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Sinusoidal Movement of a Grating Across the Monkey’s Fingerpad:
Effect of Contact Angle and Force of the Grating on Afferent Fiber

Responses

A. W. Goodwin and J. W. Morley

Department of Anatomy, University of Melbourne, Parkville, Victoria 3052, Australia

Responses were recorded from cutaneous afferents inner-
vating mechanoreceptors in the monkey’s fingerpad. When
gratings of alternating grooves and ridges were moved si-
nusoidally back and forth across the receptive field, the re-
sponses of the afferent were often not equal for the 2 di-
rections of movement. To investigate this phenomenon, the
position of the center of the afferent’s receptive field, relative
to the contact area between the grating and the finger, was
varied systematically. For some afferents, regardiess of these
relative positions, the response was always greater for a
particular direction of movement. For other afferents, re-
gardless of these relative positions, the responses for the
2 directions of movement were always equal. For a minority
of afferents, the response was greater for movement in one
particular direction for some relative positions and greater
for movement in the opposite direction for other relative
positions. Slowly adapting afferents (SAs), rapidly adapting
afferents (RAs), and Pacinian afferents (PCs) exhibited all 3
types of response patterns. We could not relate these pat-
terns to the afferent type or to the positions, in the fingerpad,
of the receptive field center.

The contact force between the grating and the finger was
varied by varying the contact displacement (indentation).
Two grating spatial periods were used. For SAs and PCs the
response increased with increasing indentation for both
gratings. For RAs the response to the finer grating increased
with increasing indentation, but the response to the coarser
grating did not.

When a grating is moved back and forth over the fingertip, the
responses of the mechanoreceptive afferents depend on both the
spatial and the movement parameters of the grating (Goodwin
and Morley, 1987; Morley and Goodwin, 1987). In addition,
we have found that an afferent’s response is not the same for
the 2 directions of movement. In the tactile system, direction-
selective responses are a common feature of cortical neurons.
They have been observed by many investigators (Schwartz and
Fredrickson, 1971; Whitsel et al., 1972; Hyvirinen and Pora-
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nen, 1978; Costanzo and Gardner, 1980; Iwamura et al., 1985),
and the mechanism responsible for the selectivity is usually
attributed to cortical circuitry. Many models of this circuitry
are similar to the models of direction selectivity first proposed
in the visual system, where the problem has been studied more
extensively (Barlow and Levick, 1965; Gardner and Costanzo,
1980; Peterhans et al., 1985). When a monkey scans its fingertips
over a grating, many of the cells in Brodmann’s areas 3b and 1
have asymmetric responses, responding more vigorously to
movement in one direction than to movement in the other
direction (Darian-Smith et al., 1984). Darian-Smith et al. (1984)
suggested that these asymmetries may, at least in part, be ex-
plained by a more effective engagement of laterally located re-
ceptive fields for one of the directions of movement. There has
been an implicit assumption that the responses of primary af-
ferents are symmetric: if a grating were moved back and forth
over the center of a receptive field, then the afferent’s response
would be symmetric, that is, the same for both directions of
movement. However, we have found that this is not always the
case and, in this study, we have systematically investigated the
nature of the asymmetry in the peripheral mechanoreceptive
afferents.

From common experience it is clear that when you rub your
finger back and forth over a textured surface, the sensation
changes with changes in contact force between the finger and
the surface. However, the psychophysical support for this per-
ception is not clear-cut. Using scaling experiments, Lederman
and Taylor (1972) have shown that the subjective estimate of
the roughness of gratings increases with an increase in contact
force, but that subjects are able to grade gratings of different
roughness over a wide range of contact forces. Other studies
have minimized the importance of contact force. For example,
Lamb (1983) found that the ability to discriminate 2 dot patterns
with different spacings between the dots was not dependent on
contact force. Many studies (e.g., Morley et al., 1983) have not
controlled the contact force but have allowed the subjects to
select their own forces and thus make no comment on the effect
of changes in force. Available neurophysiological data at the
primary afferent level is even more equivocal. While the im-
portance of contact force (or displacement) for punctate stimuli
is well established (Lindblom and Lund, 1966; Mountcastle et
al., 1966; Johnson, 1974; Knibestdl, 1975), the suggestion is
that it is less important for textured surfaces. Johnson and Lamb
(1981) found that the resolution of Braille-like dots by the mech-
anoreceptive afferent population was not significantly affected
by a change in contact force. Using gratings moving over the
fingertip at constant speed, Darian-Smith and Oke (1980) found
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Figure 1.
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Changing the contact area between the grating and the finger. Center, Grating was tangential to the fingerpad at the receptive field center.

The diagram has been stylized for clarity; actually, the finger was imbedded up to the nail in Plasticine (shaded cutaway) and the hand was taped
to the Perspex plate, which could be raised or lowered by a micrometer (see Fig. 1 of Goodwin and Morley, 1987). Left, The hand was rotated by
20° in a direction corresponding to supination (—20°. Right, The hand was rotated by 20° in a direction corresponding to pronation (+20°). In all
3 cases, the micrometer raised or lowered the Perspex plate in a direction orthogonal to the grating. The angle of rotation was measured by the

indicator attached to the plate.

little change in afferent responses with a 4-fold increase in con-
tact force from 20 to 80 grams weight. Darian-Smith et al. (1980)
found that the mean discharge rate of mechanoreceptors re-
sponding to dot patterns generally increased with an increase in
contact force, but they were unable to detail the effect from their
data. However, none of the above studies varied contact force
systematically. In the following experiments we have quantified
the effect of changing contact force on the responses of the
primary mechanoreceptive afferents.

