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Abstract
During dexterous manipulation with the fingertips, forces are applied to objects’
surfaces. To achieve grasp stability, these forces must be appropriate given the
properties of the objects and the skin of the fingertips, and the nature of the task. It
has been demonstrated that tactile sensors in the fingertips provide crucial
information about both object properties and mechanical events critical for the
control of fingertip forces, while in certain tasks vision may also contribute to
predictions of required fingertip actions. This thesis focuses on two specific aspects
of the sensory control of manipulation: (i) how individual fingers are controlled for
grasp stability when people restrain objects subjected to unpredictable forces
tangential to the grasped surfaces, and (ii) how tactile sensors in the fingertips encode
direction of fingertip forces and shape of surfaces contacted by the fingertips.
When restraining objects with two fingers, subjects adjust the fingertip forces to the
local friction at each digit-object interface for grasp stability. This is accomplished
primarily by partitioning the tangential force between the digits in a way that reflects
the local friction whereas the normal forces at the involved digits are scaled by the
average friction and the total load. The neural control mechanisms in this task rely on
tactile information pertaining to both the friction at each digit-object interface and the
development of tangential load. Moreover, these mechanisms controlled the force
application at individual digits while at the same time integrating sensory inputs from
all digits involved in the task.
Microneurographical recordings in awake humans shows that most SA-I, SA-II and
FA-I sensors in the distal phalanx are excited when forces similar to those observed
during actual manipulation are applied to the fingertip. Moreover, the direction of the
fingertip force influences the impulse rates in most afferents and their responses are
broadly tuned to a preferred direction. The preferred direction varies among the
afferents and, accordingly, ensembles of afferents can encode the direction of
fingertip forces. The local curvature of the object in contact with the fingertip also
influenced the impulse rates in most afferents, providing a curvature contrast signals
within the afferent populations. Marked interactions were observed in the afferents’
responses to object curvature and force direction. Similar findings were obtained for
the onset latency in individual afferents. Accordingly, for ensembles of afferents, the
order by which individual afferents initially discharge to fingertip events effectively
represents parameters of fingertip stimulation. This neural code probably represents
the fastest possible code for transmission of parameters of fingertip stimuli to the
CNS.
Keywords: cutaneous sensibility; tactile afferents; fingertip force; grasp stability;
human hand; manipulation; object shape; precision grip; sensorimotor control;
coding.
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Tactile sensory control of dexterous manipulation
in humans
Ingvars Birznieks
Department of Integrative Medical Biology,
Physiology Section, Umeå University

INTRODUCTION AND BACKGROUND
The human hand is an evolutionary masterpiece. Its high versatility depends on its
anatomical structure but, in particular, on the sophisticated neural machinery that
controls it. The hand is a powerful tool through which the human brain interacts
with the world. We use our hands to explore the physical world within our reach
and to act on the world through manipulation of environmental objects. To control
both the exploratory and manipulatory functions of the hand, the brain must obtain
accurate descriptions of various mechanical events that take place when objects are
brought into contact with the hand. The tactile sensibility of the fingers, based on
cutaneous mechanoreceptors, plays a crucial role in providing such information.
Most studies of signals in the tactile afferents from the glabrous skin of the hand
have addressed issues related to use of the hand in exploratory tasks, whereas
relatively little is known about the tactile encoding of the various mechanical
fingertip events that occur during dexterous manipulatory tasks. Indeed, to
understand the nature of tactile signals in manipulation and to appreciate how the
brain uses tactile information in the control of manipulation, it is necessary to study
the behavior of the hand in natural tasks and to investigate the tactile sensory
signals under conditions representative for natural manipulations.
Grasp stability in manipulation
Dexterous manipulation of objects requires that we apply fingertip forces to the
objects of interest. Most goal directed manipulation tasks involve application of
fingertip forces with components both normal and tangential to the objects’
surfaces. Tangential forces, also termed load forces, are often essential for
overcoming various forces that counteract the intended movement of the object,
e.g., gravity and inertial forces. However, the tangential forces also tend to
destabilize the grasp and unless met by adequate frictional forces they will cause
slips and perhaps loss of the object. The grip forces required to prevent slips should
increase linearly with the tangential force with a slope that depends on the friction
9

Ingvars Birznieks
of the grasp (Westling & Johansson 1984). Accordingly, to create frictional forces
necessary to stabilize the grasp, subjects apply automatically forces normal to the
grasped surface in proportion to the load force and scaled by the friction
(Johansson & Westling 1984a). These forces, termed normal forces or grip forces
in the present account, are thus large enough to mach the destabilizing tangential
forces. However, at the same time, excessive normal forces that would cause
unnecessary fatigue or crush fragile objects are avoided. Hence, the control of
grasp stability entails both the prevention of accidental slips and the prevention of
excessive fingertip forces. To maintain grasp stability, the normal:tangential force
ratio must exceed a critical value, called the slip ratio, which corresponds to the
inverse coefficient of friction between the object and the hand. Thus, to prevent
slip and possible loss of the grasped objects the normal:tangential force ratios have
to exceed the slip ratio. Accordingly, measure of the safety margin against slips is
defined as the difference between the normal:tangential force ratio applied by a
subject and the corresponding slip ratio (Johansson & Westling 1984a).
Besides destabilizing linear tangential forces, many manipulatory tasks require
application of torques tangential to the grasp surfaces. Tangential torques typically
develop when we tilt or otherwise rotate grasped objects whose center of mass does
not lie on the grip axis, e.g., the axis between the centers of the grip surfaces of the
tips of the thumb and a finger during a precision grip. These destabilizing torques
tend to rotate the object around the grip axis and may thus cause rotational slips.
The grip forces required to prevent rotational slips approximately increase linearly
with the torque load with a slope that depends on the friction of the grasp
(Kinoshita et al. 1997). Furthermore, the minimum grip forces required to prevent
slip depend strongly on the curvatures of the grasped surfaces (Goodwin et al.
1998).
The tangential loads in most manipulatory tasks – i.e., the linear tangential forces
and the tangential torques – are predictable because they originate from our own
actions. This occurs when we interact with passive objects, i.e., mechanically
predictable objects with a certain mass and mass distributions, and with stable
viscous and elastic properties. This applies when we, for example, lift, transport
and tilt a pack of milk or cornflakes. However in everyday life, we may also
interact with ‘active abject’, i.e., objects that are subjected to unpredictable
external forces. This occurs when we, for example restrain a lively kid by holding
her hand when taking a walk. Accordingly, most manipulatory tasks can be divided
in two principal classes: tasks in which the forces applied to objects are controlled
fully by the subject's own actions and tasks in which objects are subjected to
unpredictable external forces on which the subject has to react on to control the
object. In both types of tasks, one important neural control goal is to ensure grasp
stability, i.e., to avoid accidental slips. However, depending on whether object is
‘active’ or ‘passive’, the control of grasp stability is achieved by partly different
mechanisms.
10
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Sensorimotor control during manipulations with 'passive’ predictable objects
With manipulation of passive predictable objects, subjects use information about
the goal and context to select and activate neural action programs that issue
feedforward, distributed and time-varying coordinated muscle commands. These
‘procedural memories’, akin to “central pattern generators” studies in various types
of self-paced movements, are gradually learned during the ontogenetic
development (for review see Forssberg 1999) and they impose a range of clever
coordinative constraints on the motor commands. One of those constraints involves
basic routines for control of grasp stability in the face of the self-generated
destabilizing
loads
tangential
to
the
objects’
surfaces.
To stabilize the grasp, humans automatically generate forces
normal to the grasped surfaces (grip forces) that increase and decrease in phase
with changes in these self-generated load forces. Thus, the coordination of normal
and tangential forces for grasp stability does not depend primarily on moment-tomoment feedback originating from the mechanoreceptors of the hand. In fact,
closed-loop feedback adjustment of grip forces based on load force information
provided by digital afferents results in market delayed changes in grip forces
because of the large time delays of the sensorimotor feedback loop (cf. Rack 1981;
Jenner & Stephens 1982; Hogan et al. 1987; Johansson et al. 1992b).
The coordination of normal and tangential forces for grasp stability was originally
demonstrated in tasks when humans use a precision grip to lift objects with vertical
parallel grasp surfaces against gravity (Johansson & Westling 1984a; Westling &
Johansson 1984) (see Fig. 3A). It has later been demonstrated that this coupling of
normal and tangential forces is expressed during various types of manipulations.
For example, the grip forces are purposefully modulated to change in phase with
fluctuations in the tangential load that arise due to the inertia when grasped objects
are accelerated and decelerated by the arm (Flanagan & Wing 1993; Kinoshita et
al. 1993). Likewise, the normal force vary on phase with the torques that develop
tangential to the grasp surfaces when we rotate objects which center of mass is
located off the grip axis (Goodwin et al. 1998; Wing & Lederman 1998; Johansson
et al. 1999). This type of force coordination has been demonstrated in a variety of
grasp configurations (Johansson & Westling 1988b; Flanagan & Tresilian 1994;
Burstedt et al. 1997, 1999), and also in various bimanual tasks (e.g., Johansson &
Westling 1988b; Blakemore et al. 1998).
The coordination between normal force and tangential load in manipulation clearly
expresses a predictive control policy in which the CNS anticipates the
consequences of the self-generated load forces in terms of grip forces required for
maintaining grasp stability (Johansson & Westling 1984a, 1988b; Flanagan &
Wing 1997; Blakemore et al. 1998; Kawato 1999). The predictive control of the
grip forces for gasp stability is not innate but is gradually learnt during ontogeny;
the mature pattern of force coordination is not completed until the age of about 8
years (Forssberg et al. 1991, 1995).
11
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Successful behavior, however, requires that the motor output is tuned to various
local environmental factors, including the physical properties of objects involved in
the tasks. Both vision and tactile sensibility are used for this tuning. Thus, to
control for grasp stability and for application of correct action forces to obtain the
manipulative goal, subjects tune the fingertip forces and torques to the
requirements imposed by the objects’ shape, surface friction, weight and
distribution of mass (Johansson & Westling 1984a; Westling & Johansson 1984;
Jenmalm & Johansson 1997; Goodwin et al. 1998; Johansson & Westling 1988a;
Johansson et al. 1999). Primarily, the force output is adjusted parametrically based
on ‘internal models’ pertaining to the relevant physical properties of the objects,
i.e., implicit memories from previous manipulatory experiences. Humans use visual
cues to identify common objects for recalling adequate models and to obtain
geometrical information about objects (size, shape etc.) for estimation of fingertip
forces required before objects are contacted (Gordon et al. 1993; Jenmalm &
Johansson 1997; Flanagan & Beltzner 2000; Jenmalm et al. 2000). The term
anticipatory parameter control (APC) has been used to denote these processes
(Johansson & Cole 1992; Johansson 1996a). Thus anticipatory parameter control
refers to the use of visual and somatosensory inputs for object identification, in
conjunction with internal models, to tailor fingertip forces for the properties of the
object manipulated prior to the execution of the motor commands. Various types of
internal models that retain representation of both the motor system and
environment has indeed been proposed in motor control, and represents the
mechanisms by which we are able to predict purposeful motor commands (Miall &
Wolpert 1996; Blakemore et al. 1998; Kawato 1999; Flanagan et al. 2001;
Dingwell et al. 2002; Gribble & Scott 2002).
In manipulation, the formation and selection of relevant models and their swift
updating with changes in object properties depend, largely on tactile signals from
the fingertips (Johansson & Westling 1987; Westling & Johansson 1987) according
to a control policy termed ‘discrete event sensory driven control’ (DESC)
(Johansson & Cole 1992; Johansson 1996b). At the heart of this control policy is
the comparison of actual somatosensory inflow with an internal representation of
the predicted afferent input (cf. Westling et al. 1976; Miall et al. 1993; Nelson
1996). This internal signal is generated by the active sensori-motor program in
conjunction with the efferent signals to the muscles. Disturbances in task
execution, due to erroneous parameter specification of the sensorimotor program
with reference to the current object, are reflected by a mismatch between predicted
and actual sensory input: discrete sensory events may occur when not expected, or
alternatively, they may not occur when expected. Detection of such a mismatch
triggers pre-programmed patterns of corrective responses along with an update of
the relevant internal model and thus a change in parameter specification. This
updating typically takes place on a single trial basis.
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Sensorimotor control during restraint of 'active’ objects
When manipulation requires that we restrain an active object subjected to
unpredictable load forces, somatosensory signals that reflect load changes will
critically contribute to the control of grip force and grasp stability. This implies
that grip force changes in response to truly unpredictable load perturbations are
controlled reactively and thus delayed. The time delays arise from impulse
utilization time and thresholds of the receptors, conduction time in peripheral
nerves, conduction and processing time in the central nervous system, efferent
conduction times and the inherent sluggishness of muscles. In humans, these
factors sum to at least 60 ms for the onset of a force response and to at least 100 ms
for the generation of a significant force response. However, also in reactive
restraint tasks the brain makes both long and short-term predictions pertaining to
object’s behavior, which is essential mechanism to compensate for reaction time
delays (Johansson et al. 1992b; Cole & Johansson 1993).
To restrain objects subjected to a ramp increase in the load force tangential to the
grasp surfaces, subjects employ fast sensorimotor transformations to react on the
load perturbation in a manner that predict the development of the load (Johansson
et al. 1992b, c; Cole & Johansson 1993; Häger-Ross et al. 1996). The response
typically consists of two main components: a brisk normal force increase called
‘catch-up response’, followed by a normal force increase that runs in parallel with
the increasing load force called the ‘tracking response’ (Fig. 1). Importantly, such
reactive grasp behavior proceeds without specific instructions to respond in any
particular manner. The catch-up response is executed as centrally preprogrammed
motor command with similar shape and duration; only its amplitude is adjusted by
sensory input (Fig. 1B–C). This type of control, termed ’pulse height control’, may
simplify a rapid scaling of the force output and has been described for the other
types of isometric motor tasks (see Gordon & Ghez 1987). The scaling of the
subjects' responses to the load ramp depends on the rate of the load force increase
(Fig. 1B–C; Johansson et al. 1992b), the friction between the digit and the grasp
surface (Fig. 1D) and to some degree the grip force level present at the start of the
load increase (Cole & Johansson 1993). Importantly, the catch-up response is not
targeted to the final grip force level, but rather serves to reestablish the safety
margin during the load increase and to compensate for the reaction time delay.
With fast tangential force increase (e.g., 32N/s) the response latencies may be as
short as some 60 ms while they are longer with slower rates and exceed 100 ms if
the rate is 2N/s (Johansson et al. 1992b).
Although the advantage of anticipatory control strategies is limited when neither
the magnitude nor the temporal aspects of a destabilizing force is fully predictable,
subjects definitely make use of memory information for predictive control. First,
subjects anticipate perturbations by employing larger normal forces than required
for the moment to be able to sustain load force increase during the latent period
before the catch-up response reestablishes the desired safety margin
13
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Figure 1. Control of fingertip forces during restraint of an "active object". A. The subject used the tips
of thumb and index finger of the right hand to restrain a manipulandum that had two parallel grip
surfaces. The arrow indicates the direction of the distal pull force. B. Grip force (normal force)
responses to a ramp increase of the distal load (tangential to the fingertips) applied at three different
force rates (2, 4, and 8 N/s) to a constant force amplitude (2 N). Horizontal bars indicate the period of the
catch-up responses (Adapted from Johansson et al. 1992b). C. Grip force rate profiles in B normalized
in amplitude and horizontally aligned to the peak rate. Note the similar catch-up response profiles and
the brief and lengthy tracking responses at 4 and 2 N/s loading, respectively. D. Scaling of the grip force
response by the frictional condition; c- catch-up response, t- tracking response. The black portions of
the bars imposed on the normal:tangential force ratio signals indicate the force ratio at which the finger
slipped; the stippled portions represent the safety margin during the plateau phase of the load (Adapted
from Cole & Johansson 1993). B and D. Vertical broken line indicates onset of the loading.

