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SUMMARY AND CONCLUSIONS

1. The role of cutaneous mechanoreceptors in the tactile percep-
ton of shape was investigated. Objects whose surfaces were shaped
as a pattern of smooth, altemnating convex and concave cylindrical
surt.«ces of differing radii of curvature were constructed such that
there were no discontinuities in the slope of the surface. These
“wavy surfaces’” were stroked across the fingerpad of the anesthe-
tized monkey and electrophysiological responses of slowly adapt-
ing type I mechanoreceptive afferents (SAs) and rapidly adapting
type I mechanoreceptive afferents (RAs) were recorded.

2. For both SAs and RAs, each convexity indenting the skin
evoked a burst of impulses and each concavity of the same curva-
wre that followed elicited a pause in response. **Spatial event
plots™ (SEPs) of the occurrence of action potentials as a function
of the location of the object on the receptive field were obtained
and .nterpreted as the responses of a spatially distributed population
of fibers. With increasing magnitude of curvature (equivalently,
decreasing radius of curvature) of convexity, the mean width of
the burst in the SEPs for cach fiber type (representing the width
of a region of skin containing active fibers) decreased and the
mean discharge rate during the buest increased. Over a range of
velocitics of stroking from [ to 40 mm/s, the number of RAs
activated increased with velocity, whereas SAs were active at all
velocitics. For both SAs and RAs, the burst rates increased with
" velocity, whereas the widths of the bursts and pauses remained

approximately invariant. Thus the spatial measures of burst or
pau .« width provide a robust representation of the size of a feature
on the object surface.

3. For a given velocity of stroking, the spatially distributed
pattern of averaged discharge rates (spatial rate profile, SRP) pro-
vided a representation of the shape of the wavy surface. The dis-
tance between neighboring peaks in the SRP for individual RAs
and SAs was approximately the same as the distance between the
peaks of the wavy surface. The averaged SRP for a population of
SAs provided a better representation of shape than that for RAs.
Whereas active regions in the SEP can be isomorphic to the two
dim-nsional form of the stimulus **footprint’* in contact with the
skir. surface, the SRP, which in addition encodes the features of
the stimulus in the third dimension normal to the skin surface, is
not isomorphic to the stimulus shape.

_ 4. When the sizes as well as the shapes of objects are varied,
Itis hypothesized that a central processing mechanism extracts the
Invariant property of shape from the slopes of the rising and falling
Phases of an SRP that has been normalized for overall differences
In discharge rates. These differences would be expected to occur
with variations in the parameters of stimulation such as compres-
Sional force, stroke trajectory, and stroke velocity. It was shown
that a common feature of the mean SRP for SAs evoked by each
waiy surface convexity, regardless of its radius, was the constancy
of the slope from the base to the peak and from the peak to the
!Jase. Thus a possible code for the constant curvature of a cylinder
Is the constancy of the slopes along the rising and declining phases
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of the triangular-shaped spatial response profile evoked in the SA
population by the cylindrical convexity.

INTRODUCTION

Tactile information about the shape of an object is pro-
vided through the activation of cutaneous mechanoreceptors.
We will consider, for present purposes, the information ob-
tained when touching an object with a single fingerpad,
which contains the highest density of mechanoreceptors in
the hand and has the highest spatial resolution (Darian-Smith
and Kenins 1980; Johansson and Vallbo 1979; Johnson and
Phillips 1981). Because the skin is pliable relative to a rigid
object, it can conform to portions of the shape of an object
that are of the appropriate height, area, and spacing and
thereby receive a profile of indentation that is directly related
to the contacting shape. The width of the region of contact
is on the order of =1 cm for the human. The spatially distrib-
uted pattern of stresses and strains that activate the receptors
located bencath the surface of the skin is a function not only
of the shape of the object but also of the conditions of
application of the object such as the contact force vector,
velocity, and direction of translation and, finally, the me-
chénical filtering properties of skin. The resultant pattern
of impulses gencrated in the active primary afferent fiber
population contains, then, a wealth of information about the
contact with the object from which the part that is directly
related to shape must be extracted by a central processing
mechanism.

The definition of an object's shape that is probably the
most relevant to the corresponding neural representation is
the distribution of curvatures on its surface (Srinivasan and
LaMotte 1991). From differential geometry, it can be shown
that the local curvature at each point on an object’s surface,
expressed as a function of distance along the surface,
uniquely defines the object’s shape (Gauss 1827). The local
curvature is the reciprocal of the radius of a circle that can
be fitted at a point on a given cross-sectional surface profile
of the object. This definition is relevant to the neural encod-
ing of shape for two reasons. First, unlike descriptions of
shape that depend on an external system of coordinates, a
distribution of curvatures is an intrinsic property of the object
that remains the same for different translations and rotations
of the object. Second, cutaneous mechanoreceptors are par-
ticularly sensitive to the edges (Johansson et al. 1982; Phil-
lips and Johnson 1981; Vierck 1979) or, more generally
speaking, regions of high curvature (LaMotte and Srinivasan
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1987a; Srinivasan and LaMotte 1987). The spatial distribu-
tion of pressures exerted by an object against the skin is
such that regions of maximum pressure occur where the
changes in curvature and/or depths of indentation are high.
For example, when a cylindrical bar indents the skin, mod-
eled as a linear elastic half space, the maximum pressure
varies inversely with the square root of the radius. Conse-
quently, higher curvatures of the cylinder produce higher
stresses and strains at receptor sites beneath the object even
when the net contact force is the same (Srinivasan and La-
Motte 1991).

