate that humans adjust the normal:tangential force ratios at
the separate objeci-digit interfaces to different local fricticnal conditions. Such digit-specific control of
force ratios has previously been demonstrated when people lift a passive object using a precision grip
(Edin et al. 1992; Burstedt et al. 1997b), as well as when they restrain active objects as in the present
study (Burstedt et al. 1997a). However, this is the first study that explicitiy addresses how these
adiustments of the normal:tangential force ratios are implemented immediately after a change from a
similar to a different frictional condition at two digit-object interfaces. The results demonstrate that one
principal mechanism involved is that subjects actively exploit slips or creep to achieve a suitable
partitioriing of the tangential load between the digits. First, slippage at the digit contacting the more
slippery contact surface was observed in a large majority of trials with the sandpaper-rayon surface
combination. Second, our theoretical model indicates that slip based load force partitioning can be
explained if we take both static and dynamic friction into account. Of importance is that, even if the
subjects were free to regulate the normal forces differently at each digit to adjust the local force ratios to
the local friction, they appeared to exploit partitioning of tangential load forces (see also Burstedt et al.
1997a). Yet, to satisfactorily operate the slip-based mechanism for load partitioning subjects relied on a
finely tuned control of narmal forces using sensory information from both engaged digits. That is,
changing the surface condition at the cooperating finger scaled the response at the finger always
exposed to one and the same surface struciure (sandpaper). Thus, this study indicates that the initial
adjustment of normal:tangential force ratios at the separate abject-digit interfaces ta the local frictional
condition depends on sensorimotor processes operating with both engaged digits, rather than being
governed by digit-specific controllers (cf. Edin et al. 1992).

3.4.1  Slip based mechanism for adjustment of focal normal:tangentiaf force ratios

It could be difficult to identify precisely how subjects partitioned the load force in individual trials: Slips
and anticipatory differential changes of digital stiffness in the loading direction could ride on top a
significant bias to rely more cn the right index finger. Nevertheless, subjects seemed to depend almost
entirely on the 'slip strategy' in the bimanual grasp configuration for an adequate load force partitioning,
but such a 'slip strategy’ was also observed in a majority of the trials in the unimanual grasp condition.
We conclude that these slips were planned, because they did not induce the overall upgrading of the
normal force level fo avoid the further slippage as it has been repeatedly demonstrated in liting tasks
{Johansson and Westling 1984a; Edin et al. 1992; see also Edin et al. 1993). There are reascns to
believe that the slip-based mechanism for load partitioning is common to different type of tasks. That is,
slips probably account for load partitioning during the phase of parallel force increase also when people
lift ohjects immediately after a change to a more slippery surface condition on one digit (Edin et al.
1992). Notably, both in the restraint of active objects and in the liting of passive objects the tangential
forces applied by the two engaged digits are constrained in a similar manner; the sum of the tangential
forces has to be equal to the foad force imposed by the manipufandum, cr by the lifting force to
overcome object weight, respectively. In the study by Edin et al. {1992) we did not explicitly consider
this slip based strategy of load partitioning mainly because the normal:tangential force ratios recorded in
the load phase generally were higher than the static slip ratios measured at the end of trials. The
present results however indicate that a irue slip ratio can be substantially higher during the early phase
of atrial, i.e., shortly after that the object has been gripped, than a couple of seconds later. That friction
ncreased during a trial may be due to an increased adhesion while the finger gradually molds to the
details of the contact surface (cf deformational and adhesional friction in Moore 1972). It is also
possible that sweat accumulated at the skin-object interface: sweat increases the friction particulariy for



materials with smoother surfaces, e.9., the rayon surface in this study (Johansson and Westling 1984a;
Smith et al. 1997).

3.4.1.1 Parametric adjustments of novmal forces

The slip based mechanism for adjusting the local normal:tangential force ratios requires a fine tuned
coordination of normal forces. That is, while the normal force at the more slippery surface has to be
comparatively low to allow for slippage to occur, the normal force applied by the non-slipping digit at the
same time has to be high enough to prevent loss of the manipulandum when this digit receives the
higher tangential load due to the slippage at the accompanying finger. In line with this we observed that
the adjustments in normal force induced by frictional changes was similar, or even stronger, on the right
index finger at which the friction remained constant as compared to the cooperating finger subject to
frictional change (also see Burstedt et al. 1997a). This also applies when people lift passive objects with
vertical parallel grip surfaces using two fingered opposition grasps (Edin et al. 1992; Burstedt et al.
1997b): in this task the normal forces are mechanically constrained to be similar. In either type of task
the employed normal forces are scaled at both engaged digits by the ‘average’ friction at the various
digit-object contact areas. As previously shown in restrain experiments in which the subject took up the
load only at one digit (Cole and Johansson 1993), the frictional condition ‘globally’ scaled the amplitude
of the normal force while the waveform of the triggered normal force responses was little influenced.
This adjustment of the normal force 'gain’ is primarily controlled in a feed-forward manner: Subjects
extract friction reiated information from signals in cutaneous sensors during the initial skin-object contact
(Johansson and Westling 1987; Cole and Johansson 1993) and use frictional information gained in
previous interactions with the object as demonstrated in the present results. Interestingly, some subjects
reported that they were not aware of a suiface change when initially touching the manipulandum, or
even after a particular trial had been completed. Still, forces were adequately adapted to the prevailing
surface condition.

Successful digit specific adjustment of the normal:tangential force ratio that exploits controlled slips not
only results from scaling the normal forces in refation to frictional condition bt also to the load force
rate. It has previously been demonstrated that response requirements imposed by the rate of the load
force change during the load phases (and unload phases) in manual restrain tasks are met
automatically and parametrically (Johansson et al. 1992b). The rate of nermal force change varies
linearly with the load force rate, and the initial ‘catch-up’ responses are conirolled by sensory
information according to a 'puise height control policy' (cf. Freund et al. 1978; Ghez and Vicario 1978;
Gordon and Ghez 1987). Signals from digital {tactile) afferents reflecting the initial load force rate during
the response latent period specifies the rate of the triggered normal force changes in a forward manner
(Johansson et al. 1992a; Hager-Ross and Johansson 1996). FA | afferents (Meissner endings) with
receptive fields in the glabrous skin areas in contact with the manipulandum seem to be in a unique
position to both initiate and scale the reactive normal force responses (Macefield et al. 1996). Moreover,
the FA | afferents are the primary candidates to convey frictional information (Johansson and Westling
1987). Interestingly, afferents from muscles do not respond until the normal force response is initiated
by commands to the muscles and therefore seem to reflect ongoing muscular activity rather than any
object property {Macefield and Johansson 1986; also see Hager-Ross and Johansson 19$6).
Oceasionally we chserved normal force responses to distinct slips late during the trials, i.e., during the
held phase (Fig. 3.4). These slip triggered responses tended to increase the normal:tangential force
ratios at both fingers, i.e., a motor response most likely mediated by cutaneous afferent signals as
previously demonstrated in lift experiments {Johansson and Westling 1984b, 1987; Edin et al. 1992).
However, the quite dramatic slips during the load phase accounting for the principal adaptation of the
force ratios to the local frictional conditions did not elicit obvicus normal force responses. Such a
variaticn in the sensitivity to slips seems purposeful because the slips that accurred during the load
phase appeared to specifically serve to pariition the lcad and should therefore rot necessarily induce an
overall upgrading of the nermal:tangential force ratios. Phase dependent responses to slips are also
observed in lifting tasks. Slip events during the load phase prior to cbject lift-off trigger changes in both
the lift force (decrease) and the normat force (increase) drive, but when the object is held in air,
however, just the grip force is influenced (increase} (Johansson and Westiing 1984a). This phase
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dependence is functional since, in this task, gravity restrains the response alternatives preventing
efficient load force adjustments during the hold phase. A similar dependence on the phase of movement
or postural situation has been described with other multiarticulate actions triggered by somatosensory
input (e.g., Rossignol et al. 1988).

3.4.2 Anticipatory mechanisms

Subjects’ behaviors in the present experiments indicated that the control of finger tip forces was
influenced by the operation of vanous anticipatory mechanisms. Influences by the surface condition in
previous trials were expressed diiferently in the unimanual and bimanual grasp conditions. As such, the
expression of various anticipatory mechanisms supporting adaptation of limb mechanics according to
task demands are consistent with the notion that the CNS uses internal models of relevant object and
task properties during manipulation (Johansson and Cole 1992; Lacquaniti 1992; Johansson 1896b;
Flanagan and Wing 1997), including related postural actions (Hugon et al. 1982; Paulignan et al. 1989;
Massion 1994; Miall and Wolpert 1956).

3.4.2.1  Anticipatory effects related to surfuce condition in the previous trials

Not only did the prevailing surface condition influence the employed grip forces but so did the frictional
condition in the previous trial. Influences of the frictional condition in previous irials have been attributed
to a frictional memory which, as a part an anticipatory parameter control policy, is employed in the
control of finger tip forces (Johansson 1996b). Such effects have been observed in lifting tasks at the
level of the hand {Johansson and Westiing 1984a; Forssberg et al. 1995), but also at the level of
separate digits or grasp surfaces {Edin et al. 1992; Burstedt et al. 1997b).

In the present study, when subjects had been exposed to a low friction surface in one trial, they used
larger normal forces throughout the subsequent trial. However, the magnitude of the triggered increase
in normal force was not significantly influenced by the frictional conditien in previous trials. Thus, in
contrast to the pre-response normal force, the triggered response appeared to be influenced only by
sensory input obtained in the current trial, prior to its onset. Likewise, in studies by Johansson et al.
(1992b, c) the size of the triggered response in restrain tasks was not influenced by load rate and
amplitude in immediate previous trials.

Paradoxically, the impact on the pre-load normal forcas of the anticipatory effects refated to surface
condition in the previous trial was negative: A strong reliance on the fricticnal condition in the previous
trial increased the probability of losing the manipulandum due to slips if the manipulandum had been
equipped with a less slippery surface in the previous trial. Either the subjects could not fully suppress
the influences of memory traces of the last performed trial, or they were not always able o adequately
assess the prevailing frictional condition before any tangential forces were applied. It is, however, likely
that with instructions that strongly forbid the subjects to loose the object they would have used stronger
pre-load normal forces and consequently the frequency of lost trials would have been lower.

Besides anticipatory effects related to memory mechanisms operating on a relatively short time scale
pertaining to the surface conditions in the immediate previous trials, we interpreted the digital ‘bias’ to
reflect an anticipatory strategy developed as a consequence of the long term properiies of the
manipulandum. To restrain the manipulandum, especially in the himanual conditien, subjects relied
more on the finger at which the friction was high and predictable {(sandpaper surface) than the
accompanying digit subject to unpredictable frictional variation (sandpaper or the slippery rayon
surface). In contrast no such bias developed in similar bimanual and unimanual experiments when the
two fingers encountering the same overall variations in frictional conditions (Burstedi et al. 1997a). This
kind of behavior might emerge from a contral process that uses previous experiences to differentially
requlate the fractioral stiffness in the loading direction and to distribute the normal forces among the
digits on the basis of the long term asymmetric properties of the manipulandum. Impertantly, despite the
presence of a digital bias in favor of the rignt index finger the normal:tangential force ratios were
adjusted to the local friction at both digits.
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We have considered similar anticipatory mechanisms to have a major input on the control of the local
force ratios in our previous studies in which the surface materiais were kept constant in blocks of trials
(Burstedt et al. 1997a-b). These memory mechanisms are expressed after learning from previous trials
about which forces and force ratios to apply using the individual digits. Such a strategy may also explain
the coordinated behavior when two subjects repelitively lifted a test object whose surface materials
were kept constant with each subject contributing by one finger in a opposition grip (Burstedt et al.
1997b). Indeed, subjects evidently attempted to use such anticipatory control alse in the present study,
primarily in the unimanual grasp condition. However, the unpredictable frictional variation at one digit
eliminated its effective use.

3.4.2.2 Unimanual vs. bimanual tasks

The unimanual grasp condition involved fingers that were controlled by partially overlapping muscle
groups rather than by separate muscles whereas in the bimanual grasp configuration there was no such
overlap. Based on the present results and our previous observations (Burstedt et al. 1997a), we
nevertheless propose that similar inter-digital coritrol mechanisms may operate at the fingers of one and
two hands. Such 'motor equivalence' allows humans and animals to flexibly employ various effectors or
combination thereof to carry out defined tasks under conditions that may require novel joint
configurations (e.g., Abbs and Cole 1987). Itis today well documented that the basic coordination of
digits for grasp stability shows effector invariance for a variety of grips, including one- and two-handed
grips, ‘inverted' grips (Flanagan and Tresilian 1994; Burstedt et al. 1997a-h} and multidigit grips
(Kinoshita et al. 1995; Flanagan et al. 1997). However, one interesting difference that we observed
between the two grasp configurations concerned the effects by the frictional condition of the previous
trial: the risk of losing the object after a change from sandpaper to rayon at one contact surface was
clearly higher in the unimanual grasp condition (Fig. 3.7). This suggests that the adaptation of the local
normal:tangential force ratios was more influenced by the previous frictional condition in the unimanual
than in the bimanual grasp configuration. Rather than anatomical constraints this difference would
reflect differences in the control of the two grasps. It is evident from our previous study in which the
surface materials were kept constant in blocks of trials, that the digits have a similar capacity to work
independently in the unimanual and bimanual condition in the present type of restrain task (Burstedt et
al. 1997a).