Materials and Methods

As described previously (Goodwin and Morley, 1987), monkeys were
anesthetized, and the responses of single mechanoreceptive afferent fi-
bers, isolated by microdissection, were recorded. All slowly adapting
afferents (SAs) and rapidly adapting afferents (RAs) studied had recep-
tive fields located centrally on the fingerpad. For many of the Pacinian
afferents (PCs) the receptive field could be localized to the distal phalanx
and for the remainder the field could be localized to a particular digit.
(A few of these remaining fields seemed localized to the 2nd or 3rd
phalanges, but most could not be localized beyond the level of a par-
ticular digit.) Nylon gratings of alternating grooves and ridges were
moved across the receptive fields with a sinusoidal motion. Some of
the data for these results were obtained from the 22 SAs, 30 RAs, and
7 PCs described in the previous papers (Goodwin and Morley, 1987,
Morley and Goodwin, 1987). The remaining data were collected from
an additional 11 SAs, 7 RAs, and 6 PCs in 2 M. nemestrina.
Response asymmetry. The center of the receptive field was estimated
using a series of graded von Frey hairs and was marked with an ink
dot. The fingerpad was photographed to show the exact position of the
estimated receptive field center and its relationship to the skin ridges.
As shown in Figure 1 (center) and in the first paper (Goodwin and
Morley, 1987, Fig. 1), the stimulator holding the grating was oriented
so that when the grating was lowered onto the fingertip, initial contact
occurred at the center of the receptive field with the grating tangential
to the fingerpad at that point: the axis of movement of the grating was
orthogonal to the long axis of the finger. The finger was indented into
the moving grating by a fixed distance from the point of contact (usually
1 mm) and responses were recorded for a predetermined number of
cycles, after which the finger was lowered clear of the grating. Then the
hand was rotated by 10° and the stimulation procedure repeated: The
axis of rotation of the hand corresponded to the long axis of the finger
(Fig. 1). This sequence was repeated until data had been collected at
angles of rotation, in both directions, separated by 10° over as large a
range as possible. The usual total range of rotation was 80°, the limits

being imposed either by one of the other fingers touching the grating or
by the hand holder fouling the stimulator. The angle was defined as
positive when the direction of rotation of the hand corresponded to
pronation and negative when it corresponded to supination. During
stimulation the computer recorded the responses of the afferent, the
instantaneous position of the grating, and the instantaneous contact
force between the grating and the finger.

For each afferent class, 2 combinations of stimulus parameters were
used. For the SAs, a grating with a spatial period of 3 mm moving with
a peak speed of 60 mm/sec and a grating with a spatial period of 2 mm
moving with a peak speed of 40 mm/sec were used: in both cases the
peak temporal frequency of the ridges was 20 Hz. For the RAs the
spatial periods of the 2 gratings were 2 and | mm moving with peak
speeds of 80 and 40 mm/sec respectively, resulting in a peak temporal
frequency of the ridges of 40 Hz. The 2 gratings used for the PCs had
spatial periods of 2 and 1 mm moving at peak speeds of 160 and 80
mm/sec, respectively, resulting in a peak temporal frequency of the
ridges of 80 Hz. The standard amplitude of indentation of the finger
into the grating was | mm from the point of contact. Sometimes ad-
ditional data were collected with other values of the stimulus param-
eters.

The contact area between the grating and the finger, at the various
angles of rotation, was estimated by fingerprinting as follows. The stim-
ulator was stopped, and the grating was replaced by a piece of white
paper mounted on a steel backing. The fingerpad was inked and indented
into the paper by the same amount as used in the data collection (usually
1 mm from contact). The resulting static contact force was measured
via the strain gauge bridge. This process was repeated for all angles of
rotatton at which data were collected.

For the PC afferents it was not possible to define the center of the
receptive field with any precision, nor was it usually possible to locate
the grating tangential to the finger at such a point. Thus, with PCs the
strategy adopted was to proceed as if the receptive field center coincided
with the center of the fingerpad, the results being interpreted accordingly.

Varying indentation amplitude. In this series of experiments the am-
plitude of indentation, from the point of contact, was varied system-
atically. The grating was positioned so that it contacted the center of
the receptive field tangential to the fingerpad. Data were collected with
indentation amplitudes of 0.5, 0.75, 1, 1.25 mm, and, occasionally, .25
or 1.5 mm. Contact force between the finger and the grating was mea-
sured by a strain gauge with a resolution of 0.0025 N, low-pass filtered
with a corner frequency of 2 Hz. Photographs recorded the position of
the receptive field center on the fingerpad and its relation to the skin
ridges. Fingerprints were used to estimate the contact area at the various
indentation amplitudes. The same combinations of grating spatial pe-
riods, peak movement speeds, and peak temporal frequencies of the
ridges were used as in the rotation experiments. For some fibers, in-
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Table 1. Contrast of responses for the SA population for the various combinations of stimulus

parameters

Fre- Spatial period (mm)