Relatively small shapes, such as those with sizes of one
or two contact regions on the fingerpad, can be discriminated
solely on the basis of tactile cues alone (e.g., Goodwin et
al. 1991: LaMotte and Srinivasan 1987a). That is, kines-
thetic cues that might be available as the finger is stroked
over a curved surface (e.g., Gordon and Morison 1982)
are not required. Furthermore, when spherical shapes are
passively indented into the fingerpad, humans are able to
scale the perceived magnitude of curvature and the force of
indentation independently (Goodwin and Wheat 1992). It
is likely that the peripheral neural events contributing to the
judgments of the curvature of objects pressed against but
not stroked across the skin are provided primarily by he
responses of slowly adapting (type I, Merkel cell) mechano-
receptive peripheral nerve fibers (SAs) and not by rapidly
adapting Meissner corpuscle fibers (RAs) or pacinian cor-
puscle fibers (Srinivasan and LaMotte 1987). For example,
SAs and not RAs respond to differences in the curvature of
single cylindrical bars (LaMotte and Srinivasan 1993) and
spheres (Goodwin et al. 1995) indented vertically into the
monkey fingerpad.

In earlier studies, we also found that humans were able
to discriminate, with the use of cutaneous cues alone, small
differences in half-sinusoid step shapes that varied in wave-
length from gradual to steep (LaMotte and Srinivasan
1987a,b; Srinivasan and LaMotte 1987). Each shape had a
contour that changed smoothly from a flat surface on the
low side of the step through a concave and then convex
cylindrical curvature followed in turn by another flat surface
on the high side. The shape was either statically pressed
against or stroked across the fingerpad under maintained
compressional force. Peripheral nerve fiber recordings in
monkey were obtained with the use of these stimuli. It was
found that the discharge rates of SAs were directly related
to both the rate and magnitude of change in skin curvature,
The discharge rates of RAs were modulated primarily by
the rate of change in skin curvature but not the magnitude,
It was concluded that for either stroking or vertical indenta-
tion, the spatial profile of responses in the SA population
provided the best information on which the perceptual recog-
nition of the shape as a sinusoidal step would be based.
However, the smallest differences in curvature or step shape
were best discriminated on the basis of differences in dis-
charge rates of RAs during stroking and of SAs during verti-
cal indentation.

The surfaces of most objects that typically come in contact
with the fingerpad consist of multiple convexities and con-
cavities of differing curvature and separation (wavelength),
The purpose of the present study was to investigate the pe-
ripheral neural representation of such shapes. Specifically,
the stimulus objects had a wavy surface with a smooth pat-
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FiG. ). Geometric procedure underlying the construction of the wayy
surface. Convexities and concavities were ares of circles. Each are was
fully defined by its radius of curvature and an angle of 20° subtended at
the center (see METHODS). Bottom surface of the patiern was in contact
with the fingerpad.

tern of alternating convex and concave cylindrical surfaces
of differing curvature. Portions of the results obtained huve
been summarized previously (LaMotte et al. [993, 1994;
Srintvasan and LaMotte 1991).

METHODS
Construction of curvature pattenis

Two types of corrugated surfaces were used, cach having a
smooth pattern of allernating convex and concave cylindrical
shapes designed so as to have a continuously changing surface
slope. The convexities and concavities were ares of cireles, cach
arc fully defined by its radius of curvature and an angle of 20°
subtended at its center. The dimensions were chosen such that each
convexity and concavity was entirely in contact with the monkey
finger during the experiments. Most experiments were carried out
with the use of an aperiodic curvature pattern that had a succession
of cylindrical curvatures (and radii) of 8 (1/8), 5.33 (3/16), 4
(1/4), 2.67 (3/8), 2 (1/2), 1.33 (3/4). 1 (1), and 0.67 (1.5)
in.”* (Fig. 1). The corresponding curvatures (in m™') are 315, 210,
157, 105, 79, 52, 39, and 26. The second curvature pattern, used
in only a few experiments, was periodic insofar as there were four
cylindrical shapes for each curvature of 16, 8, and 5.33 in.”" and
one cylinder of 4 in.™' (corresponding values in m™* are 630, 315,
210, and 157). The aperiodic pattern was cut from aluminum, by
means of a computer-controlled numerical milling machine, with
a tolerance of 0.001 in. The periodic pattern was milled on the
same machine from Plexiglas. The patterns used in the experiments
were transparent epoxy replicas cast from rubber molds of the
original specimens. Because each specimen was too long to be
stroked in its entirety across the skin, each was divided into two
parts. The pattern on the second part slightly overlapped that of
the first. The responses of a mechanoreceptive fiber to each pattern
could then be pieced together as though the entire pattern had
been presented with a single stroke. None of the patterns had any
perceptible fine surface texture.
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Method of applying objects to the skin

The hand of the monkey was oriented with the palm up and
maintained stationary by means of a screw glued to the fingernail
and plasticine molded to the back of the hand. Once the fingerpad
was oriented so that the center of the fiber’s receptive field was
facing upward toward the object, the screw was sunk into the
plasticine and the plasticine was molded around the finger and the
rest of the hand, but not along the sides of the fingerpad. This
allnwed the fingerpad to deform sideways in a natural way as
the curvature pattern was stroked across the skin. The finger was
typically angled upward by ~25° with respect to the horizontal
plane.