4 Experiment lli

4.1 Introduction

In dexterous manipulation humans precisely control fingertip forces applied to a target object concerning
their direction, magnitude, and rate of change. Although little is known about the encoding of fingertip
forces by tactile sensors in manipulation, signals in tactile afferent from the fingertips play a crucial role
in the contral of manipulative actions {e.g., Mott and Sherrington 1895; Moberg 1962; Johanssen and
Westling 1984a, 1987; Johansson et ai. 1992; Jenmaim and Johansson 1997). Most previous studies of
tactile sensibility in humans and other primates have been limited conceptually to issues related to
perception of touch stimuli in the context of tactile explorative tasks. These studies typically address the
spatio-temporal enceding of fine tactile patterns that indent the skin or are scanned across the finger
tips under low contact forces, e.g., finely curved surfaces, Braille like pattems, fine gratings and brush
stimuli {e.g., Edin et al. 1995; Geodwin et al. 1997, Johnson and Hsiao 1992; Nakazawa et al. 2000;
Srinivasan et al. 1890). The contact forces applied in these studies are generally below 1 N, which is an
order of magnitude lower than those applied during common manipulatory tasks. The only studies
published so far, using forces of magnitudes representative for most manipulative tasks, originate from
our laboratery {Johansson and Westling 1987, 1990; Westling and Johansson 1987; Macefield et al.
1996). However, these studies primarily addressed responses in human tactile afferent in relation to
discrete motor contral events during manipulatory tasks and did not systematically address the capacity
of the afferant to encode fingertio forces.
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Concerning directicn of fingerts forces previous reports have suggested that human afferents, in
particular SA-l afferents, can exhibit different sensitivity to tangential load forces in different directions
{Westling and Johansson 1987, Macsfield et al. 1996). This is in agreement with the demonstration that
planar stretch of the skin suféce can excite SA-Il afferents in a directional dependent manner (Knibestol
and Vallbo 1970; Johanssar 1978). Furthermore, regardless cf type of tactile afferent in the primate
glabrous skin, the respanses in maost afferents to stimuli that move across the receptive field are
typically different when the stimulk move in opposite directions (Goodwin and Morley 1987; LaMotte and
Srinivasan 1987; Edin et al 199 5).

Here we analyzed the sensiivly of the various types of tactile afferents to force directicn using
standardized force stimuli dzlivered to the fingertip at magnitudes and rates compatible with those
arising in everyday manipuitive tasks. To cbtain a representative picture of the respanses in a
population of afferents, we stirulated a standard site at the tip of the distal phalanx, while all afferents
encountered at the distal pralayx were recorded (see also Khalsa et al. 1998; Johnson 1974). In
particular, we investigated he degree to which various types of afferents show directional preferences.
We were also interested inwhet her such preferences are related to the location of the afferents’ end-
organs in relation to the site ofs timulation (see e.g., Knibestol and Vailbo 1970; Johansson 1978) and
whether anisotropic mecharicil properties of the fingertip contributes to such directionality.
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motors allowing scveral degrzsy f treedom in positioning the manipulator. B The stimulator and s housing. €
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4.2 Materials and Methads

4.2.1  Subjects and gene:alorocedire

Thirty-three healthy humans i ects 121 females and 12 maits; age 19-30 years) participated in the
experiments. The local eth-a'> cnmiiee at Ume& University had approved the study and each subject
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gave his or her informed consent in accordance with the Declaration of Helsinki. The subjects
comfortably reclined in a dentist's chair with the right upper arm abducted approximately 302 and the
elbow extended to approximately 120¢ (Fig. 4.1A). A vacuum cast immobilized the forearm and Velcro®
strips strapped the wrist for additional fixation of the arm. The dorsal aspect of the right hand was
embedded, palm-up, in plasticine up to the mid-level of the intermediate phalanges of the digits. To
stabilize the distal phalanges, the nails of the index, middte and ring fingers were glued to metal plates,
each of which were firmly fixed to a post sunk into the plasticine. The skin of the distal phalanges of the
target digits did not contact the plasticine, thereby allowing the fingertip to deform as it might if it was
actively pressed against a passive surface. Far further stability, the thumb and little finger were
immobilized by “U" shaped alurinum clamps anchored to the plasticine.

4.2.2  Nerve recordings and sample of afferents

Impulses were recorded from single tactile afferents with tungsten needle electrodes inserted
percutaneously into the median nerve, approximately 10 cm proximal to the elbow (Vallbo and Hagbarth
1968). To guide the recording electrode towards tactile afferents innervating the distal phalanges of right
index, middle or ring fingers, one experimenter continuously stimuiated the distal phalanges of these
fingers by gentle stroking and squeezing. Once an afferent was isolated, we used calibrated nylon
filaments (von Frey hairs) to ouiline its receptive field as the skin region that was responsive to four
times the threshold force of the most sensitive zone of the receptive field {Johansson et al. 1880). This
method fo outline the receptive field quite faithfully indicates the location of the terminals of the afferent
{Johansson 1978). For spontaneously active afferents, the threshold was defined as the force of the
least stiff filament that produced a clear modulation of the ongoing activity.

The afferents were classified as FA-I, FA-Il, SA-l and SA-Il according to criteria previously described
(e.g., Johansson and Vallbo 1983; Vallbo and Johansson 1984). Briefly, FA and SA afferents
respectively adapted fast and slowly to a maintained indentation of the skin, i.e., the FA's only
responded to skin deformation changes, whereas the SA's also showed an ongoing response during
periods of static skin deformation. The type | afferents (FA-l and SA-I) possessed small and well-
delineated receptive fields. Conversely, the receptive fields of the type |i afferents (FA-Il and SA-Il) were
large and poorly defined; FA-Il afferents were excited by remote mechanical stimulation, such as
percussion of adjacent digits, and SA-|l afferents responded to planar skin stretch applied at sites
remote from the receptive field as defined by point indentations of the skin. Moreover, the SA-II's often
exhibited an ongoing discharge in the absence of exiernally applied tactile stimuli.

4.2.3 Apparatus

Mechanical stimuli were delivered to the tip of the receptor-bearing finger using a custom made
computer-controlled stimulator aflowing 3-d force or position control. The surface that contacted the
fingertip was flat and circular (diameter 30 mm), and was coated with silicon carbide grains {50-100 um)
covered with a thin layer of cyanoacrylate. The finish was similar to that ¢f fine grain sandpaper. The
stimulator was built on three linear electromagnetic motors whose shafts were oriented in parallel (Fig.
4.1B). Each shaft was connected via a two dimensional hinge and a stiff rod to one comman connecting
point. A 8-axis force/torque transducer (Nano F/T transducer, ATY Industrial Automaticn, Garner, NC)
was attached via a rotaticnal joint between this point and the stimulus surface that contacted the skin
(Fig. 4.1B). This arrangement allowed tilting of the force transducer and thereby the stimulus surface.
The range of movement of the stimulator was 16 mm in the vertical plane and 35 mm in the horizontal
plane and the maximum force output in any direction of force was 30N. To measure the position of the
stimulus surface a linear optical position transducer was attached to the shaft of each motor and a
notentiometer measured the angle between the connecting point ¢f the rods and the force transducer
{Fig. 4.1C). The signals from the transducers were used for feed-back control of pesition or force in
three dimensians, realized by a software based control algorithm, and the feedback parameters were
largely determined by a learning procedure. The resclution of the position signals was 0.2 um {r.m.s.),
and after linearization with a third order eguation the finearity of the position signal was better than 0.05
% within the total range of cperalion with a noise that was typically less that 0.56 um {r.m.s.). To
improve the resolution and bandwidth of the force measurement, we substituted the electronics that was
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delivered with the Nano F/T transducer with custom made electronics allowing about 17 bits resolution
and a bandwidih of 0 to 2.9 kHz. In all three dimensions the noise of the force measurement was less
than 0.9 mN (rms.). When the stimulation surface contacted the skin we could instantly switch the servo
mode between position to force control. By using both the set and the actual values of force and the
position when switching contral mode, we avoided mechanical artifacts during the switching.

To position the stimulating surface to a desired location on the hand, the support frame of the stimulator
was built on step-motors, three linear and one rotational, designed for numerically controlled milling
machines (Fig. 4.1A). The experimenter through joystick via a microprocessor controlled these step
motors, and once positioned the support system was locked in place at nigh stability. Ten stimulation
sites could be stored in the memory of this processor. The stiffness of the system measured between
the stimulus surface and the hand support when the surface was under position control was >40 N/mm
regardless of loading direction and position of the support frame.

We programmed the movement of the stimulation surface in coordinates of the hand and the origin of
the coordinate system was the primary site of stimulztion. Te this end, we used for coordinate
transformations the angular position information of the joint attaching the force traducer to the rods of
the motors and that provided by a potentiometer coupled to the rotaticnal step-motor located between
the support frame and the stimulator. Corresponding transformations also allowed us to measure
movements and forces in hand coordinates. Specifically, our three dimensional orthegonal co-ordinate
system was defined as follows: normal force (Fw) and position (Py) was measured along the axis
perpendicular to the center of the stimulus surface. The other two axes were oriented in the plane of the
stimulus surface, one along the fingertip in the distal-proximal direction (F,.p, Pyp) and ane transverse

to the length axis of the finger in the radial-ulnar direction (F,_,, P ) (see Figs. 4.2A and B).
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Figure 4.2. Force stimulation of the lingertip. A, The stimulation surface, driven by the computer-
cortrolled motor (I1ig. 1), was ecriented paratlel to the Hat portion of skin at the fingertip and brought in contact
with the skin under position control until the normal torce reached 0.2 N. Force stimuli were superimposed on
this buckground contact force and were delivered in the normal force direction (07 and with tangential foree
components in distal, radial, proximat and ulnar directions at an angle 26° 1o the normal as indicated by the
arrows. B. The site of initial conzact with the skin by the stimulation surface 15 indicated by the fitled cirele in
this volar view of tingertip. The approximate skin area in contact with the stimulation surface at -5\ normal foree
is shaded. €. Profile and phases of the force shmulus, Each stimulus consisted of a force |J|.0Lm~.um1 pi'ldu. 1
foree plateau phase a toree retraction phase. -
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4.2.4 Stimulation site

Irrespective of the location of the receptive field of the afferents, we applied the stimuli to a standard test
site the fingertip. For each finger {index, middfe and ring finger) we defined the ncminal site of
stimulation by the midpoint of a line extending in the proximal-distal direction between the whorl of the
papillary ridges and the very distal end of the fingertip (Fig. 4.2B). This point is located approximately in
the center of the flat portion of the volar surface of the fingertip. This flat portion, which can be
recognized in a side projection of most fingertips (Fig. 4.2A), serves as a primary target for object
contact in goal-directed fine manipulation of small objects and is engaged in 65 — 98 % of “tip-to-tip®
precision grips (Christel et al. 1998). Before the microelectrodes were inserted, we positioned the
stimulator at each of three stimulation sites and stored the seftings for rapid restoration of the adequate
positions once an afferent was isolated. We oriented the stimulation surface such that it was paratlel to
the skin and centered at each stimulation site.

4,25 Force stimuli

We sought to choose parameters of force stimulation that were comparable to those that occur in
natural manipulatory tasks. To this end we used forces that were similar to those subjects wouid apply
when using a precision grip to lift an object weighting 250 - 300 g with flat vertical grip surfaces that
provided an intermediate friction in relation to the fingertips (see, e.g., {(Johansson and Westling 1984a;
Westling and Johansson 1984)). That is, at the plateau phase of the stimulation, the tangential load at
each fingertip was at about 1.4 Newton and the normal force that corresponds to the grip force was 4
Newton. Likewise, the normal and tangential force components were constrained fo change in parallel
following a sinusoidal waveform whose period was typical for force changes during lifts with this weight.
Starting in the air, the manipulator moved the stimulation surface under position control perpendicularly
towards the stimulation site, i.e., along the Py axis (Fig. 4.2A). The velocity of the linear motion was
constant at 10 mm/s. After the stimulation surface contacted the skin and the normal force reached 0.2
N, the servo instantly switched from position to force conirol. We superimposed the force stimuli on a
0.2 N backgreund normal contact force and the background tangential forces were held at zero under
serva control during the inter-stimulus intervals. Each stimulus consisted of a force protraction phase
lasting for 125 ms, a plateau phase with constant force for 250 ms and a force retraction phase lasting
for 125 ms (Fig. 4.2C). During the protraction and retraction phases, the time course of force change
followed a half-sinusoid at a sine-wave frequency of 4 Hz. The interval between two successive stimuli
was equal to the duration of the plateau phase, i.e., 250 ms.