(Johansson et al. 1992b; Cole & Johansson 1993). The responses latencies depend
on rate of tangential force increase (Fig. 1B). Second, the employed sensorimotor
transformation appears also to exploit short-term predictions about the load force
trajectory. That is, the sensory information acquired during the grip response latent
period is used to predict the future course of tangential force development in a
feed-forward manner during the duration of the catch-up response and also during
the tracking response (Johansson et al. 1992b; Cole & Johansson 1993).
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Furthermore, the direction of the load force, referenced to gravity and to the hand’s
geometry, represents intrinsic task variables of the sensorimotor processes that
maintain a stable grasp when objects are subjected to unpredictable loads (HägerRoss et al. 1996). Regardless of the orientation of the hand, the response latencies
are shortest for loads in directions which is most ‘dangerous’ in terms of losing the
object, i.e., away from the palm and in the direction of gravity,. This dependence of
response latency on load direction reflects different central processing times and
the preparation of a default response in order to respond rapidly to loads in more
‘dangerous’ load directions. Thus, during the latent period before the grip force
response is initiated, the brain obtains afferent information from the digits
pertaining to the direction of tangential force. This puts high demands on the speed
with which the direction of the fingertip forces is encoded by fingertip sensors and
decoded and used by the central control mechanisms, since directional dependent
responses can occur already after some 60 ms from the start of a perturbation (see
further below).
Adaptation of fingertip forces to object’s physical properties and the role of
tactile signals from the digits
The following section first gives a brief account on the classification of the lowthreshold cutaneous mechanoreceptors in the glabrous skin of the human hand,
followed by a more detailed account on how signals in tactile afferents relate to,
and are used, in dexterous manipulation.
Types of tactile sensors
In the human glabrous skin, four different types of mechanoreceptors are activated
by non-noxious mechanical stimuli. These are supplied by large myelinated axons
that travel in the median or ulnar nerve and have conduction velocities ranging
from about 20-80 m/s (Johansson & Vallbo 1983; Mackel 1988).
Microneurography recordings in peripheral nerves in man have provided insights
into their basic response characteristics to mechanical stimuli and their receptive
field properties (Knibestöl 1970; Knibestöl 1973, 1975; Johansson 1978;
Johansson & Vallbo 1979a-b). Two types adapt slowly to a sustained indentation
of the skin and are termed slowly adapting type I (SA-I) and slowly adapting type
II afferents (SA-II), and two classes adapt rapidly and are termed fast-adapting type
I (FA-I) and fast-adapting type II afferents (FA-II). As illustrated in Fig. 2, the
type-I afferents possess small and well-defined receptive fields whereas the type II
afferents have larger fields with more obscure borders. Combined morphological
and physiological studies indicate that four functional classes of tactile afferents
innervate Merkel-cell-neurite complexes (SA-I afferents), Ruffini end-organs (SAII afferents), Meissner corpuscles (FA-I afferents) and Pacinian corpuscles (FA-II
afferents) (for review see Iggo 1974; Darian-Smith 1984; Vallbo & Johansson
1984). The most common type of afferent in the glabrous skin of the human hand is
15
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Figure 2. Four types of mechanoreceptive afferents innervating the glabrous skin of the human hand
and some of their distinguishing properties. The graphs in the middle schematically show the impulse
discharge (lower traces) to perpendicular ramp indentations of the skin (upper traces) for each type of
afferent type. Two types show fast adaptation (FA) to maintained skin deformation, i.e., they only
respond to skin deformation changes. The other two types adapt slowly (SA), i.e., in addition to being
dynamically sensitive (in particular the SA-Is) they respond to maintained fingertip deformation.
Defined by weak point indentations, the type I afferents (FA-I and SA-I) have small and well-defined
cutaneous receptive fields (typically 10 sq mm; each dot in the right drawings of the hand represents the
receptive field if a single afferent). This together with their high densities in the skin of the fingers,
especially in the tips of the fingers makes them suitable to encode detailed spatial information. In
contrast, the FA-II and SA-II units have lower and more uniform densities and are responsive to more
remote stimuli; the FA-IIs are responsive to transient mechanical stimulation (ca 50 - 500 Hz
vibrations), whereas the SA-IIs are sensitive to lateral stretching of the skin (the receptive fields of one
FA-II and one SA-II afferent defined by such stimuli is schematically indicated). The relative frequency
of occurrence in the glabrous skin and the probable morphological correlate are indicated for each unit
type (Adapted from Johansson & Westling 1990).