In most of the experiments, the curvature pattern was applied
by means of a stimulator with hydraulic actuators that were servo-
controlled to provide precise control over position (2-10 ym) and
velocity (*0.01 mm/s) in the vertical and horizontal axes, and
over compressional force in the vertical axis (£3 to *5 g wt)
(LaMotte et al. 1982). The patterned surface was pressed against
the fingerpad to achieve a desired force of 20 g wt. This force
was then maintained (by small servo-controlled movements in the
ve:rical axis) as the pattern was stroked across the finger at a
velocity of 1, 5, 10, 20, or 40 mmV/s. In most experiments a velocity
of 10 mm/s was used. The stroking occurred in .the horizontal
plane and at right angles to the long axis of the finger.

In experiments with three fibers, the aperiodic curvature pattern
was applied to the skin in the manner described except that another
tactile stimulator was used that provided servo-control over com-
pressional force at higher precision (less than *0.5 g) by means
of a high-speed torque motor (Cambridge Technology ). The torque
motor was mounted on a two-axis translation device ( Anorad) that
provided servo-control over position and velocity in the horizontal
pl: e (LaMotte et al. 1993). No qualitative differences in results
were obtained with the use of these two tactile stimulators.

Electrophysiological recordings

Evoked discharges in single mechanoreceptive peripheral nerve
fibers were recorded extracellulacly from small bundles of (ibers
microdissected from the upper median or ulnar nereve in the anes-
thetized monkey (LaMotte and Srinivasan 1987a). A total of 14
experiments wis carried out in seven juvenile Macacad fuscicularis
meakeys. Recordings were obtained from 14 fibers. Seven were
SA~ and seven others were RAs classified as previously described
(LaMotte and Srinivasan 1987a). Only fibers with receptive fields
centrally located on the distal pads of the second, third, or fourth
fingers were inctuded in the study. The time of occurrence of each
action potential, obtained from a voltage discriminator receiving
input from a preamplifier, was recorded by means of an IBM PC
computer and Lab Master (Axon Instruments). A general-purpose
data collection computer program displayed the occurrence of each
action potential and other digital events in real time on a video
monitor, along with analog displays of compressional force and
displacements of the curvature pattern along the vertical and hori-
zontal axes.

Video recording

Von Frey-type monofilaments were used to map the border of
the receptive fields under X20 magnification with the use of a
video camera mounted on a dissecting microscope. The finger was
oriented so that the most sensitive spot (skin surface location hav-
ing the lowest response threshold under monofilament stimulation)
would lie directly beneath the curvature pattern. The ridges of the
finger and a series of two to three roughly concentric receptive
field maps (1 for each monofilament) were drawn on an acetate
sheet mounted over the video screen showing the magnified view

~ of the fingerpad. Several reference marks were drawn on the skin
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to aid in determining the location of the receptive field when strok-
ing the pattern of curvatures across the skin. The horizontal location
of the center of each convexity was marked with a thin line on the
planar back side of the curvature pattern. The region of contact
between the transparent stimulus pattern and the skin was video
recorded. A video mixer added to the video recording the cumula-
tive number of action potentials, compressional force, and elapsed
time since the beginning of each trial, which included one stroke
of the object across the skin.

When the video recording was played back in slow motion,
the drawing of the receptive field (including papillary ridges and
reference marks drawn on the skin) was aligned on the video screen
with the video recorded image so that one could obtain the time
elapsed from the beginning of a horizontal stroke for each reference
mark on the curvature pattern to reach the most sensitive spot in
the receptive field. This atlowed us to take into account the lateral
stretching of skin in aligning the temporal pattern of nerve impulses
with the pattern of curvatures on the object. Because the velocity
of stroking was known, the temporal occurrence of each action
potential in response to the same object stroked in the two opposite
directions could be plotted as a spatial location of the receptive
field on the object.

Stimulus parameters

The two parts of the curvature pattern (see above) were each
stroked back and forth over the fingerpad. At the beginning of a
trial, the tactile stimulator moved the curvature pattern horizontally
in the air above and at a right angle to the finger. The object was
then brought vertically down onto the finger such that a region
adjacent to the beginning of the first curvature indented the skin
until the desired compressional force of 20 g was achieved. This
force was then maintained as the object was stroked in the **for-
ward"” direction across the skin from one end of the pattern to the
other end along a lincar path oriented perpendicular to the long
axis of the finger. The velocity of stroking was 1, 5, 10, 20, or 40
mm/s, The object was then withdrawn from the skin, thus ending
the trial. The object remained in the same horizontal position until
the next trial began | s later, at which time the object was indented
into the skin and stroked at the same velocity in the **backward "
direction (opposite to the forward ), again maintaining a compres-
sional force of 20 g. Typically, 12 strokes were delivered in cach
direction at cach velocity, except for the velocity of 1 mn's, at
which only one stroke forward and one stroke backward were
given.