The regular sequence test included five stimuli that all had a plateau normal force at 4 N. Four stimuli
included a tangential force component that resulted in a force angle of 20° relative to the normal, in the
radial (R}, distal {D), ulnar (U} or proximal {P) direction, respectively, and one stimulus was delivered in
the normat direction (N) (Fig. 4.2A). Because of frictional limits between the fingertips and objects (e.q.,
(Johansson and Westling 1984b; Cadoret and Smith 1996; Smith and Scett 1996)) and related
constraints, force angles greater than some 30° are rarely compatible with stable grasps in manipulation
(e.g., Jenmalm and Johansson 1897). This sequence of stimulation was repeated five times. All stimuli
with tangential force components were delivered at force angles that were well within the frictional limits
between the material of the stimulation surface and the skin, i.e., there were no slips involved. To
homogenize the stimulation history foregoing the regular sequence test, it was preceded by a sequence
of 5 stimuli identical to the stimulation sequence of the regular sequence test.

After the regular sequence test, additional stimuli were delivered to systematically change the
stimulation history in a test termed the irregular sequence test. Immediately following the regular
sequence test, the same stimuli as in the regular test were each repeated four times but the sequence
was different. The irregular sequence test consisted of these additional stimuli together with the last
sequence of the regular sequence test. This resulted in a test sequence in which each type of stimulus
(R, D, U, P and N) was once preceded by one of all the others, and by itself.

Regardless of the direction of stimulation, the precision {reproducibility) was better than 0.08 N (rms-
value} at any level of force and direction of force. However, there was a systematic deviation of the
actual force waveform compared to the desired one that amounted to maximum 0.3 N; this deviation



did not exceed £:12% at any level of force and was concerned temporal waveform of the simulation (the
sine wave) and not its direction.
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Figure 4.3. X-ray analysis of fingertip deformations during active and passive apphcation of fingertip
force to a flat stimulation surface. A, The fingertip applied force to a horizontally oriented lead plate attached to
a force transducer that recorded the normai force. Another thin lead plate was glued to the nail body to allow
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 (100 or 400 g) on the top of the Plexiglas block. The weight was located to
provide a torce vector simiiar to that assumed to oceur during the active condition. In the active condition. the
subject maintained target forces (corresponding to 100 and 400 g weight) aided by visual force feedbuck via a
moving coil voltmeter. The device attached to the nail also included a light weigh pomter (not shown) that

allowed the subject to maintain a uniform angle between the contact surface and the nail (30%) in all
measurements. Two contours of the fingertip of subject A are superimposed. The dashed lines reler to the
fingertip when held in air and solid lines when the fingertip generated 4 N force to the stinwulalion surface. Upper
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. The
dorsal distance was measured between the proximal edge of the upper lead plate and the upper contour ot the
phalangeul bone. The ventral distance was measured beiween the lower contour of the phalangeal bone and the
top ot the edge of lead contact surface. C. Changes in the dorsal and volar distances caused by actively and
passively applied fingertip forces. Data from twe subjects and two torces in each condition.

4.26  Fingertip deformation during our tests situation compared to when subjects actively apply
fingettip forces
In our experiments the subject was passive and the nail support provided the reaction force to the
stimulation force, i.e., fingertip was subject to compressional siress between the stimulation surface and
the nail body. In contrast, when subjects actively exert fingertip forces during real exploratory and
manipulatory tasks, the phalangeal bone gensrates the action forces and the stress is primarily located
to the tissues volar to the bone (distal antericr closed space). The encoding behavior of the afferents
observed in the present experiments would be representative to those during natural tasks only if the
deformational changes of the fingertip would be similar under the two conditions. This would require a
stiff coupling between the nall and the phalangeal bone. To address this issue we used a dental x-ray
apparatus to study deformational changes of tha terminal phalanx of the index finger during active and
passive ganeration of fingertip force. We obtained side views of the terminal phalanx of two subjects
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{one of which contributed with the template of the generic finger; see below) with no force application
and with static normal forces of approximately 1 and 4 N during active and passive conditions (Figs. 3A
and B). There was viftually no compression of tissues between the nail and the bone regardless of
mode of force application; all deformations took place between the bone and the volar surface (Fig.
4.3C). Furthermore, the overall tissue deformations were practically identical during the two modes of
force application, Finally, in agreement with previous findings we noted that the fingertip is highly
compliant at normal contact forces of about 1 N; at higher forces the fingertip becomes increasingly
incompressible (Westling and Johansson 1987; Vega Bermudez and Johnson 1999; Pawluk and Howe
1999a). In conclusion, we found that there was no obvious difference in fingertip deformation when a
subject applied 4 N contact force by pressing the fingertip on a plate and when our apparatus applied
the same force to the fingertip of the passive subject. That is, during our experimental condition the
fingerip deformed as if the subjects actively apply force against a passive object.

4.2.7  Data collection and analysis

The force and position signals were digitized at 400 Hz (16 bits resolution) and stored using a flexible
laboratory computer system (SC/ZO0OM, Section for Physiology, IMB, University of Umea). The nerve
data (bandwidth 0.5 - 5 kHz; 10 bits resolution) were sampled at 12.8 kHz. Triggering of action
potentials was performed based on an algorithm that detected differences in spike morphology (Edin et
al. 1988).

For each stimulation we took as measures of the response of the afferents the number of nerve
impuises recorded during each phase of each stimulus (protraction, plateau and retraction phase} and
the total number of impulses recorded during the entire epoch of the stimulus. Because of the delay
between the application of a mechanical stimulation at the fingertip and the arrival of the afferent
response at the recording site at the midlevel of the upper arm we included in the protraction phase
response impulses recorded during the first 20 ms of the plateau phase. Similarly, in the retraction
phase response we included impulses recorded during the first 20 ms of the following inter-stimulus
interval. To assess the compliance in the various directions of force stimulation we measured the
displacement of the stimulation surface during the protraction phase as the difference between the
position of the probe at the end and beginning of the protraction phase.

Statistical anafysis. We primarily used nonparametric statistics {Siegel and Castellan 1988). For each
afferent, we used the Kruskal-Wallis one-way analysis of variance by ranks to test whether the direction
of the tangential force component force influenced the response. To this end, we used data from the five
repetitions of stimuli in the in the radial, distal, ulnar and proximat (P} direction directions, respectively.
Likewise, to assess whether the afferent were sensitive to tangential force as such, the responses to
normal force stimulation (5 trials} were tested against the responses to force stimulation with tangential
components including all four directions (20 trials) using the Mann-Whitney test for two independent
samples.

As a nonparametric measure of correlation we used the Spearman rank correlation coefficient {r ).
Rayleigh test was used for analyses of vector data (Batschelet 1381; Zar 19986). In addition to
nonparametric statistics we used Angular-Linear Correlation {r?) analysis fcr correlating an angular
variable with a linear variable (Zar 1996). The level of probability selected as significant was P<3.05.
Means and +/- standard deviations are given in the text and, unless specified otherwise, the statistics
were based on data points each representing a single afferents.

4.28 Generic terminal phalanx for compiling data from different fingertips

To compile data obtained fram receptor-bearing fingertips that belonged {o different digits and subjects,
we created a generic distal phalanx on which we overlaid all data concerning the locations of the
afferents’ receptive fields and the site of stimulation. T create the generic fingertip, first we made a
mold of the right index and the right middle fingers of one subject whase fingers were considered
representative for the population of subjects studied. The mold was made in impression alginate
(Zelgan ® De Trey, Visbaden, Germany) that was filled with acrylic dental base {Pro Base Ccold @,
Ivoclar, Liechtenstein) and allowed to polymerize under pressure of 2 bar for 10 min. The distal

-
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phalanges of the acrylic fingers were sawed in iransverse serial secticns at 0.8 mm steps and the
contours of these sections were digitized. The two acrylic fingers (index and middle finger) were
recanstructed numerically and their contours were averaged. T¢ obtain the final generic fingertip we
scaled the size of the averaged acrylic finger to the mean value of the width, depth and lengtn of the
subjects’ distal phalanges that comprised outlined receptive fields. These measures were achieved by
using a digital camera to depict five standard views of the subjects’ distal phalanges: the volar, radial,
ulnar, distal and dorsal aspects. To acquire calibrated images the subjects held the finger against a flat
surface located at a fixed distance from the lens of the camera; the orientation of the surface was
perpendicular to the optic axis of the camera. Finally, the coordinates of the receptive fields (center and
outline) of the afferent recorded from were transposed to the surface of the generic firger. Using Corel
Draw ™ (Corel corporation), we stretched (or shrunk) the contours obtained from the digital images of
the individual fingertips in three dimensions (width, depth and length) to obtain a best fit with the generic
finger. The receptive fields depicted on the photos were thus subjected to the same scaling procedure
and the coordinates of the receptive fields (center and outiine) befere transposed to the surface of the
generic finger. To obtain an impression of the extent of area of contact between the stimulation surface
and the fingertip, we took fingerprint measurements at 4N contact and normalized those to the generic
finger. They were then averaged and projected on the volar aspects of the generic finger. Likewise,
using data of fingertip deformation obtained during our x-ray studies (two subjects averaged; one of
which provided the template for the generic finger) we obtained a side view the contact condition.
Responsiveress (i:;;)

0 o 0
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Figure 4.4, Overalt responsivity of single afterents and the location of their receptive fields, The circles
shew Ihe jocation of the centers of the receptive ficld of responding afferents projected on the generic tingertip.
The area of' the cireles represents the number of impulses evoked during the prowaction phase, averaged across
alj stimuli delivered during the regular sequence test, Crosses indicate the location of receptive fields of atterents
that did not respond. The shaded arcas of the fingertip represent an estimate of the area of contact between the
stimulation surface and the fingertip at 4N contact force. The histograms show the relation between
responsivencss and the straight line distanee between the primary site of stimulution and the center of the
receplive field. Dotz represent the response intensity of singie atterent ana bars indicate means,
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4.3 Results

First, we described the sampled afferents conceming their responsiveness and response intensities and
location of receptive fields. We then analyze influences of the direction of tangential force compecnents
on the responses to the protraction phase of the force stimuli, based on data from the regular sequence
test. For afferents influenced by force direction, we analyze the preferred direction based on an estimate
of the direction of force that most efficiently would excite the afferent and we provide indices for
directional sensitivity. In the third section we compare the directional preferences of the afferents based
on responses obtained during the different phases of force stimulaticn, i.e., the protraction, piateau and
the retraction phase. We then look for possible relationships between the preferred direction of afferents
and anisotropic mechanical properties of the fingertip. Finally, we briefly address whether the preferred
directions of the directionally sensitive afferents are influenced by the previous stimulation history by
comparing data from the regular and frregular sequence tests.

431 Sample of afferents and their responsiveness

In total, we recorded signals from 196 low threshold mechanoreceptive afferents whose receptive fields
were located at the terminal phalanx of the index (n=73}, middle {n=83) and ring finger (n=34). Seventy-
three were classified as SA-| afferents, 72 as FA-I, 41 as SA-Il and 10 as FA-Il afferents. The present
sample of afferents was biased towards slowly adapting afferents (cf. Johansson and Vallbo 1979) due
to our ambition to obtain a reasonable large number of afferents of each type. This did not apply to FA-II
(Pacinian) afferents, however, since our stimuli did not reliably excite these due to their sensitivity
preferences for mechanical transients. Accordingly, FA-Il afferents will not be considered in the present
account.

Except for one SA-1 afferent, all slowly adapting afferents responded at least in one direction of force
stimulation. Likewise, a great majority of the FA-| afferents responded (61 afferents; 85 %). Figure 4.4
show the location of the centers of the receptive field of responding (circles) and nan-responding
(crosses) afferents projected an 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. Note that afferents with strong and weak responses were intermingled on the skin
surface and that afferents whose receptive fields were not primarily contacted by our stimulation surface
could discharge at substantial rates. Also note that the receptive fields of respending and non-
responding FA-l afferents were intermingled on the fingertip. Nevertheless, the response intensity was
influenced by the location of the receptive field on the fingertip {Fig. 4.4). That s, for all three types of
afferents there was a significant inverse correlation between the response intensity during the
protraction phase and the straight line distance between the primary site of stimulation and the center of
the receptive field (rs= -0.45, -0.45 and -0.35 for the SA-I, SA-Il and FA-| afferents, respectively).

The receptive fields of the various types of afferents were distributed on the terminal phalanx as
previously described (Johansson and Vallbo 1979) (Fig. 4.4). That is, the center of the fields of the FA-
| and SA-| afferents were predominantly located at the distal half of the terminal phalanx; the centars of
87% and 66% of the SA-l and FA-| fieids were located distal to the papillary whorl. Likewise, the fields of
the SA-II afferents were more evenly distributed over the phalanx. The fields were evenly distributed in
the radial-ulnar direction; for each type of afferent approximately cne haif of the afferents terminated on
each side of a line dividing the phalanx in a radial and ulnar half. The sizes and shapes cof the receptive
fields of the various types of afferents as defined by standardized weak pointed stimuli (see Methods)
corresponded to those previously reported for the terminal phalanx {Johansson and Vallbo 1980).