quency 0.75 1.0 1.25 1.5 1.75 2.0 3.0

10 Hz
u 0.428 0.231
o 0.265 0.180
n 8 18

20 Hz
I 0.362 0.426 0.357 0.341 0.276 0.169
4 0.350 0.281 0.293 0.201 0.219 0.122
n 5 4 13 9 27 29

40 Hz
u 0.711 0.480 0.568 0.386 0.374 0.277 0.241
o 0.357 0.366 0.295 0.299 0.258 0.225 0.215
n 3 6 6 10 9 15 19

80 Hz
U 0.560 0.595 0.407 0.414 0.396 0.295
o 0.366 0.321 0.342 0.317 0.288 0.254
n 5 6 8 8 13 18

160 Hz
i 0.727 0.538 0.482 0.458 0.354
o 0.272 0.316 0.298 0.282 0.206
n 4 6 6 10 10

Columns in the table correspond to the spatial period of the grating and rows to the peak temporal frequency of the
grating ridges. For each combination, # indicates the number of afferents sampled; g, the average value of the contrast;
and o, the SD. Contrast is defined as |R, — R,|/(R, + R,), where R, and R, are the responses to the 2 directions of

movement.

dentation amplitudes of 1 and 1.25 mm were compared for a wide range
of grating spatial periods and peak movement speeds. Occasionally,
other combinations of parameters were also used.

Results
Asymmetry of responses
When a grating moved back and forth across the receptive field,
the afferent usually responded better when the grating moved
in one direction than when it moved in the opposite direction.
This is illustrated by the cycle histogram in Figure 2 (bottom
row, center column) for an SA responding to a 3 mm grating
moving sinusoidally over the receptive field with a peak speed
of 60 mm/sec and thus with a resulting peak temporal frequency
of the ridges of 20 Hz. The response in the first half of the
histogram, when the surface moved over the fingerpad in the
ulnar direction, was less than the response in the second half of
the cycle, when the surface moved over the fingerpad in the
radial direction: the ratio of the mean responses over the 2 half
cycles was 1.7. The center of the SA’s receptive field was located
as accurately as possible using a series of graded von Frey hairs
applied by hand and was estimated to be at the center of the
fingerpad (dot in Fig. 2, top row, center column). As explained
in Materials and Methods, the grating was oriented so that when
the finger was raised to contact the grating, initial contact oc-
curred at the center of the receptive field with the grating tan-
gential to the skin. Thus, there was no a priori reason to expect
asymmetry in the responses to the 2 directions of grating move-
ment.

All the SAs and RAs we studied had receptive fields located
on the central portion of the fingerpad. Their estimated receptive
field centers did not always coincide with the exact center of

the fingerpad, but were always within a few millimeters of it,
so that no receptive fields were anywhere near interphalangeal
joints or nail beds or located on the “sides” or “end” of the
fingertip. In all cases the grating was oriented tangential to the
fingerpad at the receptive field center. Nevertheless, only a mi-
nority of afferents showed symmetric cycle histograms with re-
sponses equal for the 2 directions of grating movement. The
degree of asymmetry in different afferents varied from only slight
to so marked that the afferent effectively responded to only a
single direction of motion.

To illustrate the range of asymmetry seen in our sample of
afferents, a convenient measure is the response contrast. This
is defined as |R, — R,|/(R, + R,), where R, and R, are the
responses to the 2 directions of movement. Thus, contrasts range
from O (symmetric) to 1 (response in one direction only). This
measure is used in preference to a ratio of the 2 responses to
avoid the problem of excessively high (or even infinite) ratios
as one of the responses becomes very small (or zero). Tables 1
and 2 show the contrasts for the SAs and RAs, respectively.
Each entry corresponds to a different combination of stimulus
parameters and shows the mean value and SD of the contrast,
and the number of afferents sampled for that combination of
parameters.

For the PCs the experimental protocol was slightly different.
All PCs we studied had receptive fields that could be confidently
localized to a single finger. For many PCs, the fields could not
be localized further than that with any confidence, while for
some the field could be further localized to the fingerpad or the
second phalanx, etc. Thus for all Pacinians we stimulated the
finger as if the center of the receptive field were located at the
center of the fingerpad and interpreted the results accordingly
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Figure 2. Responses of an SA, at 3 angles of hand rotation, to a 3 mm grating moving at a peak speed of 60 mm/sec (peak temporal frequency
of the grating ridges, 20 Hz). The receptive field center (RFC) of the SA was located at the center of the fingerpad. Going down the center column,
the top row shows an end view of the finger, with the RFC indicated by a dot, immediately prior to contact with the moving grating, which was
tangential to the fingerpad at the RFC. The second row shows an end view of the finger after it had been indented 1 mm into the grating; the RFC
was at the center of the contact area between the finger and the grating. The third row shows a top (ventral) view of the finger; lines show the pattern
of skin ridges in the contact oval, with the RFC located at the center of the oval. The bottom row shows the cycle histogram of the afferent’s
responses averaged over 17 cycles (bin width 0.209 sec): During the first half cycle the grating moved in the ulnar direction and during the second
half cycle in the radial direction. The left column shows the same data when the finger was rotated, about its long axis, by 20° in a direction
corresponding to supination (—20°) and the right column when the finger was rotated, about its long axis, by 20° in a direction corresponding to

pronation (+20°).