RESULTS

General features of the respouses of SAs and RAs to the
curvature patterns

Responses to the aperiodic pattern stroked repeatedly in
the same forward direction at 10 mm/s are shown for a
typical SA in Fig. 2. The responsiveness of RAs to the same
stimulus was more varied, as illustrated for two fibers in
Fig. 3. A schematic of the wavy surface shows the eight
raised portions (convexities) and the seven valleys in be-
tween (concavities). In these figures, at the start of a stroke,
the monkey fingerpad was in contact with the flat portion
on the left and the pattern was moved leftward, beginning
stimulation with the lowest (broadest) curvature and ending
with the highest. The overlapping traces in Fig. 2, top, show,
respectively, the changes in the vertical position of the object
and the compressional force of the object against the skin
during each of 12 strokes. The ability of the tactile stimulator
to maintain the force at the desired value of 20 g was better
for higher than for lower curvatures. In experiments with
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FIG.2. Pattern of nerve impulses evoked
in a slowly adapting mechanoreceptive fiber
(SA) to the aperiodic pattern of curvatures
stroked across the fingerpad. Temporal se-
quence of responses obtained in response to
each stroke is plotted as a spatial profile (see
text). Sequence of curvatures started with the
lowest curvature, on the left side of the wavy

surface, and ended with the highest, on the
right. Vertical lines beneath the schematic of
the aperiodic curvature pattern: location of the
peak of each curvature. Vertical position of
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some fibers the force control was considerably better than
that shown in the figure, whereas in other experiments con-
trol was a little poorer, particularly for the lower curvatures.
These minor differences in force control were sometimes
responsible for changing the magnitude of response (total
number of impulses) but not the overall pattern of response.

None of the fibers were spontaneously active, i.c., there
was no ongoing discharge in the absence of a stimulus object.
SAs and certain RAs responded with a burst of impulses
when each convex portion of the wavy surface moved over
the most sensitive spot in the receptive field. The nerve
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FIG. 3. Responses of 2 rapidly adapting mechanoreceptive fibers (RAs)
to the aperiodic curvature pattern. Same format as Fig. 2. Discharge rate
is given in imp/s (Ips). ’

impulse rasters in Figs. 2-4 were each collected as a tempo-
ral sequence but are plotted as spatial event plots {(SEPs)
(Johnson and Hsaio 1992; Johnson and Lamb 1981). The
object was stroked beginning with the flat surface next to
the first broad convexity on the left and ending with the flat
surface at the extreme right. Viewed as a temporal sequence,
the origin of time for each stroke would be at the left, and
the time scale is obtained by dividing the distance by the
stroke velocity. There are two ways of viewing each pattern
of impulses as a spatial sequence. First, one could imagine
that the object was stationary and the skin of the fingerpad
was moving over it at a velocity equal to the stroke velocity.
Each vertical tick mark would represent the horizontal loca-
tion of the center of the receptive field on the object’s surface
when a nerve impulse occurred as the fingerpad moved from
left to right beneath the object. The second view, which is
the one we will adopt, is to consider the impulse rasters as
representing a snapshot of the instantaneous response of a
hypothetical population of spatially distributed, continuous
sheet of receptors with identical biomechanical and neural
response properties. If the surface of the skin were consider-
ably wider than the length of the wavy surface, then, at any
instant of time during a stroke of the wavy surface, all the
convexities would be in contact with the skin, and the nerve
impulse tic marks could be viewed as the locations of the
active receptors at that time. The widths of the bursts and
pauses in response to convexities and concavities then repre-
sent regions of active and inactive receptor activity, respec-
tively, with the discharge rate at each location representing
the instantaneous frequency of discharge of the receptor at
that location. However, in the present experiments, the skin
of the fingerpad contacts the wavy surface at only one or 2
few of the convexities. Thus the variation of the population
response over time is given by moving a window of width
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F1G. 4. Responses of an SA fiber to a periodic
pattern of curvatures stroked across the fingerpad.
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equal to the skin contact width from left to right (Figs. 2-
4) with a velocity equal to the stroke velocity.

The spatial response profile (SRP), consisting of the dis-
charge rate (averaged over all the strokes) plotted against
the distance along the length of the wavy surface (e.g., histo-
grams in Figs. 2, 3, and 6), was obtained for each fiber for
strokes at 10 mm/s in the forward direction. The response
ra 2s of SAs and RAs were not isomorphically related to
shape: the SRP consisted of triangulur discharge rate profiles,
one for each convexity. Also, each triangular profile was
shifted toward the leading half of the convexity. The dis-
charge rate correlated with the changes in the curvature of
the skin produced by cach shape. As a convexity moved
over a fiber's receptive field, there was first a positively
increasing change in curvature that evoked an increase in
discharge rate. The discharge rate then decreased to zero as
the curvature rate decreased to zero or became negative at
th » start of the Jollowing concavity. The peak discharge rate
and the spatial gradient of the discharge rate evoked by each
convexity increased as a function of increasing curvature.
In the few cases where only one or two spikes were evoked
by each convexity (e.g., Fig. 3, bottom), a precise capacity
to encode the wavelength of the curvature pattern, by the
sequence of interspike intervals, was still evident.

The pattern of discharge associated with each convexity
was determined by that shape alone and not by the temporal
pattern of preceding shapes. This is illustrated in Fig. 4 by
tl ¢ identical responses of an SA to each of four presentations
of the same shape in the periodic pattern. The same resuit
held for responses of another SA and an RA.

