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Abstract The effect of force on intensive and spatial
processing was examined with three measures of tactile
sensitivity. One of the measures based on intensive cues
is the smooth-grooved (SM/GV) task, and the two other
measures based on spatial cues are the grating orienta-
tion and gap detection tasks. Measures were made at
two locations that vary in sensitivity and in the density
of innervation of the primary afferent fibers, the right
index fingerpad and the palmar surface of the proximal
phalanx (fingerbase). At each location, psychometric
functions were generated for each of the three measures
for two forces (50 and 200 g). The results indicated that
increasing force led to marked improvement on the task
that relied on intensive cues; however, on the tasks that
relied on spatial cues, force had no effect on perfor-
mance. Biomechanical measures were made of the depth
to which the skin invades the grooves of the contactors
(conformance) at the two test sites, with the two forces,
and with different groove widths. Conformance was
found to be a joint function of force and groove width.
Further, performance on the SM/GV task could be
predicted by the amount of conformance. The psycho-
physical results are consistent with the view that
increasing conformance increases neural activity in the
primary afferent fibers, and that this increase in neural
activity improves SM/GV performance, but has little
effect on the quality of the spatial image.
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Introduction

Recent studies have compared psychophysical perfor-
mance on spatial and intensive tasks when these tasks
are subjected to similar stimulus manipulations (Gibson
and Craig 2002, 2005). Even when the tactile stimuli that
are used are similar, the two types of tasks in these
studies often reveal different functional relations. In the
present study, the effects of force and the concomitant
changes in conformance on intensive and spatial mea-
sures were examined. One of the major issues is whether
a biomechanical measure, such as conformance, can
account for the observed psychophysical results. One of
the spatial tasks, grating orientation (GR/OR), requires
subjects to identify the orientation of a domed, square-
wave grating on the skin (Craig 1999; Craig and Kisner
1998; Craig and Lyle 2001; Gibson and Craig 2002;
Johnson and Phillips 1981; Patel et al. 1997; Sathian and
Zangaladze 1996; Van Boven and Johnson 1994a). The
second spatial task, gap detection (GAP), requires sub-
jects to discriminate between an edge and an edge con-
taining a gap (Gibson and Craig 2005; Stevens et al.
2003; Stevens and Choo 1996; Stevens and Patterson
1995). The intensive task, smooth-grooved (SM/GV),
uses the same gratings as the GR/OR task does, but in
this case, subjects are asked to discriminate between a
grooved and a smooth surface (Craig 1999; Essock et al.
1997; Gibson and Craig 2002; Johnson and Phillips
1981; Wheat and Goodwin 2000). In an earlier study, the
effect that an intermediate surface, specifically a surgical
glove, had on the GR/OR and SM/GV measures was
examined (Gibson and Craig 2002). The glove had a
considerable effect on the SM/GV task causing thresh-
olds to double and triple. On the GR/OR tasks, how-
ever, the glove had little effect. Changing the site of
stimulation from the more densely innervated fingerpad
to the less densely innervated fingerbase and palm re-
sulted in a significant increase in GR/OR thresholds, but
almost no change in the SM/GV performance. In a
second study (Gibson and Craig 2005), we examined the
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effects of contactor orientation on these three tasks. We
found significant anisotropy for the GR/OR and GAP
tasks, but little or no anisotropy for the SM/GV task.

Initially one might suppose that the SM/GV task
should also be considered a spatial task, inasmuch as
performance varies directly with groove width; however,
results such as those noted lead to the conclusion that
this task relies on an intensive neural code, such as the
overall rate of firing from the first-order afferent fibers
(Phillips and Johnson 1981). In the current study,
additional stimulus variables were manipulated that
might be expected to affect these two types of measures
differentially, and that might reveal differences between
spatial and intensive coding (Experiment 1). In addition,
measures were made of skin mechanics, specifically
conformance, and the relationship between skin con-
formance and psychophysical performance was exam-
ined (Experiment 2).

Conformance is defined as the depth of skin that
protrudes into the groove of the contactor (Vega-Ber-
mudez and Johnson 2004). With grooved surfaces, such
as those used in the present study, the more skin that
protrudes into the groove, the greater the curvature at
the edge of the groove (Gibson and Craig 2002). The
degree of curvature at the edge is important because
slowly adapting type I (SAI) afferent fibers are very
sensitive to skin curvature (LaMotte and Srinivasan
1987a, b). The sensitivity of SAI fibers to skin curvature
makes them very sensitive to edges (Johansson et al.
1982; Johansson and Vallbo 1983; Phillips and Johnson
1981). The greater the curvature of the skin, the higher
the impulse rate: this is particularly true for SAI afferent
fibers (LaMotte and Srinivasan 1987a). Therefore, a
stimulus manipulation that increases the amount of
curvature should also increase the impulse rate in the
afferent fibers, and would be expected to improve per-
formance on a task that required discrimination based
on intensity.