the FA-I type (43% of the tactile sensors), followed by the SA-I (25%), the SA-II
(19%) and the FA-II (13%) types (Johansson & Vallbo 1979a). All together, there
are approximately 17,000 mechanoreceptors in the glabrous skin of each hand. The
type II afferents are uniformly distributed from the wrist to the tips of the fingers,
except regions close to the nails, which are densely innervated by SA-II afferents.
The type-I afferents show pronounced distribution gradient and are most frequent
on the tips of the fingers. The receptive field density at the fingertips of SA-I and
FA-I afferents is 70 and 140 cm-2, respectively, corresponding to an average centerto-center distance of 1.3 and 0.9 mm, respectively.
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For comparison, in the glabrous skin of monkeys there are only three types of
mechanoreceptors: the slowly adapting afferent akin to the SA-II afferents in the
human glabrous skin have been found only in the hairy skin in monkeys.
Adjustment to friction and independent control of fingertip forces
The friction between objects and the fingers may vary widely in everyday
situations (Johansson & Westling 1984b; Cadoret & Smith 1996; Smith et al.
1997); objects have different surface structures, they may be wet, and the sweating
rates of the fingers vary over time. Importantly, people adapt the employed the
normal:tangential force ratio to the prevailing friction such that an adequate safety
margin against slippage is maintained for a wide frictional range, i.e., the more
slippery the object is the higher is the employed grip force at any given load force
(Johansson & Westling 1984a; Westling & Johansson 1984).
By varying the frictional condition independently at individual digits in two-digit
and multi-digit object lifting tasks it has been shown that the normal:tangential
force ratios employed at each of the digits engaged can be independently controlled
(Edin et al. 1992; Burstedt et al. 1999). With equal frictional conditions at two grip
surfaces in precision grip lifting, the fingertip forces are about equal at the two
digits, i.e., similar vertical lifting forces and grip forces are used (Fig. 3A). With
different friction at the two digits, the digit contacting the most slippery surface
exerts less vertical lifting force than the digit in contact with the less slippery
surface (Fig. 3B-C). When gripping an object, a new frictional condition influences
the development of the tangential forces about 0.1s after contact, i.e., well before
the start of the vertical movement (Fig. 3B). Likewise, after about 0.1 s after
contact the rate of increase of the grip force is influenced by the average friction of
the grasped surfaces. Thus, an updating of the force coordination to the changes in
frictional condition took place. As illustrated in Fig. 3C, this ‘new’ coordination is
used already when the forces initially develop in the subsequent trial with the
same object, indicating that the relationship between the two forces is controlled on
the basis of a memory trace (cf. APC). Importantly, the safety margin employed at
a particular digit is largely determined by the frictional conditions encountered by
that digit and barely influenced by the surface condition at the other digit.
In case of insufficient initial adjustments to the frictional condition, slips may
occur when the object has been lifted, primarily at one digit (Fig. 3D). The
tangential force at that digit suddenly decreases while it increased at the other digit.
Such transient redistribution of the tangential force caused by slips is always
followed by a grip force increase triggered by slip event. The net outcome is an
increased safety margin at the slipping digit but a virtually unaffected safety
margin at the other digit (see Fig. 3D). That is, the overall safety margin is restored
preventing further slips. The resultant new force co-ordination following slips is in
each instance maintained throughout the lifting trial and is used as a default