The major geometric features of these shapes were repre-
sented in the spatially distributed pattern of discharges, i.e.,
the shape of the discharge rate histogram evoked by each
burst, the overall rate of discharge during the burst, and the
widths of the burst and the pause between successive bursts.
To measure the rates and widths of the responses to each
shape, a vertical line was drawn on the SEP from top to
bottom at the beginning and end of each burst of impulses.
The location of each line was chosen, by eye, to include all
of the impulses, grouped beneath a convexity, on =80% of
the strokes. (If any impulses were excluded, they were

clearly outliers and typically no more than 1 or 2). The
“‘burst width'* was defined as the distance (in mm) between
the two lines drawn beneath a convexity and the discharge
rate (*‘burst rate’”) was the number of impulses occurring
between the lines divided by the duration of the burst. The
mean burst rate corresponding to a given convexity was the
average of the burst rates evoked on all the strokes (usually
[2) delivered in the same direction. Measurements of burst
width and rate’ were not made in the case where a single
spike was evoked in response to a shape on most of the
strokes (e.g., the RA response shown in Fig. 3, bottom).
Repeated-measures analyses of variance were used to test the
statistical significance of the main effects of, and interactions
between, curvature, stroke velocity, stroke direction, and fi-
ber type (SA vs. RA) on burst rate, burst width, and pause
width,

Burst rate

The mean burst rate was modulated by changes in curva-
ture for both SAs and RAs. The mean burst rate evoked by
each convexity in the aperiodic pattern, stroked at 10 mm/
s, was averaged for SAs and RAs separately for strokes in
the forward and backward directions (Fig. 5). SAs and RAs
exhibited the same increase of approximately threefold in
burst rate over the range of curvatures tested. There was a
significant effect of curvature on discharge rate for both SAs
and RAs (P < 0.001) but no significant overall differences
due to fiber type or the direction of stroking (P > 0.1).

The burst rate was not only modulated by changes in
curvature but also by changes in stroke velocity (Fig. 6).
Only forward strokes were delivered in this experiment. The
burst rates of SAs and RAs each increased significantly with
stroke velocity (P < 0.006) over the range of 1-40 mm/s.
The increase was greater for higher than for lower curva-
tures. In contrast, both the impulse count per burst and the
impulse count per millimeter decreased with stroke velocity.
There was no overall difference in the burst rates between
SAs and RAs (P > 0.5). Most RAs did not respond to the
pattern at the slowest velocities of | and 5 mm/s (for which
data are not plotted in the figure), whereas all did respond
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FiG. 5. Effect of convex curvature on the mean discharge rates (*‘burst
rates””) of SAs and RAs. Aperiodic pattern was stroked forward and back-
ward ( and — — —, respectively) at 10 mm/s. Each data point is
the mean * SE of the mean rate for 12 strokes obtained from each fiber
(7 SAs and 7 RAs).

to stroke velocities of =10 mm/s. One RA responded to
strokes at 10 mm/s with only one or two impulses per con-
vexity (Fig. 3, bottom}. Another responded with one or two
impulses to the higher curvatures and failed to respond to
the lower ones. In some experiments, we measured the
threshold for the RA response to different velocities of verti-
cal indentation with a cylindrical bar. Those RAs responding
poorly to lateral stroke velocities of =10 mm/s had higher
velocity thresholds to vertical indentation. Thus only SAs
provided information about curvature when the object was
stroked very slowly over the skin.

Widths of bursts and pauses

The mean widths of bursts (Fig. 7) and pauses (Fig. 8)
evoked in SAs and in RAs by each curvature in the aperiodic
pattern were obtained for strokes in each direction. There
was a significant nonlinear decrease in the mean burst widths
of SAs and of RAs with increasing curvature for either direc-
tion of stroking (P < 0.001). There were no significant
differences between the burst widths of the two fiber types
or the two directions of stroking (P > 0.08). The same held
true for the widths of pauses between bursts. The pause
widths decreased significantly with increasing curvature for
both directions of stroking for each fiber type (P < 0.001).
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FIG. 6. Effect of stroke velocity on the burst rates evoked by convexities
of different curvature. Each data point is the mean burst rate obtained from
the mean responses to 12 strokes in the same (forward) direction in each
of 3 fibers.
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FIG. 7. Effect of convex curvature on the widths of the bursts evoked
in SAs and RAs. Solid and dashed lines: forward and backward strokes,
respectively. Stroke velocity: 10 mm/s. Each data point is the mean width
of response over 12 strokes for 7 SAs and 7 RAs.

No significant differences were found between the pause
widths of RAs and SAs (P > 0.1).

Both burst and pause width were found to increase linearly
with increasing radius of the convexity and concavity and
were approximately equal (within ~10% deviation) to the
corresponding arc length.

The velocity of stroking had no significant effect (P >
0.1) on the widths of bursts of SAs and RAs (Fig. 9), in
contrast to the strong effect that velocity had on burst rates
(Fig. 6). Similarly, the widths of pauses between bursts
changed insignificantly with changes in stroke velocity
(P > 0.1 (Fig. 10). As stated in the case of burst rate,
RAs provide less information, if any, than SAs about the
widths of convexities or concavities in the curvature pattern
at the slower stroke velocities of =5 mm/s.

Neuronal representation of spatial wavelength
[ !

In the SRP, the distance between the peak discharge rates
(the “‘peak rate separation’) evoked by adjucent convex
portions of the wavy surface was taken as a neuronal repre-
sentation of the physical distances separating the convexities.
The peak rate separation was averaged for SAs and for RAs
and plotted against the physical distance (wavelength) sepa-
rating the adjacent peaks of convexities (Fig. 11). The mean
peak rate separations for both SAs and RAs were linearly
related and nearly identical to the physical wavelength.

Mean Pause Width (mm)
-

° P 100 1% 200 ° %0 100 150 200
Curvature (m")

]
FIG. 8. Effects of concave curvature on widths of pauses between bursts.
Same format as in Fig. 7.
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FiG. 9. Effects of different stroke velocities on the widths of the bursts
evoked by convexities of different curvature. Each data point is the mean
response of 3 SAs and 3 RAs over 12 strokes in the forward direction.