(see Discussion). Like SAs and RAs, the PCs showed a range of
asymmetry in their responses to the 2 directions of movement,
as shown in Table 3.

As can be seen in Tables 1-3, there was a wide range of
contrasts for all 3 afferents. Before running the gratings over the
receptive field of a particular afferent, we could not predict how
asymmetric the responses would be, even though we knew the

estimated position of the receptive field center. The asymmetry
was not influenced by the initial direction of the grating motion.

Finger rotation

Is it possible that the response asymmetries discussed above
resulted from errors in estimating the receptive field center? The
use of hand-held von Frey hairs is, to some extent, subjective.
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Table 2. Contrast of responses for the RA population for the various combinations of stimulus

parameters

Fre- Spatial period (mm)

quency 0.75 1.0 1.25 1.5 1.75 2.0 3.0

10 Hz
u 0.067 0.043
T 0.087 0.032
n 3 12

20 Hz
U 0.153 0.075 0.079 0.053
G 0.118 0.083 0.081 0.055
n 14 9 16 17

40 Hz
u 0.166 0.145 0.130 0.131 0.065 0.065 0.046
o 0.150 0.140 0.100 0.142 0.059 0.054 0.037
n 17 34 10 26 9 31 20

80 Hz
u 0.190 0.182 0.175 0.135 0.087 0.076 0.054
I 0.158 0.123 0.120 0.131 0.075 0.077 0.044
n 21 18 11 20 7 18 18

160 Hz
I 0.250 0.278 0.200 0.156 0.136 0.108 0.086
o 0.158 0.153 0.103 0.145 0.144 0.091 0.077
n 20 16 10 17 9 18 17

320 Hz
u 0.224 0.254 0.155 0.148
a 0.162 0.130 0.158 0.115
n 12 13 6 13

Format as in Table 1.

Moreover, this method only allows an estimate of the point in
the receptive field most sensitive to steplike indentation by
punctate stimuli. This may not be an appropriate reference point
for gratings moving over the skin. To answer this question the
contact between the skin and the grating was varied systemat-
ically as shown in Figure 2.

The top row, center column of Figure 2 shows an end view
of a monkey’s finger. An SA afferent had a receptive field center,
shown by the dot, located at the center of the fingerpad. When
the finger was raised to contact the moving grating, initial con-
tact occurred at the receptive field center. Indenting the finger
into the grating, by raising it an additional 1 mm, “flattened”
the fingerpad as shown. The receptive field center was located
in the middle of the resulting contact area. The response of the
afferent to sinusoidal movement of the grating can be seen in
the cycle histogram in the bottom row, center column. This
histogram is obviously asymmetric, with the afferent responding
less vigorously when the grating moved in the ulnar direction
(first half cycle) than when it moved in the radial direction
(second half cycle). The ratio of the mean responses for the 2
half cycles was 1.5 and the contrast 0.21.

The right column of Figure 2 displays the information for the
finger rotated about its axis by +20° (direction of rotation equiv-
alent to pronation). As seen in the top row, rotation of the finger
caused the receptive field center to move, and initial contact
with the grating was lateral to this point. Indenting the finger
into the grating by 1 mm produced a contact oval (second and
third row) such that the receptive field center was located not
in the middle of the oval, but off to the ulnar side of it. The

cycle histogram (bottom row) is still asymmetric, with the SA
still responding less vigorously to grating movement in the ulnar
direction. The ratio of the mean responses for the 2 half cycles
was 1.5 and the contrast was 0.21. Similarly, the left column of
Figure 2 displays the results when the finger was rotated about
its axis by —20° (direction of rotation equivalent to supination).
In this case, the contact oval was such that the receptive field
center was located off to the radial side of it. The cycle histogram
is now close to symmetric, with the response still having a
marginal preference for grating movement in the radial direction
(ratio 1.2, contrast 0.07). The contact ovals in Figure 2 were
estimated by fingerprinting as described in Materials and Meth-
ods.

In Figure 34 the responses of the afferent from Figure 2 are
shown as a function of the angle of rotation of the finger over
a range from —35° to +35° Even though the center of this
afferent’s receptive field was estimated to lie at the center of the
fingerpad, the response at 0° was obviously direction selective.
Moreover, when the finger was rotated by up to —35° and by
up to +35°, the responses were still asymmetric, with the same
preferred (radial) direction. As seen at the bottom of Figure 34,
these rotations moved the center of the receptive field from one
edge of the contact oval to the opposite edge of the oval.

Figure 3B shows the responses of a second SA whose receptive
field center was also estimated to be located at the center of the
fingerpad. The responses of this afferent were essentially sym-
metric (i.€., not direction selective) over the complete range of
rotation from —40° to +40°. As shown at the bottom of Figure
3B, this range of rotation moved the center of the receptive field
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Table 3. Contrast of responses for the PC population for the various combinations of stimulus

parameters

Fre- Spatial period (mm)

quency 0.75 1.0 1.25 1.5 1.75 2.0 3.0

10 Hz
m 0.123
7 0.146
n 3

20 Hz
© 0.251 0.485 0.206 0.164
4 0.324 0.309 0.169
n 3 2 6 6

40 Hz
u 0.173 0.143 0.235 0.120 0.279 0.196 0.155
¢ 0.139 0.162 0.265 0.132 0.284 0.094
n 4 7 3 7 2 6 7

80 Hz
u 0.079 0.118 0.171 0.060 0.158 0.072 0.097
o 0.053 0.170 0.226 0.052 0.075 0.077
n 7 13 3 7 2 12 7

160 Hz
u 0.138 0.074 0.090 0.114 0.143 0.059 0.058
I 0.106 0.027 0.087 0.123 0.040 0.022
n 7 7 3 7 2 7 7

320 Hz
u 0.096 0.098 0.060 0.128
I 0.103 0.086 0.058 0.027
n 7 6 3 7

Format as in Table 1.

from outside the contact oval on one side to outside the contact
oval on the opposite side.