17

Ingvars Birznieks

Figure 3. Adjustments of fingertip forces to the local frictional condition in a lifting task performed with
a precision grip. An instrumented test object E with low center of gravity (CG) was lifted from a support
surface, and held still in the air. A-C. Initial parts of three consecutive lifts. The normal:tangential force
ratio and the corresponding slip ratios are shown for each digit; the safety margin to prevent slips is
indicated by soft shading for the index finger, heavy shading for the thumb. In A both digits contacted
sandpaper (Sp). The load force (lift force) was distributed uniformly between the two digits. B. The
contact surface at the index finger is changed unexpectedly to the more slippery silk. An adjustment to
the new frictional condition occurs early during the loading phase all the trial, i.e., there is a
redistribution of the load force between the digits with a higher force taken up by the digit contacting
sandpaper. C In the subsequent trial, with the same materials at the grasp surfaces, the digit that
previously contacted the sandpaper picked up more load already at the onset of the load force increase
(i.e., anticipatory parameter control). These frictional adjustments resulted in an adequate safety
margin at each digit despite the different frictional conditions. However, due to the uneven load force
distributions in B and D, the test object tilts a bit while held aloft (E). D. For the trial shown in B, later
during the hold phase slip event triggered a secondary adjustment of force distribution. The slip at the
digit contacting silk (Si), resulted in a rapid decrease of the load force at that digit and a concomitant
increase of the load force at the non-slipping digit. About 70 ms later the normal (grip) force increased
such that the ratio at the digit that had slipped increased and the ratio at the non-slipping digit was
restored (adapted from Edin et al. 1992). The inset below shows signals in a FA-I afferents related to
adjustments to the frictional condition obtained with microneurography from lifting trials similar to that
shown D. Note the influence of the surface material on the impulse rate on the initial responses (a), the
burst response to the frictional slip (b) associated with rapid decrease in the load force at that digit and
(c) the response to an increase of the load force corresponding to that occurring at the non-slipping digit
(reconstructed from data obtained in different trials in a study by Johansson and Westling, 1987).
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coordination for subsequent trials with the same object, again indicating that the
force coordination is controlled on the basis of a memory trace (APC). In this
situation, the slippage updated the relevant memory mechanisms.
Edin et al. (1992) suggested that the force distribution amongst the digits represent
the operation of digit-specific lower level neural controller that established a stable
grasp according to a "non-slip strategy". Further evidence that the digits are
controlled by parallel but independent (digit-specific) mechanisms for grasp
stability was provided in experiments where two subjects lifted the same test object
each subject contributing by one finger (Burstedt et al. 1997). Taken together,
these findings indicate that digit-specific controllers that communicate through
sensory inputs reflecting mechanical events at the separate digits could achieve
purposeful distribution of forces amongst digits in manipulation. That is, in certain
situations grasp stability can be achieved without mechanism that explicitly
coordinates the engaged digits.
Afferent responses at initial contact with objects mediate frictional information.
When gripping object, there are initial contact responses present in SA-I and FA-II
afferents, and most distinct in the FA-I afferents (see inset in Fig. 3) (Westling &
Johansson 1987). The CNS apparently utilizes such contact responses to confirm
that adequate contact has been established between the fingertips and an object
before releasing the muscle commands, leading to further manipulation (Johansson
& Westling 1984a).
The initial responses in the FA-I afferents are also considered responsible for the
initial adjustment to a new frictional condition because they are influenced by the
surface material (see inset in Fig. 3) (Johansson & Westling 1987). The estimation
of the friction between the skin and the object most likely depend on afferent
signals related to small localized slip events within the contact area when an object
is initially contacted. Such localized slips are explained by the unequal distribution
of normal and tangential forces over the areas of contact that occur due to the
elastic properties and curvature of the fingertip (Johansson & Westling 1987).
Thus, tactile afferents provide the central nervous system with signals related to the
frictional conditions already at the initial touch.
Afferent responses to slips update force coordination. Slips may occur later in the
trial due an insufficient initial adaptation to friction as discussed above. Responses
to overt slips are evoked in FA-I, FA-II and SA-I afferents (see inset in Fig. 3);
each of the three types thus appears capable to signal the occurrence of such slips.
In contrast, responses originated from small slips localized to only a part of the
skin area in contact with object are only observed in the FA-I and SA-I units
(Johansson & Westling 1987). Such slips also trigger appropriate grip force
adjustments for grasp stability when an object is held in the air.
Importantly, a deprivation of sensory input by anesthesia of the fingers prolongs
the preload phase and precludes the adjustments to frictional change, but does not
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principally alter the parallel coordination in grip and load force (Johansson &
Westling 1984a; Jenmalm & Johansson 1997; Nowak et al. 2001, 2002). This
indicates that, once set, the force co-ordination can be sustained without continuous
tactile afferent input. However, in agreement with the DESC policy, information
from tactile sensors is crucial for parametric updating of the force coordination
when changes in friction take place.
Adjustments to objects’ surface curvatures
During lifting tasks, the curvature of grasped surfaces influences modestly the
minimum grip forces required to prevent frictional slips and, accordingly,
adjustments to the surface curvature on the grip force are modest under linear loads
(Jenmalm et al. 1998). However, the curvature becomes critical in tasks that
involve torques tangential to the grasp surfaces, such as when we tilt objects whose
center of mass does not lie on the grip axis. That is, the curvature markedly affects
the grip force required to prevent rotational slips under tangential torque loads; the
grip force required increases for larger curvatures (Goodwin et al. 1998).
Accordingly, at any given torque load, subject use a higher grip fore with more
curved surfaces in a manner matching the effect of the curvature on the rotation
friction. This parametric scaling of the grip force results in an adequate safety
margin against rotational slips over a wide range of curvatures.
Subjects use vision for feed-forward adjustment of fingertip forces to the shape of
grasp surfaces according to the APC-policy (Jenmalm & Johansson 1997; Jenmalm
et al. 2000). That is, before executing the motor commands, when available, visual
information is used to identify the surface curvature of the target object in terms of
specifying the grip force requirements pertaining to the shape of the object.
However, without vision adjustments to novel objects or changes in object shape
rely on information obtained by somatosensory mechanisms in accordance with the
DESC-policy. As with frictional changes, this information is expressed in the force
output about 0.1 s after the initial contact with object (Jenmalm & Johansson
1997; Jenmalm et al. 2000) and is used to update the force coordination to the
current shape; this new force coordination is used also for the subsequent trial.
Accordingly, without vision and with impaired digital sensibility, the grip force
adaptation to the surface curvature is severely degraded or absent (Jenmalm et al.
2000).
Encoding of objects’ shape by cutaneous mechanoreceptors. The encoding of
objects’ shape by digital tactile afferents has been addressed in a number of studies
mainly performed in monkeys. Already early studies indicated that the SA-I
afferents are highly sensitive to edges of object indenting the skin perpendicular to
the skin surface (Vierck Jr 1979). In humans, however, it was found that also the
majority of the FA-I afferents exhibited a similar edge sensitivity (Johansson et al.
1982). The edge sensitivity of tactile afferents is thought to improve the spatial
analysis of the shape of objects contacted by the hand. Besides edges, a number of
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studies in monkeys have used bars, gratings, Braille like patterns etc. indented in
the skin or scanned across the fingertips resembling exploratory movements to
study various aspects of encoding of object form (e.g., Darian-Smith & Oke 1980;
Darian-Smith et al. 1980; Johnson & Lamb 1981; Goodwin & Morley 1987a, c;
LaMotte & Srinivasan 1987a-b, 1996; Morley & Goodwin 1987; Gardner et al.
1989; Connor et al. 1990). All these studies demonstrated that the spatial response
profiles of the SA-I afferents are very sensitive to fine spatial details of the
stimulus, whereas the sensitivity was reported poor for the FA-I afferents. By cross
species inference, it have thus been claimed that virtually only the SA-I afferents
account for the human ability to resolve spatial detail of objects contacted by the
fingertips (Johnson 2001).
Goodwin et al. (1995) applied spherically shaped surfaces of various curvatures
normal to the monkey finger pad. Again, the spatial profiles of the SA-I afferents
reflected the shape of the stimulus. An increase in contact force scaled these
profiles upward. Responses of the rapidly adapting afferents, akin to the FA-Is in
humans, were small and did not vary systematically with the stimulus parameters,
and most FA-II afferents did not respond at all to the stimuli applied. Similar
results were obtained with a relatively small sample of afferents in humans
(Goodwin et al. 1997). However, the analyses and reconstructions of population
responeses focused on spheres with rather high curvatures (≥ 200 m-1, i.e., spheres
with radii ≥ 5 mm), which were applied at very low contact forces (≤0.25N) (see
also Khalsa et al. 1998; LaMotte et al. 1998; Wheat et al. 1995; Dodson et al.
1998). Importantly, these curvatures are generally sharper that the curvature of
most objects encountered during everyday manipulation in humans and would been
distressing for the subject with the much higher fingertip forces that we typically
apply in manipulation of everyday objects. Accordingly, little is known about
tactile encoding of curvatures of objects under conditions representative for natural
manipulations.
Tactile afferent control of fingertip forces in restraint of 'active objects'
In restraint of objects subjected to unpredictable force perturbations, the reactive
generation of fingertip forces essentially depends on sensory input signaling
parameters of the load forces. Signals from tactile afferents with receptive fields at
the fingertips provide reliable information about load force changes and could
therefore be responsible for both the initiation and the scaling of the grip responses
(Macefield et al. 1996). The FA-I afferents respond during the loading and
unloading phase and they faithfully encode the rate of load force change, while
they are rather insensitive to the subject’s grip force responses; the FA-II afferents
are largely insensitive to this type of changes in normal an tangential forces unless
they are very transient. Slowly adapting afferents (SA-I and SA-II) are sensitive to
both the load and grip forces and to their changes. The discharges of the SA-I
afferents appeared to be relatively more influenced by the subject’s grip force
response than those of the SA-II afferents. During the hold phase, slowly adapting
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afferents exhibit tonic discharges that probably provide information about the
fingertip forces employed during the hold phase; at the level of individual afferents
the tonic discharge is modulated by the grip and load force. In addition,
information about the maintained load may have been indirectly provided by the
FA-I afferents, which by virtue of their silence during the hold phase would have
indicated that changes in tangential forces had not occurred. There are some
indications that the direction of tangential load force influences the firing of most
afferents.
Individual afferents within each class (except for the FA-II afferents) respond to
the ramp load force increases before the onset of the subject’s grip responses.
Nearly half of the FA-I afferents recruited by the load trials respond to the loading
phase early enough to trigger the subject’s grip force response, whereas only about
one fifth of the SA-Is and SA-IIs do so. Thus features of FA-I afferents like early
responses, sensitivity to changes in load force rate and friction (see Johansson &
Westling 1987) place them in an advanced position compare to other afferent types
to convey the essential information required to initiate and scale the reactive grip
force responses to the imposed load perturbations.
In contrast to the tactile afferents, the afferents from the intrinsic and extrinsic hand
muscles do not respond to load increases early enough to allow them to contribute
to the initiation and the initial scaling of the grip responses during normal digital
sensibility (Macefield & Johansson 1996). Furthermore, the discharge rates in joint
afferents are not sensitive to changes in fingertip forces before the onset of
triggered grip force response. With digital anesthesia, muscle and joint afferents are
not able to trigger well-controlled grip force responses (Johansson et al. 1992a). If
present, the grip force responses are weak and markedly delayed compared to
normal sensibility, and the normal pattern of catch-up and tracking responses is
disrupted, as is the scaling of the responses to the load force rates and amplitudes.
Higher grip forces than normal are used prior to the loading as a necessary strategy
to prevent slips during the prolonged latencies of grip force response. Furthermore,
during digital anesthesia much of the automatic character of the control is lost and
an enhanced mental attention is required to complete the restraint task. However,
some reactive force control occur at rather long latencies in the absence of wrist
and arm supports, which allow the imposed loads cause substantial movements of
proximal tissues (Häger-Ross & Johansson 1996). Thus, signals from different
kinds of non-digital mechanoreceptors may be used during impaired digital
sensibility. Presumably those signals originate from muscle and joint receptors
(Macefield & Johansson 1996) and perhaps from tactile receptors from nonanesthetized skin areas sensitive to changes in the tension of the skin at the dorsum
of the hand and wrist (Edin & Abbs 1991; Edin & Johansson 1995).
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Significance of tactile information about direction of fingertip force in
sensorimotor control
Control of the direction of fingertip forces is critical in dexterous manipulations.
Information pertaining to force direction is used (i) to prevent slips between skin
and grasped object by constraining the force vector within the frictional limits, i.e.,
to keep the employed normal:tangential force ratio above the slip ratio (Westling &
Johansson 1984), (ii) to control precise manipulations of small objects like when
buttoning a shirt, and (iii) to maintain the desired orientation of object, in particular
during multi-digit tasks (Flanagan et al. 1999), and (iv) finally to react adequately
on perturbations when restraining grasped object subjected to unpredictable load
forces in various directions as discussed above (Häger-Ross et al. 1996).
Besides dexterous manipulations, tactile afferent input concerning direction of
fingertip force can also be used in stabilization of posture and calibration of our
body dimensions and movements. For example, when hand makes contact with a
surface at the end of a reaching movement, the direction of shear force component
of the fingertip force provides a spatial directional map of finger position relative
to the body (DiZio et al. 1999; Rao & Gordon 2001). That signals from tactile
afferents are sufficient for calibration of reach commands has been strikingly
demonstrated during reaching movements under the influence of Coriolis forces in
congenitally blind and in sighted subjects without visual feedback (DiZio &
Lackner 2000). Likewise, tactile information from the fingertips can profoundly
help stabilize body posture as effectively as vision and vestibular function during
quiet stance (Lackner et al. 1999). The strategy to achieve this is to stabilize the
finger by minimizing the changes in direction and magnitude of fingertip force (see
further Krishnamoorthy et al. 2002).
Although the direction of the fingertip forces vary widely in nearly all natural tasks
that engage the fingertips, little is known about how the force direction is encoded
by digital afferents.
Tactile afferent responses to mechanical transients
The vibration sensitive FA-II (Pacinian) afferents efficiently detect mechanical
transients that occur when making and breaking contact between hand-held object
and other objects. Such mechanical transients regularly occur in natural
manipulation, including tool use. Conservatively estimated, in a dexterous lifting
task about 500 - 1,000 FA-IIs inject a nearly synchronous impulse volley into the
CNS at lift-off and at support contact when the object is replaced (Westling &
Johansson 1987). The other three types of tactile afferents are virtually indifferent
to such transient mechanical events. Certain musculotendinous receptors are known
to respond to mechanical transients as well, but microneurography recordings
indicate that their sensing of mechanical events at the fingertips in manipulation is
very low in comparison to that of cutaneous receptors. Instead, muscle spindles and
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the Golgi tendon organs are primarily concerned with events in the muscle itself
(see also Hulliger et al. 1985; Macefield & Johansson 1996).
When grasping and lifting familiar objects that we can identify either visually or
haptically, the force development is via APC tailored to the weight of the object
before sensory information related to weight becomes available at lift-off
(Johansson & Westling 1988a). As we have all experienced, however, our
predictions of objects’ weight may sometimes be erroneous. In such cases, the
lifting movement may be either jerky or slow. If the object is lighter than
anticipated, the force drive will be too strong when the lift-off takes place.
Although burst responses in FA-II afferents evoked by the unexpectedly early liftoff, trigger an abrupt termination of the force drive, this occurs too late (due to
control loop delays) to avoid an excessively high lift. Conversely, if the object is
heavier than expected, people will initially increase load force to a level that is not
sufficient to produce lift-off and no sensory event will be evoked to confirm liftoff. Importantly, this absence of a sensory event at the expected lift-off now causes
the release of a ‘new’ set of motor commands. These generate a slow discontinuous
force increase, until terminated by a neural event at the true lift-off. Thus,
corroborating the DESC policy, control actions are taken as soon there is a
mismatch between an expected sensory event and the actual sensory input.
Moreover, once an error occurs, the internal model of the object is updated to
capture the new weight for use in subsequent interactions with the object, i.e.,
single trial learning.
Objectives of the present study
The overall goal with the present work was to contribute to the understanding of
the neural sensorimotor mechanisms that endow humans with their extraordinary
ability to manipulate physical objects with their hands. Specifically, two aspects of
the sensorimotor control where studied: (i) how individual fingers are controlled
for grasp stability during reactive restrain tasks relying on tactile sensory input, and
(ii) how tactile afferents from the fingertips encode parameters relevant for
virtually all dexterous manipulations, i.e., the direction of fingertip forces and the
shape of surfaces contacted by the fingertips.
The first two studies (Paper I and II) investigate how the local friction at each
digit-object interface influences the partitioning of normal and tangential forces
between two fingers engaged in restraining objects subjected to unpredictable
forces tangential to the contact surfaces. Previous studies that have addressed
control of individual digits in manipulation were based on a opposition grips in
which the normal forces always were similar at the two digits engaged (Edin et al.
1992; Burstedt et al. 1997). Moreover, a digit-specific adaptation of force ratios
have only been demonstrated in self-paced manipulation of predictive objects and
it was not known whether such adaptations also occur when the fingertip forces are
controlled reactively. To address those issues, an apparatus was designed that
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allowed subjects to distribute freely the fingertip forces applied to a manipulandum
subjected to tangential loads at unpredictable times. The design offered the
possibility to investigate the sensory driven reactive responses at each finger
separately. Furthermore, by using contact surfaces with different frictions in
relation to the fingertips, it was possible to assess to which degree the fingers are
independently controlled for grasp stability and to which degree tactile sensory
information from both fingers is integrated in the control of individual fingers.
The overall goal of Papers III-V was to learn about the tactile encoding of the
direction of fingertip forces and the curvature of surfaces contacted by the
fingertips at forces representative for human manipulations. Most previous studies
concerning tactile sensibility and, in particular the encoding of curvature,
employed stimuli more pertinent to tactile exploratory tasks than to manipulatory
tasks. The contact forces used in these studies are thus a magnitude of order lower
than those typical for everyday manipulations. Studies directly concerned with
manipulation have primarily addressed responses in human tactile afferents in
relation to discrete motor control events and did not study in any detail the capacity
of the afferents to encode fingertip forces and force direction (Johansson &
Westling 1987; Westling & Johansson 1987). Although, there are observations in
lifting as well in restrain tasks indicating that tactile afferents are influenced by the
direction of fingertip force (Westling & Johansson 1987; Macefield et al. 1996), how
the direction of contact force is encoded in populations of tactile afferents is not
understood. Furthermore, there are no data available on possible interactions
between the curvature of the contact surface and direction of fingertip force on the
afferent responses.
To reconstruct realistically afferent population response as seen by the brain, we
applied stimuli to a standard site at the fingertip while recording signals in a
representative sample of afferents innervating the entire phalanx. That is, by those
means the effects of the stimuli were investigated not only for afferents terminating
on the relatively flat part of the fingertip as in most previous studies, but for
afferents over the whole volar surface of the terminal phalanx; a large proportion of
primary afferents terminate on the curved part of the fingertip (sides and end of the
phalanx).
Virtually all previous experimental and theoretical studies concerning neural codes
by which tactile afferent information is conveyed to the central nervous system
assume that the individual neurons transmit information as a rate code, e.g., mean
firing rate during fixed epochs, mean interspike intervals and interspike variability,
and peak firing rates. Indeed, the analyses in Papers III and IV are based on one of
these traditional measures of neural information. However, rate coding models
requires that the neuron fires with several spikes, at least two, whereas the central
processing of afferent population in manipulation seems managed when most
afferents recruited have had time to fire only one spike. Paper V therefore address
the hypothesis that information can be efficiently transmitted by the order in which
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the neurons in tactile afferent populations initially fire in response to mechanical
events, which would represent the fastest source of tactile information possible.
Specific aims
•