4.3.2  Afferents influenced by direction of fingertip forces

In this section, we anaiyze influences of the direction of tangential force components on the afferent
responses measured as the number of impulses evoked during the protraction phase during the regular
sequence test. The direction of the tangential force compoenent influenced vast majority of the
rasponding afferents, i.e., 93%, 80% and 83 % of the SA-1, SA-Il and FA-| afferents, respectively.
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Figure 4. 5. A. Responsc of a single SA-I atlerent 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 delined using von Frey hairs (sce Methods). Solid lines
represent forees and dotled lines the position of the stimulation surtace The position signals are vertically aligned
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 dircction during the standard sequence test. Foree, position and instantancous
discharge rate based on data averaged for the 5 stimulations. B. Data from individual atferents whose response
was strongest in the distal direction are superimposed on a polar diagram with the x-axis referring to responses
clicited by stimuli with fangential 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 cach afterent
is joined by straight lines. C. Show for the same afferents the averaged instantuncous firing rates during stimuli
including tangential force components tn the same four directions of stimulation. The averaged firing rate were
about twice as strong in the distal direction compared 1o the opposite (proximal) direction. whereus it was
intermediately strong in the radial and ulnar directions. D. Shows the response intensity during the protraction
phase for each of the afterents in 13 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-Iufferents

Figure 4 5A shows impulse responses in a SA-| afferent that was markedly influenced by the direction of
fingertip force. This afferent respended to force in the normal direction but responded strongest to
stimuli with tangential components in the distal direction. Likewise, the response was stronger with a
tangential force component in the distal direction than in the proximai direction, and sfrenger in the

radial than in the ulnar direction. Note the smali variability of the impulse responses to the protraction
phase across the 5 repetitions of stimuli delivered during the regular sequence test. A small variabllity in
this respect was a characteristic for all SA-| afferents, but alsc for the FA- and SA-Il afferents (see Figs.
8A and 11A). In addition to a dynamic response during the protraction phase, the SA-I afferents typically
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showed a maintained discharge during the plateau phase. However, the influence of the direction of
force could result in a missing plateau phase discharge in some directicns of stimulation. For the
afferent in Figure 4.5A, it was missing in the ulrar direction and almost in the proximal direction. Except
for one SA-| afferent, the discharge rate rapidly decreased during the retraction of the force. The 0.2 N
normal force kept between stimuli excited six SA-l afferents (8 %), which discharged at low rates mainiy
during the later part of the inter-stimulus intervals.

The direction of stimulation that elicited the strongest responses could vary amongst the SA-| afferents,
i.e., the strongest response {o tangential force components could be in the distal, radial, proximal or in
the ulnar direction. However, twelve out of the 68 directionally sensitive SA-I afferent showed equally
strong maximum responses in two orthogonal directions and one in three directions. Figure 4.5B
exemplifies the directional influence by showing responses to the four directions with tangential force
components for the SA-1 afferents that showed strongest responses to distally directed force (n=27).
Figure 4.5C shows for the same afferents the averaged instantaneous firing rates 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 was intermediately strong in the radial and
ulnar directions.

For most SA | afferents, regardless of direction of strongest responses, there was an apparent linear fall
in response intensity from stimulation in the direction with strongest responses, to the normal direction,
and to the directicn opposite to the direction of the strongest response (see Fig. 4.5D). However, for
some afferents the response 1o the normal force stimulation appeared weaker than expected from such
a gradient, which suggest that those afferents were excited by tangential force components as such.
Using the Mann-Whitney test for two independent samples we tested this by comparing the response to
the normal force stimulation {5 trials) with the responses obtained during force stimulation with
tangential components in all four directions (20 trials). The outcome indicated that 21 of the 68
directionally sensitive afferents were excited by langential force components as such, including 9 of the
27 afferents that showed the strongest response in the distal direction (see dotted curves in Fig. 4.5D).

oun

Figure 4.6, Arrows show the preferred direction of all SA-T afferents influenced by the direction ot
tangential force. ploited as polar diagrams referenced to the primary site of stimulation (umity circled. Mean angle
indicated by white arrow. Length of arrow corresponds to voncentration iRayleigh test). The black circles on
contours of the [innertips indicate the location of the receptive field centers of atterents showing strongest
responses in distal, radial. proximal and ulnar quadrants. The dots indicate the veceptive field centers of all
directionally sensitive allerents



4.3.2.1.1 Preferred direction

The direction of force, which would excite an atferent most effectively, was estimated by vector addition
of the responses obtained with tangential force components in all four orthogonal directions. Figure 4.6A
shows the preferred direction of all SA-] afferents influenced by the direction of tangential force
referenced to the primary site of stimulation. The SA-| afferents showed preferred directions in many
different directions. However, the angular distribution of the preferred directions were not uniform
(p<0.01; Rayleigh test). The directional preferences were markedly biased for force components in an
approximately 180° sector oriented towards the distal and ulnar directions. The mean angle of preferred
direction for the SA-| afferents was -91° {distal direction = -90°) and the length of the mean vectcr was
0.27 computed on the unity circle. This length represents a measure of concentration that has no unit
and may vary from O (when there is so much dispersion that the mean angular cannot be described) to
1.0 (when all the data are concentrated at the same direction) (Zar 1996). The overall responsivity of the
individual SA-| afferents, measured as the response intensity averaged across all direction of
stimulation during the protraction phase, did not vary with the praferred direction of the afferent (Fig.

4 6B} (p=0.28, 17=0.04; Angular-Linear correlation).

Considering possible relationships between an afferent’s preferred direction and the location of its
receptive field, the insets of fingertips in Fig. 4.6A indicate the location of the receptive field centers of
afferents showing strongest responses in distal, radial, proximal and ulnar quadrants. Note that
afferents with a preferred direction in the distal quadrant often had their receptive fields located distal to
the site of stimulation, and afferents most sensitive to stimuli in the proximal direction tended to be
located more proximally. The mean angular difference between the preferred direction and the direction
toward the center of the receptive field was -4°. However a test of evidence of directedness based on
the distribution of this angular difference failed to reach significance {p=0.1, Rayleigh test) due to the
modest concentration of the distribution (0.19).

In our estimation of preferred direction, we assumed that the response magnitude varied continuously
with the direction of stimulation. To assess the validity of this assumpticn, during an extended version of
the stimulation protocol we studied 27 directionally sensitive tactile afferents supplying the distal
phalanx (10 FA-Is, 10 SA-Is and 7 SA-Ils) using eight directions of stimulation. The tangential force
components were at 45° angular spacing, and included components in the distal, proximal, ulnar and
radial direction. All these afferents were broadly tuned to direction of stimulation, i.e., the response
intensity appeared to vary continuously with the direction of stimulation. Importantly, for all 27 afferents
the preferred direction computed from our four directions of stimulation (distal, proximal, ulnar, and
radial) deviated less than + 20° from that computed by vectorial addition of the responses obtained with
tangential force components in all eight directions. Figure 4.6C show examples of one afferent of each
type that was stimulated in eight directions.

4.3.2.1.2 Directional sensitivity

We computed two indices to represent the directional sensitivity of individual afferents. {i} The absolute
directional sensitivity was defined as the vectorial sum of the responses obtained in the four directions
of stimulation that included tangential force components, i.e., a measure that indicate the deviation from
symmetry of response intensity in the varicus directions scaled as number of nerve impulses. (i) The
relative directicnal sensitivity was defined as the vector sum of the respanses in the four divided by the
linear sum of the responses in all four directions. Thus, the relative directional sensitivity is always a
value between 0.0 and 1.0. A value of 0.0 would indicate an afferent whose discharge was completely
similar in all directions of stimulation, and a vatue of 1.0 would indicaie that the afferent discharged at
one specific direction of stimulation.

The absolute directicnal sensitivity of SA ! afferents influenced by force direction. was 2.7+2.1 impulses
(mean = S0) and it varied with the preferred direction of the afferents (r2=0.15, p<0.01. Angular-Linear
correlation). The absolute directional sensitivity was greatest for afferent with the preferred dirgction in
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the distal quadrant (Figs. 7A - B). There was a positive correlation between the overall responsivity of
the SA-I afferents and the absolute directional sensitivity (Fig. 4.7C) (rs=0.50, p<0.0001) and an inverse
correlation between the distance between the primary site of stimulation and the receptive field center
and the absolute directional sensitivity (Fig. 4.7D) (1s=-0.27, p<0.05). The relative directional sensitivity
of the same SA- afferents was 0.23+0.18 {mean + SD). In contrast to the absolute directional
sensitivity, it did neither vary with the preferred direction (Figs. 7€ and F) (r2=0.002, p=0.9; Angular-
Linear correlation) nor with the distance between the primary site of stimulation and the receptive field
center (Fig. 4.7H) (r=0.19; p=0.13). However, it decreased wnhthe overall responsnwty of the afferents
(Fig. 4.7G) {rs=-0.32; p<0.01}.
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Figure 4.7. Directional sensitivity of SA I afferents. A - shows for all SA 1 afferents influenced by force
direction the absolute directional sensitivity, i.c., 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 plotted
against the preferred direction (B), overall responsivity (C) and distance between the primary site of stimulation
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-H ufferents

Fourteen SA-Il afferents (34%) were spontaneously active when encountered, i.e., they responded at
low rates in the absence of externally applied tactile stimuli. As with the SA-| afferents, the SA-il
afferents showed a maintained discharge during the plateau phase of the stimulus, in addition to a
dynamic response to the protraction phase. Figure 4.8A shows responses obtained in a single
directionally sensitive SA-Il afferent. This afferent was excited by stimulation in the normal direction but
responded stronger to stimuli with tangential components in the proximal and radial directions. Stimuli
with tangential force components in the opposite directions, i.e., in the distai and ulnar directions, did not
convincingly excite this afferent, For this afferent, and for most SA-Il afferents, a maintained discharge
during the plateau phase rapidly declined during the stimuius retraction. Thirteen (32%) SA-Il afferents
discharged during the inter-stimulus intervals, including the afferent in Fig. 4.8A. This background
discharge was subjected to a marked post-excitatory depression following stimuli in excitatory
directions. Stimuli with tangential force components in cpposite directions could cause the firing rate to
go below that of the background activity (see distal direction in Fig. 4.8A}.

As with the SA-| afferents, the direction of the tangential force component for stimuli eliciting the
strongest responses could vary amongst the SA-Il afferents; only five out of the 32 directionally
sensitive SA-| afferent showed equally strong maximum responses i two orthogonal directions and cne
in three directions. Figure 4.8B shows data from the SA-| afferents who exhibited the strongest
response to tangential force compenents in the proximal direction {(n=15). The average instantanaous
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firing rates of these afferents were modulated efiiciently by the direction of stimulation (Fig. 4.8C), with
the strongest response in the proximal direction and the weakest response in the opposite, distal,
direction.

Irrespective of direction of force that elicited the strongest responses, the intensity of the response in
nearly all SA-1 afferents fell monotenously from that in the direction of the strongest response to that in
the opposite direction, with an intermediately strong response in the normal direction (see Fig. 4.8D).
Only for four of the 32 directionally sensitive SA-II afferents the response to the normal force stimulation
appeared weaker than expected from such a gradient, i.e., the response to normal force stimulation was
weaker than the average responses obtained during force stimulation in the four directions with
tangential force components (Mann-Whitney). Thus, these afferents appeared to be excited by
tangential force components as such.
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Figure 4. 8. Response of a single SA-11 afferent. For details see legend of Fig. 4.3,

4.3.2.2.1 Preferred divections

The preferred directions of the SA-li afferents, estimated by vectorial addition, were distributed all
around the anguiar space, but not uniformly (Fig. 4.9A) (p<0.05, Rayleigh test). The directional
preferences were biased towards a sector approximately orieated in the proximal direction. The mean
angte of preferred direction for the SA-Il afferents was 79° (proximal direction = 90°) and the length of
the mean vector as a measure of concentration was 0. 34. There was no clear relationship between
preferred direction and the overall responsivity of the afferents (Fig. 4.98) (r?=0.xxx, p=0.58; Angular-
tinear correlation test). Furthermcre, there was no obvicus relaticnship between the location of the
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receptive fields and the preferred directions of the SA-II afferents (see insets of fingertips in Fig. 4.9A)
(p=0.32, Rayleigh test).

Radial

Figure 4. 8. Preferred direction of all SA-T afferents influenced by the direction of tangential force. For
details see legend of Fig. 4.6.
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4.3.2.2.2 Directional sensitiviiv
Neither the absolute directicnal sensitivity varied wiih the prefarred direction of the afferents {Fig. 4.10
A-B) (r2=0.01, p=0.85; Anguiar-Linear correlation), nor the relative directional sensitivity (Fig 4.10 £-F}
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(r2=0.18, p=0.07; Angular-Linear correlation). The mean values + SD for the absolute and the relative
directional sensitivity were 2.5+1.9 impulses and 0.2410.20, respectively. The absolute directional
sensitivity did not correlate reliably with the overall responsivity of the SA Il afferents (Fig.
4.10C)(rs=0.30, p=0.09). However, the relative directional sensitivity decreased with the overall
responsivity (Fig. 4.10G) (rs=-0.50, p<0.01). The directional serisitivity did not correlate to the distance
between the primary site of stimulation and the receptive field (Figs. 10 D and H) (rs=-0.21, p=0.26 for
absolute directional sensitivity; 1:=0.24, p=0.20 for relative directional sensitivity).
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Figure 4. 10. Response of a single FA-I afferent. C. Averaged instantaneous firing rates. Afferents are
grouped by strorgest response during protraction and retraction phase. For further details see legend of

Fig. 4.5.