As seen at the top of Figure 3C, the receptive field of the third
SA illustrated was located on the central portion of the fingerpad
but to the radial side of the midline. At 0° the response of the
afferent was not direction selective. At rotations of +10° and
+20° the response was direction selective, being greater for
movement in the ulnar direction, while for rotations of —20°
and —40° the response was selective for movement in the radial
direction.

Classifying the nature of the direction selectivity of the afferent
responses is not simple. In order to assess this we systematically
performed a rotation analysis, as illustrated for the afferents in
Figures 2 and 3, on 13 SAs, 13 RAs, and 4 PCs. For most
afferents the experiments were performed for 2 combinations
of the 3 stimulus parameters, namely, the grating spatial periods,
peak movement speeds, and peak temporal frequencies of the
ridges. For SAs these parameters were 3 mm, 60 mm/sec, 20
Hz and 2 mm, 40 mm/sec, 20 Hz; for RAs, 2 mm, 80 mm/sec,
40 Hz and 1 mm, 40 mm/sec, 40 Hz; and for PCs, 2 mm, 160
mm/sec, 80 Hz and 1 mm, 80 mm/sec, 80 Hz. For any particular
afferent, the curves of response versus rotation angle were not
identical for the 2 parameter combinations used. However, they
were very similar and showed the same response trends. For
descriptive purposes we have classified the responses into 3
groups, namely, direction selective (like the afferent illustrated
in Fig. 34), not direction selective (like the afferent illustrated
in Fig. 3B), and reversing direction selective (like the afferent
illustrated in Fig. 3C).

Among the SAs, about 60% of the responses were direction
selective and about 30% were not. There seemed to be no re-
lationship between the nature of the response and the position
of the receptive field center, either in regard to the presence or
absence of direction selectivity or to the direction of movement
eliciting the greater response when selectivity was present. Only
a single SA exhibited reversing direction selectivity (the afferent
in Fig. 3C). In this case, the greatest response occurred when
the direction of grating movement was “towards” the receptive
field center.

Similarly among the RAs, about 60% of the responses were
direction selective and about 30% were not. Again, there ap-
peared to be no relationship between the nature of the response
and the position of the receptive field center. Two RAs exhibited
reversing direction selectivity: for one the direction of maximum
response was “‘towards” the receptive field center and for the
other “away from” the receptive field center.

The 4 PCs used in the rotation study were selected because
their receptive fields could be localized with some confidence.
The receptive field center for one afferent was located in the
middle of the fingerpad and for a second afferent around the
distal interphalangeal joint. For neither of these afferents were
the responses direction selective. The third PC’s receptive field
center was located on the radial side of the fingerpad. For the
2 mm surface, the response was not direction selective, while
for the | mm surface, the response was greater for movement
in the ulnar direction. The fourth PC’s receptive field center was
located on the ulnar side of the fingerpad. For the 1 mm surface,
the response was greatest for movement in the ulnar direction,
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Figure 3. Assessment of response symmetry in 3 different SAs (columns 4, B, and C, respectively). In the fop row, each dot shows the position
of the receptive field center (RFC), and arrows indicate the direction of pronation. In the second row, the mean responses over the 2 half cycles of
movement are plotted as a function of the angle of rotation of the finger about its axis. The solid line and filled circles show responses during the
half cycle when movement was in the radial direction and the broken line and open circles when movement was in the ulnar direction. Angles are
denoted positive or negative when the direction of rotation corresponded to pronation or supination, respectively. The third row shows an end
view of the finger and the relationship of the RFC (dot) to the contact area when the finger was indented 1 mm into the grating. The bottom row
shows a top (ventral) view of the finger and the relationship of the RFC to the contact oval. For 4, B, and C the spatial period of the grating was
3 mm, the peak speed of movement 60 mm/sec, and the peak temporal frequency of the ridges 20 Hz.

while for the 2 mm surface, the direction selectivity reversed
with the maximum response occurring with movement “to-
wards” the receptive field center.

Changing indentation amplitude

In our experiments, contact between the skin and the grating
was controlled by the amplitude of indentation of the fingertip
into the grating from the point of contact. For all the data

described so far, this value was 1 mm. The following experi-
ments describe the effects of changing indentation amplitude on
the responses of the afferent fibers.