To determine if human subjects adapt the balance between the normal and
tangential force (normal:tangential force ratio) at individual digit-object
interfaces based on tactile information pertaining to the local friction in
conditions where the finger forces are reactively controlled (Paper I and II).

•

To analyze coordination strategies within and between two fingers in situations
when the grip configuration allow the individual digits to apply different
normal forces (Paper I and II).

•

To use unpredictable frictional changes at individual fingers to identify sensory
and possible predictive (memory) mechanisms involved in the adjustments of
fingertip forces to the prevailing local frictional conditions (Paper II).

•

To assess how the tactile afferents that innervate the terminal phalanges encode
direction of forces applied to the human fingertip at force magnitudes and time
courses representative for everyday manipulations (Paper III).

•

To assess how these afferents represent the curvature of surfaces applied to
with forces representative for those that occur during natural manipulation, and
to examine possible interactions between effects of force direction and surface
curvature on afferent responses (Paper IV). Identification of such interactions
is important for appreciating critical aspects of the neural computations that
must occur in sensorimotor systems in relation to hand function.

•

To analyze whether the timing of the first spikes elicited in ensembles of tactile
afferents in response to changes in fingertip forces can convey information
about force direction and surface curvature (Paper V).
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METHODOLOGICAL ACCOUNT
All experiments (Paper I-V) were performed on healthy adult subjects after they
have given their written informed consent in accordance with the Declaration of
Helsinki. The local ethics committee of Umeå University approved the study. The
present account provides a brief summary of the methodology involved; detailed
descriptions of methods and techniques used in the experiments can be found in the
Methods sections of Paper I–V.
Control of fingertip forces at individual digits in reactive restraint tasks
(Paper I-II)
The subjects were seated in a chair with the upper arms approximately parallel to
the trunk, the supported forearms extended anteriorly and the palms of the hands
facing downwards. In this position, subjects used the tip of two fingers to restrain
an instrumented manipulandum that had two exchangeable grip surfaces located
side by side in the horizontal plane (Fig. 4A): At unpredictable times, these plates
were loaded in the distal direction by a quiet electromagnetic motor. In Paper I, the
manipulandum was subjected to ramp-and-hold load 4 N/s to a plateau at 4 N
whereas in Paper II the load force increased at 16 N/s to 4 N. The forces applied
normally and tangentially to the grip surfaces were measured separately at each
plate along with the position of the plates. A curtain prevented the subjects from
seeing their hands and the manipulandum during the trials.
Two grasp configurations were used: (i) In unimanual test series, the subjects
restrained the manipulandum with the right index finger and the middle finger and
(ii) in bimanual series the subjects used the left and right index fingers (Fig. 4B). In
either configuration, to restrain the manipulandum the subjects were free to adopt
any self-chosen strategy in terms of normal and tangential forces at the two fingers,
but the sum of the tangential forces counterbalanced the imposed load force. At
the end of each trial, the local friction was estimated at each of the contact surfaces.
To vary the friction between the fingertips and the contact plates, each plate could
have one of two surface materials: rayon (more slippery) and sandpaper (less
slippery). In Paper I, in separate test series either both digits contacted sandpaper,
or sandpaper was used at one surface and rayon at the other. The surface condition
was kept constant during each series of successive trials. The subjects could thus
have taken advantage of anticipatory mechanisms in controlling the fingertip
forces. In Paper II, the right index finger always contacted sandpaper while the
surface was changed unpredictably at the co-operating finger between trials. This
limited the use of possible anticipatory control based on the frictional conditions
experienced in previous trials, which the subject could have benefited from in
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Figure 4. Experimental setup. A. Side and top view of the apparatus used in the restraint tasks of Paper
I-II. The straight arrows illustrate the positive direction of the normal and tangential forces recorded at
each grip surface. A torque motor generated the load force (dashed arrows), and the exchangeable
contact plates (black) were attached side-by-side in the horizontal plane, each on a stiff beam connected
to the common rotational axis of the torque motor. The total load force generated at the grip surfaces
was servo regulated based on signals from force transducers representing the sum of the tangential
forces at the contact plates. B. Unimanual and bimanual grasp configurations. C. Force stimulation of
the fingertip (Paper III-V). The stimulus surface was oriented such that the tangential plane at the center
of the surface was parallel to and centered on the relatively flat portion of the fingertip. The surface
contacted the skin with a background force of 0.2 N. Force stimuli were superimposed on this force and
were delivered in the normal direction, and at an angle of 20 to the normal with tangential components
in the radial, distal, ulnar and proximal directions as indicated by the five arrows. D. Temporal profile of
the applied forces and together with the signal recorded from SA-I afferent using microneurography.
The cutaneous termination of this afferent is schematically outlined in C .

Paper I. Thus, in the experiments of Paper II the subjects might have relied more
on sensory input pertaining to prevailing the frictional condition.

Encoding of parameters of fingertip stimuli by tactile afferents
(Paper III-V)
Impulses in nearly 200 single tactile afferents innervating fingertips of digits II-IV
of the right hand were recorded using the technique of microneurography (Vallbo
& Hagbarth 1968). The median nerve was impaled with the tungsten
microelectrode about 10 cm proximal to the elbow joint. The sequentially recorded
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afferents were classified into SA-I, SA-II, FA-I and FA-II afferents according to
their response characteristics as described in the Introduction section. A computercontrolled electromagnetic stimulator with three degrees of freedom was used to
deliver mechanical stimuli at a standardized test-site on the fingertip under force
control (Fig. 4C). This site was located at the center of the relatively flat portion of
the distal end of the fingertips that serves as a primary target for object contact in
goal-directed fine precision grip manipulation of small objects in humans (Christel
et al. 1998).
A flat surface and two spherically curved surfaces (curvatures 0, 100 and 200 m-1;
Fig. 4C) applied forces in one of five directions: normal force, and forces at a 20°
angle from the normal in the radial, distal, ulnar or proximal directions (Fig. 4C).
All force stimuli had a protraction, a plateau and a retraction phase (Fig. 4D). The
normal force at the plateau phase (250 ms duration) was always 4 N and the time
course of the force changes during the protraction and retraction phases (both of
125 ms duration) followed a half-sinusoid of frequency 4 Hz; interval between two
successive stimuli was 250 ms. These force stimuli were chosen to represent
fingertip forces of magnitudes, directions and time courses similar to those
employed by subjects using a precision grip to lift an object weighting 250 - 300 g
(Johansson & Westling, 1984; Westling & Johansson, 1984). Thus, in trials with a
tangential fingertip load, the tangential force (equivalent to the load force in a
lifting task) was 1.4 N at the plateau phase of stimulation and the normal force
(equivalent to the grip force) was 4 N. Furthermore, as in manipulation the normal
and tangential forces changed in parallel with no time delay between the normal
(‘grip’) and the tangential (‘load’) force component.
Comments on data collection and analysis
Force, position and neural signals provided by the laboratory instrumentation were
digitized, stored and partly analyzed using a flexible laboratory computer system
(SC/ZOOM, Section for Physiology, IMB, Umeå University). Further analyses
based on extracted numerical values were made in a customized program for data
and statistical analyses (FYSTAT, Physiology Section, IMB, Umeå University).
Likewise, STATISTICA (Statsoft, Tulsa, OK) was used for statistical analyses.
In Paper III-IV responses in individual afferent were assessed as the number of
action potentials evoked during fixed time periods pertaining to the different
phases of the force stimuli, i.e., the protraction, plateau and retraction phases.
Additional response measurement extracted in Paper V included the response onset
latency measured as the time between the start of the protraction phase an the
appearance of the first action potential impulse at the electrode, the 1st interspike
rate defined as the inverse of the interval between the first and second impulse
during the protraction phase and the peak discharge rate defined as the inverse of
the shortest interval between two nerve impulses registered during the protraction
phase.
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A variety of statistical methods were used in the data analyses. Briefly, relationship
between variables was studied with linear regression and correlation analyses.
Multiple linear regression models were used in Paper I, which included use of
indicator variables (‘dummy variables’)¸ extraction of 'adjusted coefficient of
multiple determination' and 'coefficient of partial determination'. In paper II,
analyses of variance (repeated measures ANOVAs) were used to assess effects of
experimental variables and planned comparisons were used to test specific
hypotheses. χ2 tests were to evaluate categorized variables. Primarily
nonparametric statistics (Siegel & Castellan 1988) were used in Paper III-V to
access influences of stimulus parameters (force direction and surface curvature) on
responses in individual afferents (Kruskal-Wallis one-way analysis of variance by
ranks, Spearman rank correlation test and Mann-Whitney test). Circular statistics
were used for analyses of vector data (Rayleigh test, Angular-Linear and AngularAngular Correlation tests; Batschelet 1981; Zar 1996). In Paper V an errorpropagation method was adopted to estimate errors in estimations of afferent’s
preferred directions derived from different response measures (Bevington &
Robinson 2002).
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RESULTS AND DISCUSSION
The present thesis addresses two main issues: The first one concerns how grasp
stability is ensured at individual digits when two fingertips restrain an object
subjected to load perturbations at unpredictable times. Under these conditions,
tactile information about the load and friction at the digit-object interfaces is
critical for the reactive control of fingertip forces. The second issue concerns how
surface curvatures and force directions typical for everyday manipulations are
encoded in the discharges of tactile afferents terminating in the human fingertips.
Control of fingertip forces at individual digits in restraint tasks
(Paper I and II)
In agreement with findings in previous studies based on a precision grip (Johansson
et al. 1992b, c), when subjects used the tips of two fingers to restrain an
instrumented manipulandum with horizontally oriented flat grip surfaces the load
ramp automatically triggered normal force responses at both fingers. Likewise, the
initial part of triggered responses was executed as fast grip force increase, i.e., a
‘catch-up’ response (cf. Figs. 1B and D). For the long lasting load increases in the
experiments of Paper I, the catch-up response was followed by a grip force
increase that occurred in parallel with the increasing tangential force, i.e., a
‘tracking’ response (cf. Fig. 1D). As such, these normal force responses occurred in
both digits and there were no principal differences whether two fingers belonged to
one or two hands (cf. Fig. 4B). However, with the faster load force ramp used in
Paper II, the duration of the ramp load increase was too short to evoke a 'tracking'
response, but the high load force rate ensured a 'catch-up' response of appreciable
amplitude, which could be investigated in some detail.