4323 Fa-lafferents

4.3.2.3.1 CGeneral response behavior

The FA- afierents responded to both dynamic companents of the force stimulation, i.e., they showed
‘on’- and “off"-responses (Talbot et al. 1968; Knibestol 1973). Of the 61 FA-| afferents that responded to
at least in one direction of force stimulation, 60 responded during the protraction phase and 49 during
the retraction phase; one afferent responded during the retraction phase only. The afferent exempfified
in Fig. 4.11A was typicat in the sense that it responded to both phases and was influenced by direction
of the tangential force component. The response of this afferent to the protraction phase was stronger
with stimuli comprising a tangential force compenent in the proximal direction than in the distal direction
and in the radial than in the ulnar direction.
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As with the slowly adapting afferents the direction of the tangential force component for the stimulation
that eiicited the strongest responses could vary amongst the FA-| afferents; only three out ¢f the 50
directionally sensitive FA-I afferent showed equally strong maximum responses in two orthogonal
directions and three in three directions. Figure 4.11B represents directionally sensitive FA-| afferents
that exhibited the strongest response to tangential force components in the proximal direction (n=21).
The average instantaneous firing rates in the four directions of stimulation for these afferents are shown
in Fig. 4.11C. Note that the direction of stimulation cnly marginally influenced the peak firing rates
whereas it markedly moduiated the duration of the pratraction respense. Compared to the distal
direction, the response was prolonged with the tangential force in the ulnar and radial direction and
mast prolonged in the proximal direction.

Irrespective of direction of the strongest response, the responses in directionally sensitive FA-I afferents
were weaker when stimulated in the normal direction. However, with stimulation in the direction opposite
to that producing the strongest response, for many of the directionally sensitive afferents the response
was stronger than that to stimulation in the normal direction, suggesting that these afferents were
sensitive o tangential force companents as such. Indeed, for 24 of all 50 directionally sensitive FA-I
afferents the response to normal force stimulation was weaker than the average responses obtained
during force stimulation in the four directions with tangential force components {(Mann-Whitney) (see
afferents represented by dashed lines in Fig. 4.11D).

RGQiOI
eun

Fisure 4, 11. Preferred direction of all SA-1 alferents influenced by the direction of tangential force. For
details see legend of I1g. 4.6.

4.3.2.3.2 Preferred divections

The distribution of preferred directions of the directionally sensitive FA-I afferents was significantly
different from a uniform distribution (Fig. 4.12A) {p<0.0001, Rayleigh test}. The directional preferences
were markedly biased for force cormponents in an approximately 180° sector oriented towards the
proximai and radial directions. The mean angle of preferred direction for the SA-Il afferents was 128
(proximal and radial direction is 0” and 180 °, respectively) and the concentration was 0.51. There was
ne significant relationship between the preferred direction of the afferents and their overall responsivity
(Fig. 4.12B) {r’=0.xxx; p=0.06; Angular-Linsar correlation).

Although far from a strict relatienship, the direction from the primary site of stimulaticn towards the
center of the receptive field for many afferents roughly matched their preferred direction (see insets of
fingertios in Fig. 4 12A). The mean angular difference between the preferred direction and ‘he direction
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toward the center of the receptive field was -7° and the concentration of the difference distribution was
(.58 which indicate a significant directedness of the distribution (p<0.0001, Rayleigh test).

4.3.2.3.3 Directional sensitivity

The absolute and relative directional sensitivity for the FA-| afferents was 2.00+0.95 impulses and
0.24£0.18 (mean + SD), respectively. Neither did the absolute directional sensitivity vary with the
preferred direction (Fig. 4.13A-B) (r2=0.04, p=0.38}, nor the relative directicnal sensitivity (Fig. 4.13 E-F)
(r2 = 0.05, p=0.27; Angular-Linear correlation). There was a positive correlation between the absolute
sensitivity and the overall responsivity of the afferents {Fig. 4.13C) {r;=0.39, p<0.01), and as with the
slowly adapting afferents an inverse correlation between relative directional sensitivity and the overall
responsivity of the afferents {Fig. 4.13G) (rs=-0.65; p<0.0001). The distance between the primary site of
stimulation and the receptive field did not correlate with absolute directional sensitivity (Fig. 4.13D)
(rs=0.07, p=0.62), but the relative directional sensitivity increased with this distance (Fig. 4.13H)
(r;=0.42, p<0.005).
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Figure 4.12. Directiopal seusitivity of FA L alTerents. For details see legend of Fig. 4.7,

4.3.3  Afferents whose responses were not influenced by the direction of tangential force components

Relatively few afferents that responded during the protraction phase were indifferent to the direction of
the tangential force component. This applied to 5, 8 and 10 SA-, SA-Il and FA-| afferents and
corresponded to 7%, 20% and 17 % of the afferents that responded to cur stimuli, respectively. These
indifferent afferents afl showed similar responses to stimuli with tangential force components in all four
directions (Fig. 4.14) and were intermingled with the directional sensitive ones with regard to the
location of the receptive fieids on the fingertip (see fingertips in Fig. 4.14). The response intensity to
normal force stimulation differed for some of these afferents fram that during stimulation with tangential
force components (Mann-Whitney). This applied tc two SA-I, two FA-l and one SA-Il. With exception for
one of the FA-| afferents, the response to the normal force was weaker than the responses to stimuli
with tangential force components. Thus, these afferents appeared to be excited by tangential forces
irrespective of their direction.
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Figure 4.13. Afferents indifferent to the direction of the tangential force component (shown as in Fig. 3B,
Note that the similar responses to stimuli with tangential force components in all four directions. These ufterents
were intermingled with the directional sensitive ones with regard to the location of the receplive fields on the
fingertip.

4.3.4 Directionality of responses to different phases of stimuli

In this section we investigate whether the influences of direciion of tangential force components
observed for the responses during the protraction phase was representative for the responses evoked
in other phases of stimulation. For slowly adapting afferents we focused the comparison on responses
evoked during the protraction and plateau phases; the responses in most of these afferents quickly
declined after the start of the retraction phase. Likewise, we compared the protraction and retraction
phases for the FA-| afferents since these afferents did not reliably respond during the plateau phase.
Slowly adapting afferents. Ninety-five and 98% of the SA-l and SA-Il afferents that responded during the
protraction phase also responded to the plateau phase. Considering afferents that responded the
proporiion of directionally sensitive afferents was similarly high when assessed from the responses to
the protraction phase, the plateau phase and to the entire stimulation (see Fig. 4.15A). Of the 69 SA-I
afferents that responded both during the protraction and the plateau phases, 61 were directionally
sensitive in both phases. The corresponding numbers for the SA-I| afferents were 3% and 31. For both
types of afferents there was a goed correspondence between the directional preference during the two
phases (Fig. 4.14 B-C). With anly eleven SA-i and two SA-I| afferents the preferred direction differed by
more than £45°. The mean absclute angular cifference for all SA-I and SA-1 afferents was 25° {median
=11%) and 15° (median =11°), respectively, and the correspending standard deviations were 31° and
16°.

FA-] afferents. Forty-nine FA-| afferents responded to the retraction phase, which corresponds to 82 %
of those responding during the protraction phase; all but one afferent responding during the retraction
phase responded also during the protraction phase. The response to the retraction phase typicaily
occurred during the later half of the phase {Figs. 11 A and C) and for afferents that was strongly excited
the response could extend inte the inter-stimulus interval by ane or a few impulses. Similarly, impulses
could also appeared early during the plateau phase after the increase in force during the protraction
phase. These respanses during constant force could be explained by the viscoelastic behavior of the
fingertip. That is, the fingertip underwent deformational changes not only during the pro- and retraction
phases but also initially during the subsequent periods of canstant force (cf. position and force signals in
Figs. 5A, 8A and 11A).

Faor afferents that responded, the proportion of afferents influenced by force direction was about the
same during the retraction phase {76 %) and the protraction phase (83%) (Fig. 4.15A). but tended o be
higher if assessed from response to the entire stimulation {95 %). Whilst direction of stimulaticn during
the protracticn phase only marginally influenced the peak firing rates of directionally sensitive afferents,
during the refraction phase bath the peak rate and the auration were influenced (Fig. 4.11B; see also
Fig. 4.114).



Twenty-nine FA- afferents were directionally sensitive in both the pretraction and retraction phases,
which corresponds to 58 % and 78 % of the FA-| afferents directionally sensitive during the protraction
and retraction phase, respectively. Although there was a statistically significant correlation between the
preferred directions during the protraction and retraction phases {rs=xx , p<0.001, Spearman’s rank
correlation; alt Rayleigh test based on angular difference’??} for about one half (55 %)} of the afferents
the preferred direction of the retraction phase were more than 45 degree different from that of the
protraction phase (Fig. 4.14B). The mean difference was 67° and the carresponding standard deviation
54°. Because of the movement of the stimulaticn surface in the opposite direction, it may be
hypothesized that the directional preference of the response during the retraction phase should be 180°
shifted relative to the preferred direction during the protraction phase. However, that could have been
the case for only a few of the afferents (Fig. 4.148). Thus, for the FA | afferents the directionality for the
protraction phase did not well predict that of the retraction phase.
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Figure 4. 14, Directionality during different stimulation phases. A, Column height shows the number ot
afterents that responded during the regular sequence test to the protraction and plateaun phases for the SA atferent
amd protraction and retraction phases for the FA [ atferents. and te the entire epoch of stimulation for all three
types of afferents. The horizoutal line indicates the 1otul number ot afterent recorded from. Filled part of the
columng indicate number of afferents whose responses were mfluenced significantly by the direction ot the
tangential torce component. B. Scatter plots displayving the velation between the preterred direction obtiined
during the protraction phase agaimst that douring the plateau phase lor the SA-Uand SA-I] atterents and retraction
phase tor the IFA-T atterents. (Duta from atferents that were directionully sensitive in both phusesr U, Anuular
diflerency in preicered direction tor the same data as in 3.



4.3.5 Relationship between afferents’ preferred directions and the compliance of the fingertip

In agreement with recent observations by Nakazawa et al. (2000) we noted that the compliance of the
fingertip varied with direction of the force stimulation with the highest stiffness for stimuli that included
tangential force components in the distal direction. To estimate the direction of force stimulation
associated with maximum compliance, we computed the vecter sum of the tangential displacement of
the stimulation surface during stimulation with tangential force components in the four directions with
tangential force components. As far the estimation of afferents’ preferred directions, we used mean
values obtained from 5 repetitions in all four directions of stimulation delivered during recording from a
single afferent. Likewise, in these computations we attributed the direction of the displacements to that
of the tangential component of the force stimulation, although the direction of the movement of the
stimulation surface could differ somewhat from direction of the applied force due to anisotropic
mechanical properties of the fingertip {Fig. 4.16 A). The direction of maximum compliance was unevenly
distributed around the circumference of the stimulation site (p<0.0001; Rayleigh test); the concentration
was 0.87 and the mean angle was 109° {proximal direction = 90°). Thus, the fingertips were most
compliant approximately in the proximal direction. The directional dependent compliance computed as
the vector sum of the yield in the four directions of tangential force compenents was 0.39 = 0.15 mm
(mean £ SD) and varied somewhat with the direction of maximum compliance (Fig. 4.16C).