For the SA afferent illustrated in Figure 4, a grating with a
spatial period of 3 mm was moved sinusoidally over the recep-
tive field with a peak speed of 60 mm/sec, and the peak temporal
frequency of the ridges was thus 20 Hz. Four amplitudes of
indentation were used, namely, 0.5, 0.75, 1, and 1.25 mm, and



the effect on the response of the afferent was characterized in a
block of data gathered in the following temporal sequence: (1)
Data were collected for a run of 16 cycles of movement at an
indentation amplitude of 0.5 mm; (2) the finger was removed
from the grating for a period of at least 1 min; (3) the process
was repeated for runs of 16 cycles at indentation amplitudes of
0.75 mm, then 1 mm, and then 1.25 mm with the finger removed
from the grating for at least 1 min between runs. To assess the
repeatability of the observations, this entire block was per-
formed 6 times for this afferent.

As seen in Figure 4 (top), the mean response of the SA, av-
eraged over a cycle of movement, increased as the indentation
amplitude increased. The small SEs indicate the highly repeat-
able nature of the observation. The relationship can be ade-
quately characterized by a straight line (correlation coefficient
r=0.992). As seen in Figure 4 (bottom), the mean contact force,
averaged over a cycle of movement, increased monotonically
as the indentation amplitude increased: the relationship (r =
0.960) was not as linear as the response indentation relationship,
with the rate of increase in force also increasing as the inden-
tation amplitude increased.

As seen in Figure 4 (center), increasing the indentation am-
plitude also increased the contact oval between the finger and
the grating (these were estimated by fingerprinting as outlined
in Materials and Methods). It has been suggested that the ap-
propriate index of contact is neither the indentation amplitude
nor the contact force, but rather the contact pressure (Morley
etal., 1983). This was estimated by dividing the measured con-
tact force by the estimated area of the contact oval, as shown
at the bottom of Figure 4. When the amplitude of indentation
increased, the contact force and contact area increased concom-
itantly; as a result, contact pressure did not vary as much. Thus,
for the SA in Figure 4, mean response increased approximately
linearly with indentation amplitude (» = 0.992) or with contact
force (r = 0.966) but was much less dependent on contact pres-
sure (r = 0.803).

We compared the responses of many SA afferents to inden-
tation amplitudes of 1 and 1.25 mm over a wide range of grating
spatial periods and peak movement speeds. In all cases the mean
response, averaged over a cycle of movement, was greater for
the greater indentation amplitude. To quantify this effect, 10
SAs were tested at indentation amplitudes of 0.5, 0.75, 1, and
1.25 mm using 2 gratings, namely, a 3 mm grating moving at
a peak speed of 60 mm/sec and a 2 mm grating moving at a
peak speed of 40 mm/sec (in both cases the peak temporal
frequency of ridges was 20 Hz). All the SAs exhibited the same
behavior, with the response consistently increasing monotoni-
cally with an increase in indentation amplitude, for both grat-
ings.

Different SAs have different sensitivities, so that, for a given
combination of stimulus parameters, the response magnitude
varied widely from SA to SA. Therefore, to quantify the rela-
tionship between indentation amplitude and response, the sen-
sitivity of the individual fibers was eliminated by normalizing
prior to combining the data for the 10 afferents. For each afferent
the responses were divided by the sum of the responses at the
4 indentation amplitudes. The sum was chosen, rather than a
single common response (e.g., the response at 1.25 mm), as this
normalizing factor is less sensitive to errors in individual re-
sponses. Figure 5 (left) shows the pooled, normalized responses
of the 10 fibers. For clarity, the SEs are shown only on the 3
mm curve: they are very similar for the 2 mm curve and details
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Figure 4. Responses of an SA to changes in indentation amplitude.
Top, Mean cyclic responses with error bars indicating +1 SEM (n = 6).
Middle, Ventral (top) view of the finger showing the contact ovals and
the center of the receptive field (dot). Bottom, Solid line with error bars
(+1 SEM, n = 6) shows contact force; solid line with filled circles shows
area of contact oval; broken line with open circles shows contact pressure.

are given in the legend. For both the gratings (3 and 2 mm
spatial periods), the response obviously increased monotoni-
cally as the indentation amplitude increased. However, for the
3 mm grating the relationship was more linear (correlation coef-
ficient r = 0.957, slope = 0.296) than for the 2 mm grating (r =
0.761, slope = 0.204). The major difference is that for the 2
mm grating, increasing the indentation amplitude from 0.5 to
0.75 mm had less effect than an increase from 1 to 1.25 mm.
In addition to the above data, we have available the responses
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Figure 5. Mean responses of the SA, RA, and PC populations as a fanction of indentation amplitude. To eliminate variability caused by the
sensitivity of individual afferents, responses were normalized before combining. For the SAs, responses are shown for 3 and 2 mm gratings moving
at peak speeds of 60 and 40 mm/sec, respectively (peak temporal frequency of the ridges, 20 Hz). The SEs at 0.5, 0.75, 1, and 1.25 mm were 0.008,
0.008, 0.007, and 0.010 for the 3 mm grating (n = 10) and 0.019, 0.013, 0.008, and 0.023 for the 2 mm grating (n = 9), respectively. For the RAs,
responses are shown for 2 and 1 mm gratings moving at peak speeds of 80 and 40 mm/sec respectively (peak temporal frequency of the ridges, 40
Hz). The SEs at 0.5, 0.75, 1, and 1.25 mm were 0.008, 0.003, 0.006, and 0.009 for the 2 mm grating (n = 9) and 0.019, 0.005, 0.009, and 0.010
for the | mm grating (n = 8), respectively. For the PCs, responses are shown for 2 and 1 mm gratings moving at peak speeds of 160 and 80 mm/
sec, respectively (peak temporal frequency of the ridges, 80 Hz). The SEs at 0.5, 0.75, 1, and 1.25 mm were 0.026, 0.017, 0.012 and 0.033 for the
2 mm grating (n = 5) and 0.035, 0.015, 0.008, and 0.046 for the 1 mm grating (» = 5), respectively. For clarity, the SEs are shown on only 1 curve

for each afferent type.