Adaptation of fingertip forces to local friction
Paper I and II demonstrate that adjustments of the normal:tangential force ratio to
local friction at individual digits takes place when humans restrain an active object.
That is, the ratio was adjusted largely independently at each digit to keep an
adequate safety margin against slippage. This adjustment involved changes in the
normal forces as well as in the distribution of the tangential force between the two
fingers.
When one finger contacted the surface material with high friction (sandpaper) and
the adjacent finger material with low friction (rayon), the digit contacting the less
slippery sandpaper took up a larger part of the load (Fig. 5); when both digits
contacted sandpaper, subjects typically partitioned the load symmetrically. One
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Figure 5. Slip-induced load redistributions. Recorded (dashed lines) and modeled partitioning (solid
lines) of the load force by slippage in the sandpaper-rayon surface condition. Data from six trials
performed bimanually by one subject. Note the similarity in the recorded and predicted tangential force
trajectories during the load phase and early hold phase. The model predicted periods of frictional sliding
at the digit in contact with rayon as indicated by the shaded boxes. The tangential forces indicated by the
thin line corresponds the forces that would have occurred with symmetrical partitioning of the load, i.e.,
it represents one-half of the load force generated by the force servo (adapted from Paper II).

obvious advantage with this partitioning of the load between the fingers as to
match the local friction is that it keeps down the normal forces required at either
digit for grasp stability; with a symmetric load force distribution substantially
higher normal force would have been required at the finger contacting more
slippery surface. Also the normal forces were influenced by the frictional
condition. However, the changes in normal forces rather reflected changes in the
average friction at the two contact sites than the local friction. That is, when one of
the fingers contacted a more slippery material, the normal forces increased at both
digits; if the ratio adjustments would have been achieved by changes in normal
forces only the digit that contacted the more slippery surface would have increased
its normal force. Detailed analyses of the 'catch-up' responses revealed that already
at the onset of the normal force responses they were scaled by frictional
information from both fingers (see Fig. 6¸ Paper II). Since the motor commands
resulting in the normal force responses were released generally before an
asymmetric load force partitioning took place with different materials at the two
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contact plates, we conclude that the redistribution of load was planned. This
strategy, in which the adjustments of force ratios were achieved primarily by
employing changes in normal forces at both digits and partitioning of the load
between fingers, applied both to the unimanual and to the bimanual grasp
configuration (Fig. 4B). As such, these observations agree with observations made
in previous studies dealing with object lifting tasks during two-digit opposition
grips (Edin et al. 1992; Burstedt et al. 1997) and with more recent findings with
object lifting using multi-digit grips (Burstedt et al. 1999). The present results thus
extend these principles of control of grasp stability to restraint tasks in which the
fingertip forces are reactively controlled by tactile sensory input. Furthermore, in
contrast to the grasps used in those previous studies, the grasp configuration of the
experiments in Paper I and II allowed independent control not only of the
tangential but also the normal forces by each digit. Yet, the subjects scaled the
normal force in parallel in response to frictional changes.
Thus, partitioning of the load force between the digits is a key mechanism for
adjusting the normal:tangential force ratios at individual digits. In the study of
Paper II it was found that subjects can exploit controlled slips at one digit to
accomplish this partitioning, but they can also adjust the stiffness of the digits in
anticipation of the upcoming load.
Load force partitioning mediated by controlled slips
When the digits contacted different surface materials, slippage frequently occurred
during the load force increase at the most slippery surface as indicated by a sudden
redistribution of the tangential force between the digits (Fig. 5). Because of the
slippage, the tangential force immediately decreased at the slipping digit, before it
continued to increase with the increasing load but at a rather slow rate (gray boxes
in Fig. 5). This modest increase in tangential force is explained by frictional sliding
or creep between the digit and the contact surface that occurred in parallel with an
increase in the normal forces. The tangential force at the non-slipping digit thus
increased at a higher rate since the total load increase, controlled by the force
motor, was the same regardless of the partitioning of the load between the fingers.
Such slips and slidings occurred in all test series, but most frequently with the
bimanual grasp where they occurred in nearly every trial with the sandpaper-rayon
combination.
To achieve adjustments on the normal:tangential force ratio at individual digits
using the slip-induced load redistribution, the reactively generated normal forces
has to be finely regulated as to allow slip on one digit while at the same time the
non-slipping digit has to employ the normal force required to meet for grasp
stability the load shifted to that digit by the slippage. First, the parallel scaling of
normal forces at both fingers to the average friction has to be governed by
information about the friction at each of the two digits. Second, a good prediction
of the load development is important to regulate amplitude of the normal force
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response (cf. Fig. 1B, D). What primarily matters is the total load at the two
contact surfaces rather than its distribution across the surfaces. This is illustrated by
the following equations:
The requirement for stable contact at each finger is that
N1≥T1/µ1 and N2≥T2/µ2

(1)

where N, T and µ stands for normal force, tangential force and coefficient of
friction (inverse of slip ratio) at digit "1" and digit "2" respectively. That the load
(L) is the sum of the two tangential forces (L= T1+ T2 ) implies that for stable
contact
L≤ N1*µ1+ N2*µ2
In case of identical normal forces (N1=N2=N),

(2)

L≤ N*(µ1+ µ2)
Rearranging this equation we get that grasp stability requires

(3)

(4)
N≥L/(µ1+µ2)
Thus, if the normal forces are constrained to be similar at the two digits, only
information about the total load force and average friction at the two contact sites is
required to specify the minimum normal force to prevent loss of the object. To
verify further the understanding of the key mechanisms of the partitioning of the
tangential load based on controlled slip and sliding events, a theoretical model was
constructed that successfully simulated the dynamics of the tangential force redistribution that was caused by slippage in the sandpaper-rayon condition (Fig. 5;
for further details see Paper III).
That the total load applied to the digits engaged (and the average friction)
determines the required level of normal forces is interesting because the
distribution of load (and thus tangential forces) may change very rapidly during
manipulation and may be less predictable than the total load. As such, slip induced
redistribution of the load force may be one mechanisms for frictional adaptation
used in a wide range of manipulatory tasks. Indeed, it has been proposed that
during object lifting engaging three digits, this strategy is exploited to supplement
the initial adjustments to frictional differences at the various digits (Burstedt et al.
1999). Slips contributed to adequately redistribute the load forces across digits in
the face of variations in a number of factors that influence the requirements for
inter-digit force coordination and grasp stability, e.g., the positioning of digits on
the object, tilt angle of the object and tangential torques (Burstedt et al. 1999;
Flanagan et al. 1999).
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Figure 6. Normal force responses ('catch-up responses) triggered by a ramp load increase in the
restraint task. Mean rate of the normal force response shown as a function of time for each digit, grasp
and surface condition separately. Each record was constructed from amplitude measurements at 10 ms
intervals obtained from single trials that were synchronized at the moment of normal force response
onset at the particular finger; vertical bars correspond to SEM. Solid and dashed lines represent the
normal force rate at the right index finger and the cooperating finger, respectively. Thick lines represent
data obtained when both fingers contacted sandpaper and thin lines represent data when the cooperating
finger contacted rayon. The insets show the same data after normalization for amplitude (from Paper
II).