Figure 4.16D compares the distributions of estimated preferred directions for the three types of afferent
and the direction of maximum compliance when recorded from the same afferents. There was a striking
correspondence between these distributions for the FA-I afferents. We computed the angular difference
between these directions and tested evidence of directedness of the distribution (Rayleigh test). For the
FA-| afferents there was a significant directedness with mean angles of 6° (p<0.0001) and the
concentration was 0.56. This suggests that the deformation of the fingertip constitute an important factor
in driving the FA-| afferents. Similarly, the SA-1l afferents also showed a distribution that suggests that
deformation is impartant, but the directedness did not reach statistical significance (p=0.13). In contrast
to the FA-I and SA-li afferents, the preferred directions of the SA-| afferents tended to be inversely
related to the direction of maximum compliance. There was a significant directedness with mean angle
difference of 168° (p<0.05) and the concentration was 0.24. This suggests that tissue stress rather than
deformation primarily excites these afferents.
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Figure 4. 16. Fingertip compliance tangential to the stimulation surface. AL Dircetion of movement of the
stimulation surface (in its tangential plane) when delivering stimuli with tangential force components in the
distal, radial. proximal and ulnar dircctions. Node that the direction of the mevement of the stimulution surface
diftered somewhat trom direction ot the appled tforce. B. Directions of estimated maximum compliance
obtained during the resular sequence tests, Each vector (unity circle) refers to data ohtained when reconding from
a single afterent. Mean angle indicared by white arrow. Length ot arrow correspends te concentration (Ravlcigh
test). C. Directionally dependent complinnce computed as the vector sum of the compliance measured in cach
direction of stimulation a~ a function of the estimatad angolar direction ot maximum complianee.
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4.3.6  Regularvs. irreqular presentation of stimulation directions

We stimulated the fingertip with 4 N force at a relatively high repetition rate (~1.3 stimuli/s) to replicate
the fast rate of movements that may occur under many natural expioratory and manipulatory tasks. Due
to the viscoelastic properties of the fingertip showing rate-dependence hysteresis and creep (e.q.,
Pubols Jr 1982a; Serina et al. 1898; Pawluk and Howe 19993} we assumed that the direction of the
previous stimulation may tnfluence the mechanical state of the fingertip under these conditions. Indeed,
the displacement records in Figs. 4.5A, 4.8A and 4.11A indicate that creep occurred throughout the
plateau phase of the stimulation and that the position of the simulation probe during the inter-stimulus
interval following a force stimulation often did not fully return to the position it had befcre the stimulation.
In particular, there was a clear hysteresis regarding movements of the stimulation surface in its
tangential plane during stimuli with tangential force components (see Pp.p, Pru in Figs. 4.5A, 4.8A and
4 11A). Accordingly, the directionally sensttivity of the afferents in our study could have partly been
refated to the sequence of stimulation presentation,-i.e., with the regular sequence test all 5 repetitions
of the stimuli in a given direction had a fixed previous history. To address this issue, we compared the
directionality of the afferents based on the regular sequence test with the directionality cbtained during
the irregular sequence test. In the latter test the stimuli were intermingled so that the previous history of
each of the five repetitions of the stimuli in a given direction had a different previous history. For each
afferent we assessed directionality using the same procedure as with data obtained in the regular
sequence test.
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The number of afferents whose responses were influenced by the directicn of the tangential force
component was similar during the two modes of stimulus presentation. That is, only one SA-I afferent,
two SA-ll afferents and five FA-| afferents influenced during regular sequence were not influenced
during the irregular sequence test. It also occurred that afferents not influenced during regular sequence
was influenced during the irreguiar (two SA-| afferents one SA-Il afferent). There was also a high
similarity between the two modes of stimulus presentation regarding the preferred direction (Fig. 4.97 A
( and B)). For all but five afferents the angles were within £45°, The mean absolute angular differences
(+ SD) was 12+ 14°, 10+ 8° and 13 + 19° for the SA-I, SA-Il and FA-| afferents, respectively. Thus,
we conclude that the sequence of stimulation presentation neither influenced substantially the incidence
directional influences on the afferent responses, nor systematically the preferred directions of the tactile
afferents. This suggests that the population of tactile afferents of the fingertip will convey similar
directional messages in natural manipulation tasks in which directionally different stimuli follow each
other in immediate succession.

4.4 Discussion

The present results demonstrate that the responses in most SA-I, SA-Il and FA-| afferents that innervate
the terminal phalanx are influenced by direction of fingertip forces comparable to those that occur in
natural manipulatory tasks. Furthermore, nearly all SA-I, FA-l and SA-I| afferents that innervate the
terminal phalanx respond to these force stimuli when applied to a site that serves as a primary target for
object contact during manipulatory tasks. Qur X-ray analysis indicates that our fingertip stimulation was
physiological, i.e., it resulted in deformations that resemble those when subjects actively apply forces
against a passive object.

441 Responsiveness of the fingertip afferents

The overall high respansiveness of the tactile afferents, irrespective of type and location of their
receptive field at the fingertip, implies that virtually all afferents of the terminal phalanx potentially
contributes to the encoding of mechanical events when the fingertips manipulate objects under natural
conditions. That is, not only afferents whose receptive fields were in direct contact with the stimulation
surface responded but also afferents that terminated at the sides and end of the phalanx. Hence, when
defined by stimuli representing common use of the hand the sizes of the receptive fields are much
larger than typically reported for tactile afferents, in particular concerning the human SA-l and FA-|
afferents (e.g., (Johansson 1978; Johansson ard Vallbo 1980)). Although, it is generally acknowledged
that a receptive field is defined functionally and that its size varies with the nature of the stimulation and
its intensity, previous studies of the tactile innervation of the fingertips have used localized stimuli of
rather weak amplitude when characterizing the receptive fields {e.g., (Knibestol and Vallbo 1970;
Knibestol 1973, 1975; Johansson 1978; Johansson and Valibo 1980; Philtips et al. 1890, 1992); also
see LaMotte and Whitehouse 1986; Vega-Bermudez and Johnson 1999a b; Pubots 1987; Talbot et al.
1968). Likewise, most studies have heen focussed on afferents that innervate the glabrous skin in the
regicn of the contact stimulus, and responses of remote afferents may not have been considered
thoroughly. The extensive excitation of the afferents is likely to result from a widespread distribution of
complex stresses and strains over the distal phalanx due to compressional yield when the fingertip is
loaded. These mechanical events are reflected by the marked deformations on the sides and end of the
finger remote from the contact area; with tangential force cemponents there are alsc rolling moverment
of the entire finger-pulp with respect to the phalangeal bone.

4.42  Afferents sensitive to the direction of fingertip force

Irrespective of type and location of the receptive field on the terminal phalanx, the vast majority of the
responding afferents were sensitive lo the direction of the tangential force compsonent. Thus. virtually all
sensors of the terminal phalanges potentially contribute infermation about the direction of fingertip force.
This applies probably tc information about cther aspects of the contact condition as well. such as
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contact force and shape of the stimulation surface. interestingly, the various types of afferents showed
a similar directional sensitivity; the refative directional sensitivity during the protraction phase was
0.2340.18, 0.24+0.20 and 0.24+0.18 {mean + SD) for the SA-l, SA-Il and FA-I afferents respectively.
For both types of slowly adapting afferents there was a high correspondence between the directional
preference for the responses to the protraction and the plateau phase. This suggests that the dynamic
and static responses be driven largely by cornmon mechanical events. In contrast, for the FA-I afferents
the preferred directions of the responses to the protraction and retraction phases could be quite
different. This could not be explained simply by the opposite direction of the movement of the simulation
surface during these phases.

4.4.2.1 Irregular vs regular sequence

For all three types of afferents, the preferred directions for the tangentiat force component were
distributed in various angular directions from the stimulation site, but not uniformly. Probably several
factors contributed to an afferent’s directional behavior, e.g., anisotropic deformational properties of the
fingertip combined with the location, anchoring and sensitivity and branching properties of the nerve
endings (see Goodwin and Morley 1987). The reiationship between the distribution of preferred
directions of the FA- afferents preferentially in the proximal and radial directions and the direction of
maximum compliance of the fingertip suggest that the size of fingertip deformation constitute an
important component in driving the FA-| afferents. A tendency to a similar relationship was observed for
the SA-Il afferents. In contrast, the preferred directions of the SA-| afferents were often directed
opposite to the direction of maximum compliance, i.e., often in distal directions. This suggests that the
excitation of these afferents did not depend on the fingertip deformation as such, but may have
depended on compressive stress. There are indeed evidence in the monkey that SA-I and RA (FA-1)
impulse rates are correlated with different components of fingertip deformations (Phillips and Johnson
1981; Srinivasan and LaMotte 1987; Vega Bermudez and Johnson 1999). Several anatomical factors
may contribute to the stiffness of the fingertip being highest for stimuli with distal components. For
instance, the greatest curvature of the fingertip occurs towards the distal end, the phalangeal bone has
an asymmetric shape with a disk at the end, and the distal part of the fingerpad is efficiently anchored to
the stiff periungual tissue.

Concerning the location of the afferent’s termination in the fingertip, we noted that the direction from the
primary site of stimulation towards the receptive field center approximately corresponded to the
preferred direction for many FA-l and SA-| afferents. This pattern suggests that the end-organs of such
afferents would be sensitive to compressive strain or stress. However, for many afferents the location of
the receptive field did not predict the directional preference although our method to outline the receptive
field quite faithfully indicates the location of the terminals of the afferent (Johanssen, 1978). As such,
this agrees with conclusions by Goodwin and Morley (1987) who cbserved directionally dependent
responses in about 50% of the *SA’ (SA-I) and 'RA’ (FA-I) afferents when stimulating the monkey
fingertip by moving gratings in the ulnar and the radial direction across the finger-pulp. Similar
conclusion have been drawn in human studies in which the skin was stimulated by a brush moving
across the skin (Edin et al. 1995} and in monkeys using smoothly graded stepped surfaces stroked
across the skin (LaMctte and Srinivasan 1987).

With the SA-Il afferents there was no indication of any relationship between the location of the receptive
fields and preferred direction. This was unexpacted since previous studies have emphasized that these
afferents are sensitive tc tangential skin stretch in directions from the location of the end-organs, with a
pronounced directionality (Knibestol and Vallbo 1970; Knibestdl, 1875; Johansson et al 1978 also see
Chambers et al 1972). However, for those SA-Il afferents that innervate the phalanges. the sensitivity
pattern is generally more complex. Often the afferent activity increases when the skin is stretched in one
direction only and may decrease when the skin is stretched in the opposite direction (see B type units in
Johansson 1978). Furthermore, the preferred direction of stretch sensitivity of SA-Il afferents agrees
reasonably with the cleavage lines of the glabrous skin of the human hand which refiect the directions of
mair: fiber strands of the derma fibrous tissues (e.g. Jones, 1946). Thus, anisotropic features of the
fingertip related to the specific organization of the fibrous connective tissues is yet a factor that may
influence the directionality of afferent responses.
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However, to relate the encoding properties of tactile afferents to mechanical events there is a need for
realistic models of the fingertip that will explain the distribution of stresses and strains throughout the
terminal phalanx in response to fingertip loads in various direction. Because the fingertip is a highly
complex irregular visco-elastic body encased by the nail and the curved skin surface and exhibits non-
homogenous anisotropic time-dependent deformation properties, very complicated distribution of
stresses and strains develops when it exerts forces on objects, including in the dermis where most
tactile sensors are located. Whilst several studies have provided useful information about may aspects
of skin and fingertip mechanics (e.g., (Phillips and Johnson 1981; Westling and Johansson 1987;
Srinivasan and Dandekar 1996; Serina et al. 1997, 1998; Pawluk and Howe 1999a, 1999b; Nakazawa
et al. 2000}, the biomechanical models proposed so far are not advanced enough to explain the
directional behavior of the afferents found in the present study.

44.3 Comments on use of directional tactile sensory information

Given that the fingertips are particularly densely innervated by tactile afferents — each terminal phalanx
is suppfied by some 2000 afferents (Johansson and Vallbo 1979) — and that the vast majority of those
show directionaily dependent responses, we are convinced that the population of tactile afferents
supplying the fingertips provides rich information regarding direction of fingertip forces. However, to our
knowledge there are no investigations published concerning the human capacity to psychophysically
discriminate direction of fingertip forces. Nevertheless, such directional information may be critical for
the control of dexterous manipulation. For instance, for each fingertip engaged the directian of fingertip
force must be kept within the frictional limits to prevent accidental slips (Johansson and Westling 1984a4;
Edin et al. 1992; Burstedt et al. 1999). Tactile information related to direction of applied force may be
most critical for grasp stability when we handie objects with curved surfaces or irregular shapes (see
Jenmalm and Johansscn 1997; Goodwin et al. 1998). Such objects easily elude the grip unless the
directions of the fingertip forces are appropriately specified with reference to the actual grasp sites on
the fingertips and the local geometry of the object at the grasp sites. These reguirements may explain
why populations of tactile afferents also have a remarkable ability to discriminate small differences in
surface curvature and small difference in the position of contact at the fingertips {Srinivasan and
LaMotte 1987; Goodwin et al. 1395, 1997; Wheat et al. 1995; LaMotte and Srinivasan 1996; Khalsa et
al. 1998; Dodson et al. 1998). Indeed, during finger numbness small items typicaily escape the grip
making manipulation impossible, e.g. during buttoning attempt. Furthermore, when humans use a
precision grip to restrain objects that are subjected to unpredictable tangential load forces, the reactive
muscle activation pattems (driven by tactile input) that automatically support grasp stability depend on
the direction of load (Hager-Ross, Coie & Johansson, 1996 ).