of 18 SAs to indentation amplitudes of 1 and 1.25 mm. For the
3 mm grating the ratio of responses at indentation amplitudes
of 1.25 and 1 mm, respectively, had a mean value of 1.27 (SE
0.041). For the 2 mm grating the ratio had a mean value of 1.31
(SE 0.057). These statistics on the larger pool of 18 SAs are
entirely consistent with the smaller pool of 10 SAs in Figure 5.

Increasing the indentation amplitude from 1 to 1.25 mm,
over a range of grating spatial periods and peak movement
speeds, had an inconsistent effect on the responses of the RA
afferents. To characterize the RA population, responses were
measured in 9 fibers to indentation amplitudes of 0.5, 0.75, 1,
and 1.25 mm. Two gratings were used, namely, a grating with
a spatial period of 2 mm moving at a peak speed of 80 mm/sec
and a grating with a spatial period of 1 mm moving at a peak
speed of 40 mm/sec (peak temporal frequency of ridges was 40
Hz in both cases). For the 1 mm grating, the response increased
monotonically as a function of indentation amplitude for all 9
afferents. For the 2 mm grating, an increase in indentation am-
plitude sometimes caused an increase in response, sometimes
a decrease, and sometimes no change at all. Before pooling the
data (Fig. 5, center), the sensitivity of the individual RAs was
eliminated by normalizing responses by dividing by the sum of
responses at the 4 indentation amplitudes (as for the SAs). In
the case of the 1 mm grating, the response clearly increased
monotonically with increasing indentation amplitude. The re-
lationship was fairly linear (» = 0.772, slope = 0.138), but the
sensitivity or slope was much less than for the SAs (Fig. 5, left).
For the 2 mm grating the relationship was not monotonic (r =
0.419). On increasing the indentation amplitude from 0.5 to
0.75 mm the response increased, but further increases in in-
dentation amplitude had little or no significant effect.

The effect of increasing indentation amplitude was studied on
5 PCs. All had receptive fields that could be localized, with
some confidence, to the distal phalanx. Two gratings were used
with spatial periods of 2 and 1 mm moving at peak speeds of
160 and 80 mm/sec, respectively, both resulting in a peak tem-

poral frequency of the ridges of 80 Hz. For both gratings the 5
afferents showed consistent behavior, with an increase in in-
dentation amplitude causing an increase in the mean response
averaged over a cycle of movement. As for the SAs and RAs,
the sensitivity of individual PCs was eliminated by normalizing
prior to pooling the data in Figure 5 (right). For both surfaces
the relationship was monotonic. Linear regression yields a cor-
relation coefficient of 0.777 and a slope of 0.212 for the 2 mm
grating and a correlation coefficient of 0.666 and a slope 0f 0.193
for the 1 mm grating.

Comparing the 3 sets of curves in Figure 5, indentation am-
plitude had the greatest effect on the SA afferents when stim-
ulated with a 3 mm grating, slightly less effect on the SA afferents
stimulated with a 2 mm grating or on the PC afferents stimulated
with a 1 or 2 mm grating, and still less effect on the RA afferents
stimulated with a 1 mm grating. When stimulated with a 2 mm
grating, the RA responses did not increase monotonically.

Discussion

Asymmetry of responses

In the visual system, direction-selective cells are common in
the visual cortex and also occur among retinal ganglion cells
(Peterhans et al., 1985). Such neurons respond maximally when
a visual target moves in one direction and respond less vigor-
ously or not at all when the target moves in the opposite direc-
tion. The visual receptors are presumed to have symmetric re-
sponses, and the direction selectivity of neurons further along
the visual pathway is attributed to the particulars of the synaptic
connections. A common model is one in which inhibition pre-
cedes excitation when the target moves in the nonpreferred di-
rection, reducing or eliminating the response (Barlow and Lev-
ick, 1965). In the tactile system, direction-selective units have
been found in the postcentral gyrus (Schwartz and Fredrickson,
1971; Whitsel et al., 1972; Hyvirinen and Poranen, 1978; Iwa-
mura et al., 1985). These respond optimally when tactile stimuli



move over the skin in a particular direction. Here, too, inhib-
itory synaptic connections have been postulated to explain the
direction selectivity (Gardner and Costanzo, 1980), and there
is an assumption, either explicit or implicit, that the responses
at the primary afferent level are symmetric.