Those RAs that responded with only one or two impulses
to cach convexity encoded the distances separating convexi-
tics as well as if not better than those fibers responding with
a greater number of impulses.

Shape of the spatially distributed discharge rates for the
SA and RA populations

To investigate the relationship between the shapes in the
aperiodic curvature pattern and the pattern of responses in
a spatially distributed population of SAs and RAs, the aver-
ace SRP among the fibers stimulated at a stroke velocity of
1:mm/s was obtained for strokes in each direction. Then, a
sliding average (3 bins or 1.5 mm) was used for smoothing
the profile (Fig. 12). Note that although each convex-con-
cave curvature pair evoked a burst followed by a pause in
each fiber, when the responses in each SRP were averaged
across fibers there was a slight blurring of the response pat-
tern. This was duc in small part to the choice of binwidth
and the sliding average but primarily to the slight differences
in the onsct of cach fiber's response to each convexity, which
produced small shifts in the spatial location of cach response
waen plotted against one curvature pattern.

For either direction of stroking, the SRP of the SAs
to the different convexities was smoother than that of
RAs and had a more consistent shape. For the RAs, there
were sometimes two discharge peaks associated with
each convexity (especially the 3 or 4 broadest curva-
tures). This property, as well as a greater responsiveness
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FIG. 10. Effects of different stroke velocities on the widths of the pauses
between impulse bursts for concavities of different curvature. Same format
_ &sin Fig. 9.
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FIG, 11, Relationship between the mean distance separating adjacent
peak discharge rates in the spatial response profiles of SAs and RAs and
the corresponding physical separation between adjacent points of maximum
convex curvature on the wavy surface (wavelength). The distances separat-
ing adjacent peak discharge rates in the spatial rate profiles obtained from
each fiber for 12 strokes at 10 mm/s in the forward direction (e.g., Figs.
2 and 3) were averaged separately for SAs and for RAs. The average
distance measures were then plotted against the corresponding physical

distances separating the centers of adjacent convexities on the wavy surface.
Dashed lines: equality of the 2 distance measures.

to small, transient vibrations produced by perturbations
in force control, stick-slip of skin, etc., may have contrib-
uted to the irregularity in RA profiles in relation to those
of SAs.

When the responses to the opposite directions of stroking
are overlaid in Fig. 12, borrom, the peaks of discharge rates
are located on either side of the centers of the broader con-
vexities; the distance between the peaks grows smaller as a
function of increasing curvature. The pecak rate evoked by
each convexity typically does not occur at the peak of each
convexity. Its locus on the fingerpad will differ for each
convexity and, for a given convexity, will difter for the two
dircctions of stroking. The figure also suggests that the over-
all contrast in peak discharge rates between the largest and
the smallest curvatures is greater for RAs than for SAs. This
contrast would be expected to increase as stroke velocity is
decreased to a value below the velocity thresholds of an
increasing number of RAs.

The spatial profiles of discharge rates in response to differ-
ent velocities of stroking were not computed because only
three fibers of each type were tested and the number of
impulses evoked at higher velocities was too small to provide
a reliable shape of the profile.

To estimate the overall rate of change in the discharge
rates of SAs associated with each convexity in the pattern,
a straight line was fitted by eye to the rising and falling
phases of each mound in the profile in Fig. 12, i.e., from
trough to peak and vice versa. (This analysis was not practi-
cal to undertake for the RA data because of the irregular
shapes of their SRP.) In the cases where there was a small
“‘shoulder”” near the bottom of the trough, e.g., first and
second mounds from the left Fig. 12, rop left, only the data
above the shoulder were used. The absolute value of each
slope is plotted separately in Fig. 13 for the rising and falling
phases of the response to each convexity for each direction
of stroking. The slopes were greater for the backward direc-
tion (Fig. 12, middle), largely because of the overall greater
number of impulses evoked. This was due to the responses
of a few fibers that were more responsive to backward than
to forward strokes. The widths of the averaged bursts evoked
by a given convexity were about the same for the two direc-
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FI1G. 12. Spatial profiles of mean dis-
charge rates evoked in SAs and RAs. A
sliding average across 3 bins was used. Cur-
vature pattern was stroked at 10 mm/s in
the forward and backward directions (rop
and middle, respectiveély). Bowom: re-
sponses to the 2 directions are superimposed
(the profile for forward stroking is a mirror

0 image of that in the top). Binwidth: 0.5 mm,
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tions and, for a given direction, the slopes of the leading
and trailing sides of the discharge profile evoked by a given
convexity were about the same.

If the peak discharge rate associated with a shape
stroked in the forward direction were normalized to that
clicited by the same shape stroked backward, the slopes

for the two directions should be about the same. This is
suggested by the curves in Fig. 13, where the scale for
each panel was chosen so that the highest slope was about
the same distance from the horizontal axis of the graphs.
Therefore the relative changes in the slope of the spatial
profile of discharge rates in the SA population might pro-
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vide a reliable estimate of the distribution of curvatures
ot the surface of an object.