Non-slip based load force partitioning
Slip-induced load redistribution is definitely not the only mechanism whereby
subjects can partition the load amongst digits in manipulation. In some restraint
trials (Paper I-II), the rate of load increase was different at the two engaged digits
from the very onset of the load ramp increase thus serving the distribution of load.
That is, based on sensory information about the local frictions obtained in the
current trial, in anticipation of the upcoming load subjects adjusted the stiffness in
the loading direction of each finger to obtain a purposeful partitioning of the load.
As such, this control of fingertip stiffness did not influence the principal way in
which sensory input scaled the normal forces. Furthermore, the slip-induced and
stiffness mediated load partitioning are not mutually exclusive. Partitioning of the
load across fingers by other means than slippage is common during manipulations
that involve repositioning or rotation of passive objects in a hand (see e.g. the
'fiddling' maneuvers in Burstedt et al. 1999) and when hand held object are
oriented in space (see e.g., the pronation/supination task in Johansson et al. 1999).
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Tactile sensory control and prediction of object properties
In terms of sensory control, to scale the grip forces to the friction it is necessary
that the subjects obtain tactile sensory information related to the local frictional
condition at each digit for computation of the average friction. Such information is
obtained primarily from FA-I afferents already when an object is initially contacted
(Johansson & Westling 1984a, 1987; Edin et al. 1992). The use of early frictional
information would explain the scaling of the normal forces already at the onsets of
the reactive responses (see Fig. 6) and would be critical for planning both the slipinduced and the stiffness mediated load redistributions between digits that
developed during the ramp load increase. That the slip-based redistribution of
tangential load was planned is also suggested by the fact that tactile information
about slips (cf. inset in Fig. 3) did not trigger additional normal force increases at
either of the digits, which is in contrast to slips that occurred during, for example,
the hold phases of lifting trials (see Fig. 3D). Apparently, the subjects markedly
suppressed the responsiveness to afferent slip responses in this task to exploit slips
to partition the load force between the digits.
In the present experiments, tactile afferents would also have provided virtually all
information about the tangential load given that the arms on the subjects were
supported up to the palm and that the digits were extended (Häger-Ross &
Johansson 1996). That is, tactile signals triggered the reactive responses and
provided information about the load force rate. However, that the ramp load
increase was the same in all trials makes it likely that the subjects benefited from
prediction of the load rate and also of other aspects of the behavior of the active
object.
In addition to a primary influence by the prevailing friction, the control of fingertip
forces was influenced to some degree by the operation of anticipatory mechanisms
pertaining to the frictional condition. When subjects were exposed to a low-friction
surface in one trial, they used slightly larger normal forces throughout the
subsequent trial, i.e., also during the holding of the object prior to the ramp load
increase. This effect was attributed to a frictional memory, which, as a part an
anticipatory parameter control policy, is employed in the control of fingertip forces
(see APC in Introduction). However, the magnitude of the triggered increase in
normal force was not influenced by the frictional condition in previous trials. Thus,
only the sensory input obtained in the current trial, before the onset of the ramp
load increase, appeared to influence the triggered response. In previous studies the
size of the triggered response in restrain tasks was not influenced by load rate and
amplitude in immediate previous trials (Johansson et al. 1992b, c).
Besides anticipatory effects pertaining to the surface conditions in the current and
the immediate previous trials (see above), we observed anticipatory behaviors that
reflected the long-term properties of the manipulandum. In the experiments of
Paper II, slips and anticipatory differential changes of digital stiffness in the
loading direction could ride on top a significant bias to rely more on the right index
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finger that always contacted the same surface material. 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. 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. In contrast, no
such bias developed in similar bimanual and unimanual experiments when the two
fingers encountered the same overall variations in frictional conditions (Paper I).
This kind of behavior might emerge from a control process that uses previous
experiences to differentially regulate the fractional stiffness in the loading direction
and to distribute the normal forces amongst the digits on the basis of the long-term
asymmetric properties of the manipulandum. Recently, Ohki et al. demonstrated
predictions also pertaining to the development of the load forces at individual
digits in reactive tasks (Ohki & Johansson 1999; Ohki et al. 2002). These
experiments were similar to those in Papers I and II except that each finger
contacted a plate mounted on a separate torque motor, and, at unpredictable times,
both plates were loaded simultaneously with forces tangential to the plates or just
one of the plates was loaded. Thus, the apparatus acted as though the plates were
mechanically linked or as though they were two independent objects. The reactive
responses clearly reflected the predominant behavior of the apparatus, i.e., the
automatic reactive responses reflect predictions at the level of individual digits as
to the mechanical linkage of items contacted by the fingertips in manipulation. As
such, the expression of various anticipatory mechanisms in manipulation according
to task demands is consistent with the notion that the CNS uses internal models of
relevant object and task properties (see Introduction).
Encoding of parameters of fingertip stimuli by human tactile afferents
Papers III-V investigate the encoding by tactile afferents of direction of fingertip
forces and shape of surfaces contacting the fingertips. The choices of parameters of
the force stimuli (amplitude, rate and surface curvature) matched parameters that
occur in common manipulatory tasks. We applied stimuli to a standard test site at
the fingertip which serves as a primary target for object contact in precision grips
and recorded nerve impulses in relatively large number of afferents (n=196)
distributed over the entire distal phalanx to obtain a representative sample of the
afferent population. Importantly, nearly all afferents responded to the stimuli. We
did not analyze FA-II (Pacinian) afferents because our stimuli did not reliably
excite these afferents tuned to sense high frequency mechanical transients.
Encoding of direction of fingertip forces
In Paper III, we studied the capacity of the various types of human tactile afferents
to encode the direction of fingertip forces. Responses in most SA-I, SA-II and FA-I
afferents were broadly tuned to a preferred direction of force. The preferred
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Figure 7. Distributions of preferred directions of three types of tactile afferents that innervate the
human fingertip. Preferred directions estimated from the responses evoked during the protraction
phases of the four stimuli with tangential force components. Arrows (unit vectors) show the preferred
directions of 68 SA-I afferents, 32 SA-II and 50 FA-I, which terminate at various locations on a terminal
phalanx. The origin of the vectors is at the primary site of stimulation. White arrow shows the vector
sum of the directional preferences of the three afferent populations.

directions of individual afferents of each type were distributed in all angular
directions with reference to the stimulation site, but not uniformly (Fig. 7). In
population terms, the preferred directions of the SA-I afferents were biased for
tangential force components oriented towards the distal and ulnar directions, the
SA-IIs towards proximal direction and the FA-Is towards the proximal and radial
directions. The preferred direction of a tactile afferent was little influenced by
previous stimulation history. For slowly adapting afferents (SA-I and SA-II), the
preferred direction was similar for responses to protraction and plateau phases of
force stimulation. However, the preferred direction often differed for responses
evoked during protraction and retraction phases in FA-I afferents; these rapidly
adapting afferents did not respond during the plateau phase. The directional
sensitivity was similar for three types of afferents.
Several factors may contribute to an afferent’s directional behavior. In addition to
the type of nerve ending and its site of termination in the fingertip, the directional
preference appeared to depend on the shape and anisotropic mechanical properties
of the fingertip (cf. Nakazawa et al. 2000). Depending on the geometry and
material properties of the fingertip, stimuli in different directions would produce
different patterns of strain/stress in the fingertip. For directional sensitive afferents,
different amounts and patterns of strain at the receptor structures could thus have
contributed to their directional behavior. However, it is unlikely that this fully
explains the directionality because afferents of the same type with adjacent
receptive field centers (located on the same digit) could show quite different
preferred directions. This strongly suggests that inherent directionality of the
receptors, related to their microanatomy, influenced the directional preferences of
afferents (cf. Knibestöl & Vallbo 1970; Chambers et al. 1972; Goodwin & Morley
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1987b; Edin et al. 1995; Olausson et al. 2000) in addition to the overall
deformational properties of the fingertip.
There are several conceivable mechanisms for extracting directional information
from tactile afferents innervating the fingertip. For example, by monitoring the
balance between the input across the population of SA-I afferents and that across
the SA-II and FA-I afferents the brain could obtain cues concerning tangential
forces in the distal and proximal directions (cf. Fig. 7). Moreover, directional
preferences of individual afferents of specific types could be combined in
population models such as the vector model of direction used by Georgopoulos et
al. (1986) for neurons in the motor cortex and by Trulsson et al. (1992) for
encoding the direction of tooth loads by periodontal mechanoreceptors. Whether
response bias in different force directions of each afferent population could affect
their ability to extract directional information is an open question.
Encoding of object shape
When stimulated in different directions, more than 80% of the responding SA-I,
SA-II and FA-I afferents were influenced by the curvature of the stimulus surface
at least in one direction of stimulation. The size of the curvature effect was similar
for the three types of afferents. Previous investigations in monkeys addressing
encoding of the shape of objects indenting the fingertip have shown a reliable
representation of object curvature only in the responses of slowly adapting (SA-I)
afferents (Goodwin et al. 1995). The discrepancy between the present and previous
studies may be due in part to differences in the temporal and intensity
characteristics of stimuli used, and to the different nature of the fingertips in
humans and monkeys, including differences in the mechanoreceptive innervation.
Furthermore, unlike in most previous studies we focused on a range of curvatures
pertaining to 'gross' geometrical features representative for objects that people
interact with in everyday manipulations.
The curvature could have different effects on afferents’ response intensity (Fig. 8).
First, there were afferents that increased their response intensity with increased
curvature as previously shown for slowly adapting afferents (Goodwin et al. 1995,
1997). The response intensity for these afferents thus correlated positively with the
curvature. Second, for each type, nearly as many afferents showed a negative
correlation between response intensity and curvature, i.e., response intensity
decreased when the convexity of the surface increased (Fig. 8). That the increased
curvature may systematically decrease responses in tactile afferents has not been
previously reported, neither in studies on monkeys nor on humans. One of factors
that may have accounted for the larger number of negatively correlated afferents in
the present work is the distance between the receptive field center and the primary
site of stimulation. In most previous studies this distance have been less than some
4 mm (e.g., Goodwin et al. 1995, 1997) whereas in the present study we analyzed
afferents at distances up to some 20 mm. Another explanation may be related to the
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Figure 8. Curvature effect on responses in three types of tactile afferents that innervate the human
fingertip. SA-I, SA-II and FA-I afferents grouped according to the effect of surface curvature on the
response intensity during the protraction phase of normal force stimulation. Afferents with responses
positively and negatively correlated with surface curvature are shown in the left panels and right panels
for each type of afferents, respectively. Solid circles on the contours of the generic fingertip indicate the
location of the receptive field centers of afferents in each group. The fine dots indicate the receptive
field centers of all SA-I, SA-II and FA-I afferents recorded from. The side view of the generic fingertip
includes afferents located on either side of the finger.