In our experiments, asymmetric responses occurred in all 3
mechanoreceptive afferent groups (SAs, RAs, and PCs); in fact,
they were more common than completely symmetric responses.
In retrospect, this is perhaps not surprising. The only structures
between visual receptors and visual targets are those forming
the optics of the eye, and these have isotropic light transmission
properties. In contrast, tactile receptors are excited by stresses
and strains, in the environment of their membranes, produced
by interaction between the moving stimulus and the complex
mechanics of the skin. Skin is not isotropic (Tregear, 1966), and
even at a simple level there are obvious factors that could lead
to asymmetric responses. For example, in typical cross sections
of fingertip skin (Halata, 1975) the dermal papillae are not all
precisely orthogonal to the skin surface, so that the effective
stimulus at a Meissner corpuscle located at the crest of a papilla
may well be different for opposite directions of movement of a
grating over the skin. Moreover, the corpuscle is connected to
the dermis and epidermis through an array of collagen fibers
(Andres and von Diiring, 1973), and it is possible that the ef-
ficacy of these connections is not symmetric. A similar argument
holds for the Merkel cell-neurite complex, the Ruffini ending,
and even for the PC corpuscle, although its greater depth in the
skin may suggest that asymmetries in the epidermis or dermis
would be less important. In the case of Meissner corpuscles and
Merkel complexes, multiple receptors are connected to each
afferent fiber (Sinclair, 1981). Thus, it is possible that interaction
between receptors produces some asymmetry in the afferent’s
responses. However, we have no model for such an interaction.

When humans rub their fingertips over a grating, a population
of SAs and RAs innervating the region of skin forming the
contact oval will be active. The majority of these afferents will
respond asymmetrically. There will be an additional popuiation
of active SAs and RAs, with receptive field centers outside the
contact oval, that also respond asymmetrically. Our data show
that these afferents will display a spectrum of responses ranging
from a greater response to a particular direction of movement,
through equal responses in both directions, to a greater response
to the second direction of movement. We were unable to predict
the nature of an individual response from the position of the
afferent’s receptive field center with respect to the contact oval.
In the case of the PCs, most of the corpuscles, located anywhere
in the finger, will be active. The majority will be located to one
side of the fingerpad or will be associated with an interphalangeal
joint or perhaps a more proximal phalanx of the finger; few, if
any, could be stated to have a receptive field center closely
corresponding to the contact oval. Nevertheless, this responding
population conveys information about the grating, and here,
too, the responses span a range of asymmetries.

When a monkey actively scans its fingers over a grating, many
of the cells in areas 3b and 1 of the postcentral gyrus have
asymmetric responses (Darian-Smith et al., 1984). One possible
explanation given for these asymmetries, in effect, is that the
receptive field center was located to one side of the contact oval
and thus was more effectively engaged for one direction of move-
ment than for the other. Our data show that asymmetry in
response at the primary afferent level occurs not only when the
receptive field centers are located outside the contact oval, but
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also when they are located at the center of the contact oval, and
this may account for at least some of the cortical asymmetry.
The completely direction-selective units seen in the cortex, es-
pecially those with large receptive fields such as occur in area
2 (Costanzo and Gardner, 1980; Darian-Smith et al., 1984), are
undoubtedly a product of cortical circuitry. With active move-
ment of the finger over the grating there is the additional prob-
lem of rotation of the finger so that the contact oval itself moves
during the cycle of movement.

Indentation amplitude and contact force

The majority of quantitative studies of mechanoreceptors in the
glabrous skin have utilized punctate probes indenting into the
skin. Here, the magnitude of the stimulus may be taken either
as the amplitude of indentation or as the contact force between
the skin and the probe. These 2 parameters are of course related,
under certain circumstances linearly (Pubols, 1982). In the case
of a grating moving across the skin, the amplitude of indentation
and the contact force are related as shown in Figure 4. With a
large surface, such as a grating, the contact area also increases
with increasing indentation amplitude or contact force. Thus,
contact pressure is a third measure of contact and is often used
as the basis for selecting experimental parameters.

The mean cyclic responses of the SAs and PCs increased with
increasing indentation amplitude for both surfaces tested. The
RA afferents showed similar behavior in response to a grating
with a spatial period of 1 mm, but their response to a 2 mm
grating did not increase with increasing indentation amplitude.
The mean cyclic response correlated about equally well with the
indentation amplitude and with the contact force, but there was
a poorer correlation with the contact pressure. These results
may explain Lederman and Taylor’s (1972) observation that,
in the human, the perceived roughness of gratings increases with
increasing contact force. Human discrimination of textured sur-
faces occurs successfully over a wide range of contact forces
(Lamb, 1983). This does not eliminate the use, by the subject,
of force-dependent parameters like mean cyclic response, as long
as the same force conditions are used within a pair of surfaces
being discriminated.

Previous studies have suggested that even a large increase in
contact force has little or no effect on the responses of any of
the afferents (Darian-Smith and Oke, 1980). This is not con-
sistent with our data and presumably occurred because these
authors did not study the effects of contact force systematically —
they were primarily interested in factors in the response other
than mean response. For instance, when the indentation am-
plitude is changed, the response remains phase-locked over the
central 42° of the cycle (Morley and Goodwin, 1987), but of
course the number of impulses per grating ridge changes.

The effective stimulus for a mechanoreceptor is dependent
on the stresses and strains in the environment of the receptor.
How these relate to parameters like indentation amplitude or
contact force depends on the complex nature of the intervening
skin. As we have no comprehensive model for skin mechanics,
we cannot explain our observations at this level. It is intuitively
obvious that increasing indentation amplitude will increase some
stresses and strains in the skin, so our results are not surprising.
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