Newral code for the shape of a cylinder

What is the peripheral neural code for a class of shapes
that an object belongs to, in this case cylindrical bars, that
will remain constant despite differences in size and the direc-
tion of stroking? In the following analysis, it is assumed that
a central processor can normalize the spatial discharge rate
profile evoked by each object (e.g., each convexity in the
wavy surface) to some internal standard. For cach triangular
ptofile representing the mean response of the SA population
to a given convexity stroked in a given direction, a horizontal
line was drawn across its base at the points of minimal
discharge rates. In the case of unequal minima, the horizontal
line was passed through the higher value. Each discharge
rate value above this line was normalized by first subtracting
the base value and then dividing by the peak rate evoked by
the convexity (Fig. 14). It is assumed that a central decoding
mechanism can measure the change in slope from the base
to the peak and from this peak to the base on the other side
ol the profile evoked by each convexity in the wavy surface.
The data in Fig. 14 illustrate that each cylindrical convexity
evoked the same tent-shaped triangular profile, the sides of
which were approximately linear. Because each cylindrical
convexity on the wavy surface had a constant curvature
along its minor axis, we hypothesize that the peripheral neu-
ral code for a cylinder is the constancy of the slopes along
the rising and falling phases of the spatial discharge rate
profile evoked by the convexity in the SA population.

DISCUSSION

The responses of cutaneous mechanoreceptors to an object
. contacting the skin depend on the physical properties of the

object, such as its compliance, texture, size, and shape, as
well as how the object is applied to the skin, e.g., the com-
pressional force, orientation, trajectory, and stroke velocity.
In the present study it was found that the shape of the object
as well as the stroke velocity and sometimes the direction
of stroking modulated the responses of RA or SA mechano-
receptors.

The shape of a rigid object remains the same with changes
in its oricntation and translation as it is applied to the skin.
This invariance is prescrved when the object’s shape is de-
fined by the distribution of curvatures on its surface—in the
present case a wavy pattern of cylindrical bars of different
radii. Because the skin is compliant, it can change its initial
shape to conform to the surface of the object in contact.
Each convexity in the wavy surface, when stroked across a
fiber's cutaneous receptive field on the fingerpad, produces
a characteristic change in the curvature of the skin within
the contact region. In response to a convexity followed by
a concavity on the object’s surface, the skin within the con-
tact area changes from its normal convex shape to concave
and then back to convex. These changes in skin curvature
produce characteristic responses in the SA and RA fiber
populations (Srinivasan and LaMotte 1991). The suitability
of the discharge rates and their spatial distributions in each
fiber population as candidate neural codes for shape will be
discussed in the following sections.

Discharge rate

The discharge rates of SAs and RAs are the lowest when the
stroke velocity is zero, that is, when the object is statically
indented into the skin without stroking. When single cylindrical
bars of different curvature were indented into the receptive fields
of SAs and RAs on the monkey’s fingerpad, RAs responded
only during the indenting (ramp) phase but not during the plateau
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phase of maintained displacement (LaMotte and Srinivasan
1993; Srinivasan and LaMotte 1991). Their discharge rates were
not significantly modulated by differences in curvature ranging
from 79 to 1,260 m™! (2-32 in.”"). Similarly, when sinusoidal
step shapes were statically indented into the skin only SAs and
not RAs responded to differences in step shape (Srinivasan and
LaMotte 1987).

SAs responded to static indentations of cylindrical bars
during both the ramp and plateau phases (LaMotte and Srini-
vasan 1993). Their discharge rates increased ~1.5 times
during the ramp and about twofold during the plateau over
a curvature range of ~79-315m™" (2-8 in.”"). When cylin-
drical bars in the form of a wavy surface and having the
same curvature range were stroked across the fingerpad in
the present study, roughly the same doubling in discharge
rates occurred in RAs as well as SAs within the range of
stroke velocities tested (Fig. 6). For a given velocity of
stroking, the discharge rates of both SA and RA mechanore-
ceptors increased as a function of increasing curvature of
the convexities on the wavy surface. Similarly, when sinusoi-
dal step shapes were stroked across the skin, discharge rates
of both fiber types increased with increases in curvature
{LaMotte and Srinivasan 1987a,b). Whereas the spatial pro-
file of SA responses provided the best information on the
overall shape of the step, the smallest differences in the
“‘sharpness’’ of the steps were better signaled by ditferences
in the discharge rates of RAs.

Although the discharge rates in single fibers or populations
of fibers can potentially encode curvature, this code is con-
founded by the changes in discharge rate that occur with
changes in stroke velocity, stroke direction, or compressional
force. For example, as the velocity of stroking the fingerpud
over a given convexity in the wavy surface increases, the burst
rates of SAs and RAs increase and the number of impulses

per burst as well as the number of impulses per millimeter

decrease. Thus neither the impulse count per burst nor the rate
of change of discharge with respect to temporal or spatial
coordinates has an invariant relation with stroke velocity. Simi-
larly. it has been shown that as the frequency of a sinusoidally
vibrating probe or the temporal frequency of a grating stroked
across the fingerpad increases, the impulse count per cycle (or
bar) decreases (Goodwin et al. 1989).

If the stroke velocity changes considerably as the skin is
moved back and forth over an object, the discharge rates of
primary afferent fibers can signal differences in curvature only
if independent information is available about the stroke velocity
at any moment in time. Discemnible features on an object’s
surface would sequentially activate different fibers with
changes in the locus of the contact area during stroking. This
is a likely source of information about the velocity of stroking
during either active or passive touch. When the finger is actively
moving over an object, kinesthetic cues provide additional in-
formation about stroke velocity. But even when information
about stroke velocity is available, discharge rate is still influ-
enced by other stimulus parameters such as stroke direction
and contact force. Therefore differences in discharge rate can
contribute to the sensory discriminations of shapes but do not
provide a robust code for the identification of shape.