substantially higher forces used in the present study which evoked larger
deformations of the fingertip. Altogether, this fits very well with our observation
that the receptive fields of SA-I and FA-I afferents with positive vs. negative
correlation between response intensity and curvature tended to be spatially
organized over the fingertip; the centers of the receptive fields of afferents that
increased their discharges tended to be closer to the primary site of stimulation than
those of the afferents that decreased their discharges (Fig. 8).
That response intensity increases for some afferents and decreases for others with
an increase in curvature suggest the presence of a curvature contrast signals within
the afferent populations. That is, by monitoring the balance between afferents that
showed positive vs. negative curvature sensitivity the CNS may decode curvature
in the presence of factors that globally influence the responsiveness of afferents,
e.g., variations in stimulus intensity and variation of sensitivity of receptors due to
changes in mechanical properties of the skin (see for example Chambers et al.
1972; Duclaux & Kenshalo 1972; Kissin et al. 1987).
Interactions between effect of curvature and force direction on afferents’ responses
Paper III shows that all three types of afferents investigated are sensitive to the
force direction when stimulated with flat contact surface. This also applies for
curved surfaces (Paper IV). However, for a majority of the SA-I, SA-II and FA-I
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afferents there was a significant interaction between the effects of curvature and the
direction of force on the intensity of the afferent responses. That is, afferents of all
three types modified their sensitivity to curvature with changes in the direction of
force; only some 10% of the SA-I, SA-II and FA-I afferents showed similar
curvature sensitivity in all directions of stimulation. Conversely, for many afferents
the surface curvature could influence the preferred force direction. Changes in
curvature from 0 m-1 (flat) to 200 m-1 (5 mm radius) influenced the preferred
direction by more than 45° for nearly one-half of the SA-I afferents. The
corresponding fraction was 18 and 25 % for the SA-II and FA-I afferents,
respectively. Interactions between curvature and the direction of force occurred
irrespective of the site of termination of the afferents in the fingertip. These
interactions most likely resulted from the mechanical deformational properties of
the fingertip combined with the location and sensitivity properties of the nerve
endings.
How can the brain extract information about curvature and force direction given
the interaction between the direction of force and curvature at the level of
individual afferents? Obviously, single tactile afferents cannot encode these two
parameters but only the firing in ensembles of afferents can. One likely option is
that these interactions are modeled by central neural mechanisms as to derive
information about curvature and direction of fingertip force, respectively, from
population responses. The somatosensory pathways presumably satisfy many
computational requirements for resolving these and other possible interactions
between stimulus parameters critical for hand function by functionally modeling
the mechanics of the fingertips in the tactile sensory domain. As such, a central
concept in motor control is that skilled performance involves neural processes that
enable the brain to learn and predict advantageous sensory consequences of its
actions (Johansson & Westling 1988a; Miall et al. 1993; Blakemore et al. 1998;
Kawato 1999; Flanagan et al. 2001). Such processes are known as forward models
as they capture the forward or causal relationship between actions, as signaled by
corollary discharge, and their sensory consequences (Sperry 1950). Forward
models pertaining to tactile information have indeed been implicated in
manipulation concerning the control policy described as discrete-event, sensor
driven control (see Introduction).
The onset latencies of tactile afferent responses as a possible code for mechanical
fingertip events in manipulation
Paper III and IV show that force direction and surface curvature are encoded in the
mean discharge rates of afferent responses, which is a traditional measure of
neuronal activity. However, this and other rate-coding models generally require
several spikes in a neuron, which makes them rather slow if considering the need to
quickly obtain relevant and specific tactile sensory information for control of
manipulation (see further the Introduction). Therefore, we investigated whether the
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timing of the first spikes elicited in ensembles of tactile afferents in response to
changes in fingertip forces may convey information about force direction and
surface curvature. This code probably would represent the fastest possible way to
obtain useful information from tactile sensors. Moreover, there is evidence that
latencies of the first spikes in an ensemble of neurons may transmit higher
quantities of behaviorally significant sensory information than the neurons’ firing
rates (Meister & Berry 1999; Panzeri et al. 2001; Reich et al. 2001; Thorpe et al.
2001).
Indeed, we found that both stimulation parameters (force direction and surface
curvature) influenced the response onset latencies in the majority of SA-I, SA-II
and FA-I afferents. The fractions of afferents influenced were usually similar or
higher than those obtained with mean discharge rates, 1st interspike rate and peak
discharge rate. Thus, a comparison with various measures of afferent responses
based on firing rates suggested that onset latencies of responses to dynamic
mechanical fingertip events carry about the same amount of information as any rate
code.
For a given change in either stimulation parameter, the size of the latency shift
observed in individual afferents of any given type varied amongst afferents and the
latency either reliably increased or reliably decreased; the variability in latency
with repetition of the same stimulus was remarkably small (~1ms). Hence, rather
than systematically shifting the latencies, changes in the simulation parameters
would influence the order of recruitment of afferents. The dense innervation of the
fingertips (Johansson & Vallbo 1979a), the wide range of the sensitivities of
receptors to mechanical stimuli (Johansson & Vallbo 1979b; Johansson et al.
1980) and the marked functional overlapping of receptive fields (Johansson 1978)
ensure applicability of recruitment order code even at low force levels with point
indentations.
All three types of afferents may contribute to encoding of mechanical fingertip
events by the order of recruitment, but the FA-I afferents show properties that
appeared more suitable for early signaling than SA afferents. The FA-Is responded
earlier and the inter-trial variability was smaller (SD=0.8 versus 1.0 ms
respectively). The FA-I afferents appeared also faster when considering early rate
codes. For example, when 17% of FA-I afferents had fired two spikes, opening
possibility for rate coding, still none of SA afferents had fired a second spike.
However, rate codes in general would not match the speed provided by recruitment
order: on the average, the 1st inter-spike rate representing the fastest rate code was
not defined until some 20-30 ms after an afferent initially fired. This additional
time required for establishing a rate code may make considerable difference in
tactile control of manipulation. Likewise, given that many afferents
often fire only one impulse to a stimulus, the afferents providing true rate codes are
fewer than those that contribute with response onset latencies.
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Figure 9. A simple neuronal circuit sensitive to the order of activation of inputs. The activationsequence-sensitive neuron SSN receives excitatory inputs from each of five input neurons (1-5). In
addition, it receives shunting inhibition from a pool of inhibitory interneurons (I) whose activity
increases every time one of the inputs fires. As a result, only the first input to fire is unaffected by the
shunting inhibition, and the inhibition builds up progressively during the processing of a wave of
spikes. The final activation of the output neuron will be maximal only when the inputs are activated in
the order of their weights (Adapted from Thorpe et al. 2001).

As with rate codes, there may be several possibilities for the CNS to decode
information based on response onset latencies from ensembles of tactile afferents.
One possibility to decode rank order neural information is proposed by Thorpe et
al. (2001) for explaining the fast object categorization in vision. That is, the exact
latency at which a neuron fires is not critical, rather than the order of firing across
an ensemble of neurons. With tactile afferents, such a code could be robust against
factors that globally influence response onset latencies, e.g., temperature changes
of the arm and the overall rate of fingertip deformation. Under the assumption that
force direction is represented as a population vector in an ensemble of higher order
neurons (cf. Georgopoulos et al. 1988; Lewis & Kristan Jr 1998; Wessberg et al.
2000) the model of Thorpe et al. (2001) could be adapted for decoding of force
direction: Each higher order neuron would be tuned to a preferred direction by
receiving weighted excitatory input from a number of afferents with different
directional preferences. In addition, each higher order neuron would receive
forward inhibition from an interneuron whose activity increases each time any of
the afferents fires (Fig. 9). As a result, the activation of the higher order neuron will
be maximal only when the inputs are activated in the order of their weights. The
same principle would be applicable for decoding of stimulus curvature based on
response onset latencies. Of course, this is only one possibility regarding how
recruitment order of afferent might be decoded in the CNS. Furthermore, neurons
sensitive to sequential ordered activation of afferents do exist in somatosensory
cortex (Gardner & Costanzo 1980; Warren et al. 1986).
However, regardless which decoding mechanisms brain actually uses, the results in
Paper V strongly suggest that the response onset latencies at the level of the
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population of primary afferents carry information about the stimulus parameters
that we have investigated, i.e., the shape of the contact surface and the direction of
fingertip force. Furthermore, we believe that other parameters of tactile stimuli of
relevance for control of manual actions also can be coded based on order of
recruitment of members of the populations of tactile afferents.

SUMMARY OF CONCLUSIONS
1. When subject use the tips of two fingers to restrain objects subjected to a
tangential load increases at unpredictable times they adjust the relationship
between the normal force and the tangential force (the normal:tangential force
ratio) at the each digit to the local frictional conditions for grasp stability
(Paper I-II).
2. Partitioning of the load force between the digits is a key mechanism for
adjusting the normal:tangential force ratios at individual digits. Subjects can
exploit planned and controlled slips at one digit to accomplish this partitioning
and they can adjust the stiffness of the digits in anticipation of the upcoming
load (Paper II).
3. The normal forces are controlled at an interdigital level using tactile sensory
input reflecting (1) the local frictional condition at each digit obtained at the
initial contact with the object and (2) the development of the tangential load at
the two digit-object interfaces. Furthermore, both short- and long-term
anticipatory (memory) mechanisms pertaining to the global behavior of the
manipulandum influence the control (Paper II).
4. Most of the SA-I, SA-II and FA-I afferents terminating in the distal phalanx of
fingers are engaged when the fingertips encounter forces similar to those
registered during various manipulative tasks (Paper III-V).
5. The direction of fingertip force influence the firing rates of most SA-I, SA-II
and FA-I afferents, each of which show a preferred direction of fingertip
force. The preferred direction is distributed in all angular directions with
reference to the stimulation site, but not uniformly (Paper III).
6. The curvature of spherically curved objects that contact the fingertip
influences the firing rates in the majority of SA-I, SA-II and FA-I afferents.
For some afferents, response intensity increases and for others it decreases
with an increase in curvature. This suggests the presence of a curvature
contrast signals within the afferent populations (Paper IV).
7. Curvature and force direction commonly show marked interaction effect on
the firing rates of SA-I, SA-II and FA-I afferents, i.e., changing the direction
of force affected an afferent’s sensitivity to curvature and the force directional
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sensitivity of afferents varied with curvature (Paper IV). Thus, to extract
unambiguous information from tactile afferents in manipulation the CNS must
possess mechanisms that disentangle these interactions.
8. In addition to the firing rates also the response onset latencies of most SA-I,
SA-II and FA-I afferents are influenced by the direction of fingertip force and
by the curvature of the stimulus surface. The response onset latencies to
dynamic mechanical fingertip events carry about the same amount of
information as neural codes based on firing rates.
9. For a given change in either direction or curvature, depending on the afferent,
the latency either increases or decreases (Paper V). Thus, for ensembles of
afferents, the order by which individual afferents initially discharge to
fingertip events may effectively represent information about the value of these,
and presumably other, parameters of fingertip stimuli. This code probably
represents the fastest possible code for transmission of parameters of fingertip
stimuli to the CNS.
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