Probably the CNS can extract directional information from the population of tactile afferents based cn a
multitude of decoding principles that depend an the current state of its relevant neural networks, which
in turn, relates to the current task and its phase. Indeed, the motor expression of tactile afferent input in
manipulation occur intermittently during the progress of the task according to a control policy described
as "discrete event sensor driven cantrol” (for a brief overview see Johansson, 1998), llinvolves a
comparison of the actual time-varying somatosensory inflow with a predicted afferent input generated by
the active task dependent senscrimotar program in conjunction with the efferent signals. In addition to
trigger pre-programmed patterns of corrective motor responses, a mismatch between the actual and the
predicted somatosenscry input instantiate an update of relevant parameters of the active sensorimotor
program held in memories for predictive control, This scheme would depend on forward models that
capture the causal relationship between actiors, as signaled by 'corollary discharge’ (Sperry 1950), and
their sensory consequences (Merfeld et al. 1983; Miall and Woipert 1996; Wolpert 1997; Kawato 1999)).
Given a dynamic and task dependent use of somatosensory information there are several conceivable
mechanisms for extraction of directional information from tactile afferents of the fingertip. Since the
various types of afferents in population terms showed differences concermning preferred directions, one
way for the brain to obtain directional cues could be to monitor the balance between the input from the
SA-l, SA-Il and FA-| afferent populations. Similarly, relationships hetween the directional preference of
individual afferents and their termination in the fingertip such as those cbserved for the SA- and FA-|
afferents may provide directional cues if monitaring changes in the centreid of the population activity
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with reference to the fingertip (cf. Dodson et al. 1998). Furthermare, the CNS may in a task- and phase-
related manner handle individual afferents differently depending on their directional preferences. For
instance, signals form afferents with similar preference could be made to converge at common neural
sites, and by manitoring the balance of activity between such sites ongeing brain processes could be
influenced by directional information. Thus shifts in the balance of activity between neural sites
representing selected groups of afferents whose directional preferences are biased towards opposite
directicns would enhance the sensitivity to forces in the direction of focus. This kind of processing would
be robust against factors that may change the overall discharge rate of the afferents. Examples of such
factors are the magnitude and rate of change of the contact force, the temperature of the fingertip and
changes in viscoelastic properties of the fingertip related to previous interactions with objects and skin
hydration etc. (e.g., Duclaux and Kenshalo 1972; Green 1377; Pubols Jr 1982b). However, the minority
of afferents of each type whose responses were indifferent to the direction of fingertip force may also
help the CNS to obtain force directional cues. If these afferents were influenced by the above factors
similar to the directionally sensitive ones they would provide a reference for efficient extraction of
directional information obtained from afferents whose responses are influenced by the direction of
tangential force components. Finally, as indicated above knowledge about the efferent commands (cf.
‘corollary discharge”) during manipulation may constitute a most important basis for interpretation of the
tactile input during manipulation.

However, further work will be required to quantify the actual capacity of the various types of tactile
afferents in providing information about direction of fingertip force. For example, if robust information
about force direction is present in an afferent population it must be possible to extract this information
independently of other parameters of the stimulus such as its position on the fingertip or its contact force
and shape of contacted objects. Likewise, any worthwhile population reconstruction must include
information from afferents all over the fingertip, also whose terminals are located outside the area of
contact with the object.

5 Conclusions

1. The normal force was coupled to the load in all investigated behavioral conditions, i.e.,
unimanual and bimanual manipulation (Experiment [-/f).

2. In all behavioral conditions, the relationship between the normal force and the load {the
'normal-force-to-load ratio’) was adjusted at each digit-object interface to the local
frictional conditions (Experiment I-11}.

3. Toindependently control fingertip forces in relation to the local friction, the employed
normal forces appear to be controlied at an inter-digital level. The scaling cf the normal
force was based on friction-related sensory information obtained from the initial contact
with the object and on the memory traces from previous trials (Experiment I-1f).

4. Subiects may exploit controlied slips to partition the load force hetween the digits and
thereby adjust the normal-force-to-load ratios {Experiment If).

5. The control of fingertip forces implies that subjects use digit-specific anticipatory
mechanisms in a manrer consistent with the notion that the CNS entertains internal
models of relevant object and task properties during manipulation (Experiment i-1}).

6. The responses in most SA |, SA |l and FA | afferents of the distal phalanges are capable
to encode the direction of fingertip forces that occlr in manipulative tasks {Experiment
1.

72



6 References

Abbs, J.H., Cole, K. J. (1987) Neural mechanisms of motor equivalence and goal
achievement. In: Higher Brain Functions: Recent Explorations of the Brain's Emergent
Properties. Wise, S. P (ed.). John Wiley & Sons, Inc,. , pp. 15-43.

An, K. N., Chao, E. Y., Cooney, W. P., Linscheid, R. L. (1985) Forces in the normal and
abnormal hand. J. Orthop. Res. 3. 202-211.

Armstrong, T. J. (1982) Development of a biodynamical hand model for study of maunal
activities. In: Anthropmetry and Biomechanics: Theory and Application. Easterby, R.,
Kroemer, K. H. E., Chaffin, D. B (eds.). Plenum Publishing Corp., New York, pp.
183-192.

Batschelet, E (1981) Circular statistics in biology. Acadenic Press, New York.

Bemstein, N (1967) The co-ordination and regulation of movements. Pergamon Press,
Oxford, England.

Burstedt, M. K. O., Birznieks, 1., Edin, B. B., Johansson, R. S. (1997) Control of forces
applied by individual fingers engaged in restraint of an active object. J. Neurophysiol.
78. 117-128.

Burstedt, M. K. O., Edin, B. B., Johansson, R. S. (1997) Coordination of fingertip forces
during human manipulation can cmerge from inmdependent neural networks controlling
each engaged digit. Exp. Brain Res. 117. 67-79.

Burstedt, M. K. O., Flanagan, R., Johansson, R. S. (1999} Control of grasp stability in
humans under different frictional conditions during multi-digit manipulation. J.
Neurophysiol. 82. 2393-2405.

Cadoret, G., Smith, A. M. (1996) Friction, not texture, dictates grip forces used during object
manipulation. J. Neurophysiol. 75. 1963-1969.

Chnstel, M. I, Kitzel, S., Niemitz, C. (1998) How precisely do bonobos (Pan Paniscus) grasp
small objects. Int. J. Primatol. 19 (1). 165-194.

Cole, K. J., Abbs, J. H. (1988) Grip force adjustments evoked by load force perturbations of a
grasped object. J. Neurophysiol. 60. 1513-1522.

Cole, K. I, Johansson, R. S. (1993) Friction in the digit-object interface scales the
sensorimotor transformation for grip responses to pulling loads. Exp. Brain Res. 95.
523-532.

Dodson, M. J., Goodwin, A. W., Browning, A. S., Gehning, H. M. (1998) Peripheral neural
mechanisms determining the orientation of cylinders grasped by the digits. J Neurosci.
18. 521-530.

Duclaux, R., Kenshalo, D. R. (1972) The temperature sensitivity of the type | slowly
adapting mechanoreceptors in cats and monkeys. J Physiol (London). 224. 647-664.

Dugas, C., Smith, A. M. (1992) Responses of cercbellar Purkinje cells to slip of a hand-held
object. J Neurophysiol. 67. 483-495.

Edin, B. B., Bickstrom, P. A., Backstrom, L. O. (1988) Single Unit retrieval in
microneurography: a microprocessor-based device controlled by an operator. J.
Neurosci. Methods. 24. 137-144.

Edin, B. B., Essick, G. K., Trulsson, M., Olsson, K. A. (1995) Receptor Encoding of Moving
Tactile Stimuli in Humans . 1. Temporal Pattern of Discharge of Individual Low-
Threshold Mechanoreceptors. J. Neurosci. 15. 830-847.

Edin, B. B., Howe, R., Westling, G., Cutkosky, M. (1993) A physiological method for
relaying fnictional information to a human telcoperator. IEEE Transactions on
Svstems, Man and Cybernetics. 23. 427-432,

Edin, B. B., Westling, G., Johansson, R. 5. (1992) Independent contro! of fingertip forces at
individual digits during precision lifting in humans. J. Physiol. (Lond.). 450, 547-564-.

Flanagan, J. R., Burstedt. M. K. O.. Johansson, R. S. (1999} Control of fingertip forces in
mulii-digit manipulation. J. Nerrophvsiol. 81, 1706-1717.

73



Flanagan, J. R., Tresilian, J. R. (1994) Grip load tforce coupling: A general control strategy
for transporting objects. J. Exp. Psychol. Hum. Percept. Perform. 20. 944-957.

Flanagan, J. R., Wing, A. M. (1993) Modulation of grip force with load force during point-
to-point arm movements. Exp. Brain Res. 95. 131-143.

Flanagan, J. R., Wing, A. M. (1995) The stability of precision grip forces during cyclic arm
movements with a hand-held load. Exp. Brain Res. 105. 455-464.

Flanagan, J. R., Wing, A. M, Allison, S., Spenceley, A. (1995) Effects of surface texture on
weight perception when lifting objects with a precision grip. Percept. Psychophys. 57.
282-290.

Flanagan, J. R., Wing, A. M. (1997) The role of internal models in motion planning and
control: evidence from grip force adjustments during movements of hand-held loads.
J. Newrosci. 17. 1519-1528.

Forssberg, H., Eliasson, A. C., Kinoshita, H., Westling, G., Johansson, R. S. (1995)
Development of human precision grip I'V. Tactile adaptation of isometric finger forces
to the frictional condition. Exp. Brain Res. 104. 323-330.

Freund, H. -J., Bidingen, H., J. (1978) The relationship between speed and amplitude of the
fastest voluntary contractions of human arm muscles. Exp Brain Res. 31. 1-12.

Ghez, C., Hening, W., Gordon, J. (1991) Orgunization of voluntary movement. Curr. Opin.
Neurobiol. 1. 664-671.

Ghez, C., Vicario, D. (1978) The control of rapid limb movement in the cat. L. Scaling of
isometric force adjustments. Exp Brain Res. 33. 191-202.

Goodwin, A. W, Browning, A. 5., Wheat, H. E. (1995} Representation of curved surfaces in
responses of mechanoreceptive afferent fibers innervating the monkey's fingerpad. J
Neurosci. 15 (1 Pt 2). 798-810.

Goodwin, A. W., Jenmalm, P., Johansson, R. S. (1998) Control of grip force when tilting
objects: effect of curvature of grasped surfaces and of applied tangential torque. J.
Neurosci. 18 (24). 10724-10734.

Goodwin, A. W., Macefield, V. G., Bisley, J. W. (1997) Encoding of object curvature by
tactile afferents from human fingers. J Neurophysiol. 78 (6). 2881-2888.

Goodwin, A. W., Morley, J. W. {1987) Sinusoidal movement of a grating across the
monkey's fingerpad: cffect of contact angle and force of the grating on afferent fiber
responses. J Neurosci. 7 (7). 2192-2202.

Gordon, J., Ghez, C. (1987) Trajectory control in targeted force impulses. I1. Pulse height
control. Exp Brain Res. 67. 241-252.

Green, B. G. (1977) The effect of skin temperature on vibrotactile sensitivity. Perception &
Psychophysics. 21. 243-248.

Hugon, M., Massion, J., Wiesendanger, M. (1982) Anticipatory postural changes induced by
active unloading and comparison with passive unloading in man. Pflugers Arch. 393.
292-296.

Higer-Ross, C., Cole, K. J., Johansson, R. S. (1996) Grip force responses Lo unanticipated
object loading: Load direction reveals body- and gravity-referenced intrinsic task
vanables. Exp. Brain Res. 110. 142-150.

Higer-Ross, C., Johansson, R. S. (1996) Non-digital afferent input in reactive control of
fingertip forces during precision grip. Exp. Bruin Res. 110. 131-141.

Jeka, J. I., Lackner. J. R. (1994) Fingertip contact intlucnces human posiural control. £xp
Brain Res. 100 (3). 495-502.

Jeka, J.J., Lackner, J. R. (1995) The role of haptic cues from rough and slippery surfaces in
human postural control. Exp Brain Res. 103 (2). 267-276.

Jenmalm, P., Johansson, R. S. (1997) Visual and somatosensory information about object
shape control manipulative finger tip forces. J. Neurosci. 17, 4486-:4499.

Johansson, R. 8. (1978) Tactile sensibility in the human hand: receptive field characternistics
ol mechanoreceptive units in the glabrous skin area. J. Physiol. (Lond.). 281, 101-125.

74



Johansson, R. S., Cole, K. 1. (1992) Sensory-motor coordination during grasping and
manipulative actions. Curr. Opin. Neurobiol. 2. 815-823.

Johansson, R. S., Cole, K. J. (1994) Grasp stability during manipulative actions. Can. J.
Physiol. Pharmacol. 72. 511-524.

Johansson, R. S., Hager, C., Bickstrom, L. (1992) Somatosensory control of precision grip
during unpredictable pulling loads. I11. Impairments during digital ancsthesia. Exp.
Brain Res. 89. 204-213.

Johansson, R. S., Hager, C., Riso, R. (1992) Somatosensory control of precision grip during
unpredictable pulling loads. 11. Changes in load force rate. Exp. Brain Res. 89. 192-
203.

Johansson, R. S., Riso, R., Higer, C., Biackstrém, L. (1992) Somatosensory control of
precision grip during unpredictable pulling loads. I. Changes in load force amplitude.
Exp. Brain Res. 89. 181-191.

Johansson, R. S., Vallbo, A. B. (1979) Tactile sensibility in the human hand: relative and
absolute densities of four types of mechanoreceptive units in glabrous skin. J. Physiol.
(Lond.). 286. 283-300.