Spatial measures

The discharges of individual fibers, plotted as a function
of spatial coordinates, can be interpreted as the spatially
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distributed responses of a population of fibers with identica]
response properties. This is clearly an idealization, because
there are differences in response properties among fibers,
Nevertheless, each fiber exhibited the same pattern of re.
sponses to the wavy surface and qualitatively similar re.
sponses to variations in curvature and stroke velocity. Thug
both the SEPs and SRPs obtained from our sample of fiberg
provide reasonable representations of a population response
in lieu of measuring the responses directly.

The spatial parameters derived from such SEPs, such ag
the widths of bursts of impulses and the pauses between
bursts in the fiber population, provide neural codes for the
sizes of the features on the object’s surface contacting the
skin (LaMotte and Srinivasan 1987a). This is consistent
with the SEP being almost isomorphic to the two-dimen-
sional outline of the portion of the shape in contact with the
skin (Johnson and Hsaio 1992). For the wavy surface, the
widths of bursts and pauses, representing cutaneous areas
innervated by active and inactive afferent fibers, respectively
encode the widths of the convexities and concavities on the
surface of the object.

The widths of the bursts and pauses decreased signifi-
cantly with increasing curvature in much the same way for
each direction of stroking. Furthermore, the response width
associated with any convexity or concavity changed little
with changes in the velocity or direction of stroking. Simi-
larly, the widths of impulse bursts in SEPs, obtained in re-
sponse to sinusoidal step shapes stroked across the fingerpad,
remained invariant with moderate changes in stroke velocity
(LaMotte and Srinivasan 1987a). Thus, unlike the discharge
rates within a population of fibers, which could be strongly
influenced by changes in the direction and velocity of strok-
ing, the spatial extent of fiber activity and inactivity provides
a robust neural code for the size of a shape contacting the
skin. However, this spatial extent represents at best a two-
dimensional projection of a shape onto the skin but not the
shape in three dimensions,

Spatial rate measures

With the use of a variety of embossed stimuli, Johnson
and coworkers have shown that SEPs of SA and RA re-
sponses are isomorphic to the two-dimensional outline or
form of the stimuli. However. the SRP, which represents a
hypothetical population response in terms of a spatial distri-
bution of discharge rate, is not isomorphic to the stimulus
geometry in the third dimension of the stimuli perpendicular
to the skin surface. This is evident in responses to the static
indentations of gratings (Phillips and Johnson 1981}, inden-
tation and stroking of sinusoidal step shapes (LaMotte and
Srinivasan 1987a,b; Srinivasan and LaMotte 1987), and the
stroking of embossed letters and dots (Phillips et al. 1988,
1992). In SEPs, a higher density of dots at the leading edge
indicates a higher discharge rate than at the trailing edge.
Similar nonisomorphism in the SRP was observed for SA
and RA responses to the stroking of the wavy surface where
the cylindrical convexities gave rise to a triangular SRP.

When more than one convexity lay within the region of
contact with the skin, a spatial measure of peak rate separa-
tion would be contained directly in the neuronal response at
each instant of time. Otherwise such a spatial measure would
have to be extracted indirectly by the brain from the product
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;‘;f the time separating the occurrence of each peak and the
-troke velocity. )
ir parameters related to the size of a shape or portion of a
;'shﬂpe’ although an important property of a p}\rticular shz.lpe,
" do not characterize the shape itself as belonging to a particu-
"Jar category such as a wavy surface, step, or cylindrical bar
-in the absence of additional information. A certain kind of
“shape can have different sizes, yet still be recognized as
' pelo :ging to the same category. Similarly, the shape of a
* particular object may evoke different widths of activity in a
population of fibers depending on the compressional force
with which it is applied to the skin (Goodwin et al. 1991). It
seems likely that the pattern of curvatures that characterizes a
-particular shape will be represented by the relative changes
in the SRP in the relevant fiber populations. The SRP is
smoother and less irregular for SAs than for RAs. That is,
the spatial information about the shape of each curvature is
petter preserved in the discharges of SAs. How is this spatial
rep: esentation decoded centrally? One possibility is that a
central processing mechanism extracts the slopes at succes-
sive points along the SRP. Thus the distribution or sequence
of such slopes along the SRP in the SA population would
represent the shapes of each individual feature on a surface
(e.g.. a cylindrical convexity) as well as the overall shape
of the pattern of features (aperiodic pattern of cylindrical
features defining the wavy surface). With moderate changes
in stroke velocity or force, although the magnitude of slopes
micht change, the pattern of slopes would not vary. In the
ca . of the wavy surface, the constant curvature characteriz-
ing each cylindrical convexity is encoded by the constancy
of the slopes on each side of the triangular spatial discharge
rate profiles evoked in the SA fiber population parallel to
the minor cylindrical axes.

The spatial profile of SA responses is not isomorphic with
object shape, owing to the responsiveness of SAs to other
parameters of stimulation besides the curvature of the object.
Oune purameter is the rate of change in curvature, which is
a function of the velocity of stroking as well as the amount
o curvature. Another is the extent to which the skin can
conform to a shape such as a concavity that lies between
convexities. Although the concavitics were in contact with
the skin, the absence of sufficient force of contact will pro-
duce a pause in the discharge profile. Additional parameters
that can directly influence the discharge rates of fibers in-
clude differences in fiber sensitivities as well as any biases
in the directional sensitivities of individual SAs. A central
processing mechanism for shape would then have to normal-
ize the discharge rates, for example by comparisons with an
internal standard, to take into account changes in rate due
to the effects of these parameters.
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