Johansson, R. S., Vallbo, A. B., Westling, G. (1980) Thresholds of mechanosensitive
afterents in the human hand as measurcd with von Frey hairs. Brain Res. 184. 343-
351.

Johansson, R. §., Vallbo, A.B. (1983) Tactile sensory coding in the glabrous skin of the
human hand. Trends Neurosci. 6. 27-31.

Johansson, R. S., Westling, G. {1984a) Roles of glabrous skin receptors and sensonmotor
memory in automatic control of precision grip when lifting rougher or more slippery
objects. £xp. Brain Res. 56. 550-564.

Johansson, R. S., Westling, G. (1984b) Influences of cutancous sensory input on the motor
coordination during precision manipulation. In: Somatosensory Mechanisms. von
Euler, C., Franzen, O., Lindblom, U., Ottoson, D (eds.). Macmillan Press, London,
pp. 249-260.

Johansson, R. S., Westling, G. (1987) Signals in tactile afferents from the fingers eliciting
adaptive motor responses during precision grip. Exp. Brain Res. 66. {41-154.

Johansson, R. §., Westling, G. (1990) Tactile afferent signals in the control of precision grip.
In: Attention and Performance, vol XII. Jeannerod, M (ed.). Erlbaum, Hilldale, NJ,
pp. 677-713.

Johansson, R. S. (1996a) Sensory control of dexterous manipulation in humans. In: Hand and
bruain: the neurophysiology and psychology of hand movements. Wing, A. M.,
Haggard, P., Flanagan, J. R (eds.). Academic Press, San Diego, pp. 381-414.

Johansson, R. 5. (1996b) Sensory and memory information in the control of dexterous
manipulation. In: Neural Bases of Motor Behaviour. Lacquaniti, F.. Viviani, P (cds.).
Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 205-260.

Johnson, K. O. {(1974) Reconstruction of population response to a vibratory stimulus in
quickly adapting mechanoreceptive afferent fiber population innervating glabrous skin
of the monkey. J Neurophysiol. 37. 48-72.

Johnson, K. O., Hsiao, S. 8. (1992) Neural mechanisms of tactual form and texturc
perception. Annu Rev Neurosci. 15, 227-250.

Jones, L. A., Hunter, I. W. (1992) Changes in pinch force with bidirectional load forces. J.
Mot Behav. 24. 157-164.

Kawato, M. (1999) Intcrnal models for motor control and trajectory planning. Curr. Opin.
Neurobiol. 9. T18-727.

Khalsa, P. S., Fricdman, R. M., Srinivasan, M. A_, Lamotte, R. H. (1998) Encoding of shape
and orientation of objects indented into the monkey fingerpad by populations of
slowly and rapidly adapting mechanoreceptors. J Neurophysiol. 79. 3238-3251

75



Kinoshita, H., Kawai, S., Tkuta, K. (1995) Contributions and coordination of individual
fingers in multiple finger prehension. Ergonomics. 38. 1212-1230.

Kinoshita, H., Kawai, S., Ikuta, K., Teraoka, T. (1996) Individual finger forces acting on a
grasped object duning shaking actions. Ergonomics. 39. 243-256.

Knibestol, M. (1970) Single unit analysis of mechanoreceptor activity from the human
glabrous skin. Acta Physiol. Scand. 80. 178-195.

Knibestol, M. (1973) Stimulus-response functions of rapidly adapting mechanoreceptors in
the human glabrous skin area. J Physiol (London). 232. 427-452.

Knibestol, M. (1975) Stimulus-response functions of slowly adapting mechanoreceptors in the
human glabrous skin area. J. Physiol. (Lond.). 245. 63-80.

Lacquantti, F. (1992) Automatic control of limb movement and posture. Curr. Opin.
Neurobiol. 2. 807-814.

LaMotte, R. H., Srinivasan, M. A. (1987) Tactile discrimination of shape: Responses of
slowly adapting mechanoreceptive afferents to a sicp stroked across the monkey
fingerpad. J. Neurosci. 7. 1655-1671.

LaMotte, R. H., Srinivasan, M. A. (1996) Neural encoding of shape: responses of cutaneous
mechanoreceptors to a wavy surface stroked across the monkey fingerpad. J
Neurophysiol. 76 (6). 3787-3797.

Lashley, K. S. (1930) Basic neural mechanisms in behaviour. Psychol. Rev, 37. 1-24.

Macefield, V. G., Higer-Ross, C., Johansson, R. S. (1996) Control of grip force during
restraint of an object held between finger and thumb: responses of cutaneous atferents
from the digits. Exp. Brain Res. 108. 155-171.

Macefield, V. G., Johansson, R. S. (1996) Control of grip force during restraint ol an object
held between finger and thumb: responses of muscle and joint afferents from the
digits. Exp. Brain Res. 108. 172-184.

Macpherson, J. M. (1991) How flexible are muscle synergies? In: Motor Control: Concepts
and Issues. Dahlem Konferenzen. Humphrey, D. R., Freund, H. -J (eds.). John Wiley
& Sons Ltd, Chichester, pp. 33-47.

Maier, M. A., Hepp-Reymond., M. C. (1995) EMG Activation Patterns During Force
Production in Precision Grip .2. Muscular Synergies in the Spatial and Temporal
Domain. Exp. Brain Res. 103. 123-136.

Massion, I. (1994) Postural Control-System. Curr Opin Neurobiol. 4. 877-887.

Maurer, J. ., Singer, M. A, Schieber, M. H. (1995) Fiber-Type Composition of Morphologic
Regions in the Macaque Multitendoned Finger Muscles. Acta Anat. (Basel). 154, 216-
223.

Merfeld, D. M., Young, L. R., Oman, C. M., Shelhamer, M. J. (1993) A Multidimensional
model of the effect of gravity on the spatial orientation of the monkey. J. Vestib. Res.
3. 141-161.

Miall, R. C., Wolpert, D. M. (1996) Forward models for physiological motor control. Neural
Networks. 9. 1265-1279.

Moberg, E. (1962) Criticism and study of methods for examining sensibility in the hand.
Neurology. 12. 8-19.

Moore, D. F (1972) The friction and lubrication of elastomers. Pcrgamon, New York.

Mott, F. W, Shemmington, C. S. (1895) Experiments upon the influence of sensory nerves
upon movement and nutrition of the limbs. Preliminary communication. R. Soc.
London. Ser. B Proc. 57. 481-488.

Nakazawa, N, Tkeura, R., nooka, H. (2000) Characteristics of human fingertips in the
shearing direction. Biol Cybern. 82. 207-214.

Neter, J., Wasserman, W., Kutner, M. H (1989) Applied linear regression models, 2nd
edition. Trwin, Boston, MA.

Paulignan, Y., Dufossé, M., Hlugon, M., Massion, J. (1989) Acquisition of co-ordination
between posture and movement in a bimanual task. Exp Brain Res. 77. 337-318.

76



Pawluk, D. T., Howe, R. D. (1999a) Dynamic lumped element response of the human
fingerpad. J Biomech Eng. 121. 178-183.

Pawluk, D. T., Howe, R. D. (1999b) Dynamic contact of the human fingerpad against a flat
surface. J Biomech Eng. 121. 605-611.

Phillips, J. R., Johansson, R. S., Johnson, K. O. (1990) Represcntation of braille characters in
human nerve fibres. Exp. Bruin Res. 81. 589-592.

Phillips, J. R., Johansson, R. 8., Johnson, K. O. (1992) Responscs of human
mechanoreceptive afferents lo embossed dot arrays scanned across fingerpad skin. J.
Neurosci. 12. 827-839.

Phillips, J. R., Johnson, K. O. (1981) Tactile spatial resolution. IIl. A continuum mechanics
model of skin predicting mechanoreceptor responses to bars, edges, and gratings. J
Neurophysiol. 46. 1204-1225.

Pubols Jr, B. H. (1982a) Factors affecting cutaneous mechanoreceptor response. I. Constant-
force versus constant-displacement stimulation. J Neurophysiol. 47 (3). 515-526.

Pubols Jr, B. H. (1982b) Factors affecting cutaneous mechanoreceptor response. 1f. Changes
in mechanical properties of skin with repeated stimulation. J Neurophysiol. 47 (3).
530-542.

Radwin, R. G., Oh, S., Jensen, T. R., Webster, J. G. (1992) External [inger forces in
submaximal five-finger static pinch prehension. Ergonomics. 35 (3). 275-288.
Rossignol, S., Lund, J. P., Drew, T. (1988) The role of sensory inputs in regulating pattcrns
of rhythmical movements in higher vertebrates. In: Newural control of rhythmic
movements. Cohen, A. H., Rossignol, S., Grillner, S (eds.). John Wiley and Sons, Inc.,

New York, pp. 201-283.

Schieber, M. H. (1995) Muscular production of individuated finger movements - the roles of
extrinsic finger muscles. J. Neurosci. 15. 284-297.

Serina, E. R., Mockensturm, E., Mote Jr, C. D., Rempel, D. (1998) A structural model of the
forced compression of the fingertip pulp. J Biomech. 31. 639-646.

Serina, E. R., Mote Jr, C. D., Rempel, D. (1997) Force response of the fingertip pulp to
repeated compression--effects of loading rate, loading angle and anthropometry. J
Biomech. 30. 1035-1040.

Siegel, S., Castellan, N. J (1988) Nonparametric statistics for the behavioral sciences
(Second Edition). McGraw-Hill, New York.

Smith, A. M., Cadoret, G., St Amour, D. (1997) Scopolamine increases prehensile force
during object manipulation by reducing palmar sweating and decrcasing skin friction.
Exp Brain Res. 114 (3). 578-583.

Smith, A. M., Scott. S. H. (1996) Subjective scaling of smooth surface friction. J
Neurophysiol. 75 (5). 1957-1962.

Sperry, R. W.(1950) Neural basis of the spontaneous optokinetic response produced by visual
inversion. J. Comp. Physiol. Psychol. 43. 482-489.

Sporns, O., Edelman, G. M. (1993) Seolving Bernstein's problem: a proposal for the
development of coordinated movement by selection. Child Dev. 664. 960-969,

Srinivasan, M. A., Dandekar, K. (1996} An investigation of the mechanics of tactile sense
using two-dimensional models of the primate fingertip. J Biomech Eng. 118 (1). 48-
5.

Srinivasan, M. A., LaMotte, R. H. (1987) Tactile discrimination of shape: responses of
slowly and rapidly adapting mechanorceeptive afferents to a step indented into the
monkey fingerpad. J Neurosci. 7 (6). 1682-1697.

Srtimivasan, M. A., LaMotte, R. H. (1995) Tactual discrimination of softness. J Neurophyvsiol.
73 (1). 88-101.

Srinivasan, M. A, Whitehouse. J. M.. LaMotte. R. H. (1990} Tactile detection of ship: surtace
microgeometry und peripheral neural codes. J Neurophysiol. 63 (6). 13231332,

77



Talbot, W. H., Darian-Smith, ., Kornhuber, H. H., Mountcastle, V. B. (1968) The sense of
flutter-vibration: comparison of the human capacity with response patterns of
mechanoreccptive afferents from the monkey hand. J Neurophysiol. 31. 301-334.

Trulsson, M., Johansson, R. S. (1996) Forces applied by the incisors and roles of periodontal
afferents during food-holding and -biting tasks. Exp Brain Res. 107 (3). 486-496.

Turvey, M. T., Shaw, R. E., Mace, W. (1978) Issues in the theory of action. Degrees of
freedom, coordinative structures and coalitions. In: Attention and performance VII.
Requin, J., Hillsdale, N. J (eds.). Erlbaum, London, pp. 557-595.

Vallbo, A. B., Johansson, R. 8. (1984) Properties of cutaneous mechanoreceptors in the
human hand related to touch sensation. Hum. Neurobiol. 3. 3-14.

Vallbo, A. B., Hagbarth, K. -E. (1968) Activity from skin mechanoreceptors recorded
petcutaneously in awake human subjects. Exp Neurol (New York). 21. 270-289.
Vega-Bermudez, F., Johnson, K. O. (1999) Surround suppression in the responses of primate
SA1 and RA mechanoreceptive allerents mapped with a probe array. J. Neurophysiol.

81.2711-2719.

Westling, G., Johansson, R. S. (1984) Factors influencing the force control during precision
grip. Exp. Brain Res. 53. 277-284.

Westling, G., Johansson, R. S. (1987) Responses in glabrous skin mechanoreceptors during
precision grip in humans. Exp. Brain Res. 66. 128-140.

Wheat, H. E., Goodwin, A. W., Browning, A. S. (1995) Tactile resolution: peripheral neural
mechanisms underlying the human capacity to determine positions of objects
contacting the fingerpad. J Neurosci. 15 (8). 5582-5595.

Wolpert, D. M. (1997) Computational approaches to motor control. Trends Cogn Sci. 1. 209—
216.

Zar, J. H (1996) Biostatistical anulyses. Prentice-Hall, New Jersey.

78