Several previous studies have measured spatial acuity
and related the psychophysical results to the skin
mechanics. Some of these studies have examined con-
formance (Vega-Bermudez and Johnson 2004), whereas
others have examined compliance, the overall distance
that a contactor indents the skin (Goldreich and Kanics
2003; Loomis 1985; Johnson and Phillips 1981; Wood-
ward 1993). From these studies, it appears that
increasing force from 0 g to about 25 g substantially
improves spatial acuity. It has also been reported that a
large fraction of the conformance takes place as force
increases from 0 to 40 g (Vega-Bermudez and Johnson
2004). One would expect a difference in performance
between light forces and no force: As force approaches
zero, performance likely becomes poorer because at zero
force the skin will no longer conform to the contactor,
and no information, spatial or otherwise, will be trans-
mitted. Beyond 25 g spatial sensitivity seems to be
unaffected for increased force (Johnson and Phillips
1981). It appears that increasing conformance beyond a

certain level has little to no effect on performance of
spatial tasks.

In the current study we examined the effects of force
and conformance on the SM/GV, GR/OR, and GAP
tasks. One reason for selecting these particular measures
and stimuli is that the response of first-order afferent
fibers to stimuli like these has been mapped. Phillips and
Johnson (1981) used an aperiodic grating stimulus with
bars 0.50 mm in width and grooves of varying widths.
The grating was presented to the monkey’s fingerpad.
The resulting spatial event plot shows that, for SAI fi-
bers, edges are clearly represented by the peaks in the
neural response profile. The information about the
grooves and ridges appears to be represented by the
distance between the peaks, a spatial code. Rate of fir-
ing, an intensive code, also varies as a function of groove
width (Johnson and Phillips 1981). Specifically, as the
groove width narrows, the overall rate of activity de-
clines, and is lowest across the flat part of the stimulus.
Rate of firing also varies with skin curvature; this is
particularly true for the SAI afferent fibers (Vega-Ber-
mudez and Johnson 1999; Werner and Mountcastle
1968).

One would expect that conformance should affect
sensitivity in tasks that rely on intensive cues. Based on
the Phillips and Johnson (1981) results, one would ex-
pect that changing conformance would affect the firing
rates for fibers responding to edges but would not alter
the overall quality of the spatial image, unless there was
very little conformance. In short, the neurophysiological
data would lead one to predict that changing confor-
mance would affect intensive but not spatial measures of
sensitivity.

The current study consists of two experiments. In
Experiment 1, SM/GV, GR/OR, and GAP sensitivity
were measured with two different levels of force. Two
sites on the index finger were tested, the fingerpad and
the fingerbase. In Experiment 2, conformance measure-
ments were made with the same stimuli and conditions.
The two testing locations were chosen for several rea-
sons. First, data exist on the underlying neurophysiology
for these locations (Darian-Smith and Kenins 1980;
Johansson and Vallbo 1979). Second, psychophysical
sensitivity at these two sites has previously been com-
pared with the SM/GV, GR/OR, and GAP tasks (Gib-
son and Craig 2002, 2005). Finally, and most important,
the Gibson and Craig (2002) study demonstrated the
importance of testing across locations that vary in their
density of innervation. It has been shown, for example,
that density of innervation has a large and differential
effect on the GR/OR and GAP tasks as compared to the
SM/GV task. The goals of the present study are to
determine the effect of force on the SM/GV task (an
intensive measure), to see if the effects were different
from those observed with the GR/OR and GAP task
(spatial measures), and to see if skin conformance was a
critical variable in predicting performance on these
tasks.

173



Experiment 1

Method

Subjects

The subjects were students at Indiana University. All
subjects were paid for their participation. The number of
subjects used in each condition is given in Table 1. The
subjects were selected from a larger group of subjects
according to their schedules and availability. All subjects
used in the study signed an informed consent prior to
their participation, and the Human Subjects Institu-
tional Review Board of Indiana University, Blooming-
ton approved all procedures used in this study.

Stimuli

The stimuli for the SM/GV task were domed contactors
with square-wave gratings cut into them. There was also

one smooth contactor with no grooves. These contac-
tors, JVP Domes, are commercially available from
Stoelting Co. (Wood Dale, IL, USA). Each contactor
has a series of equal-width grooves and ridges. The
grooves are cut sufficiently deep so that the skin does not
touch the bottom of the groove. The contactors are
19 mm in diameter. Each set consists of eight contactors
with groove widths of 3, 2, 1.5, 1.2, 1, 0.75, 0.50, and
0.35 mm. In several conditions, thresholds exceeded
3 mm. For this reason, additional contactors were ma-
chined with larger grooves (6, 5, and 4 mm). These three
additional contactors were also 19 mm in diameter.
These same contactors were also used for the GR/OR
task.

For the GAP task, the contactors were similar to
those used by Stevens and coworkers and others
(Gibson and Craig 2005; Stevens et al. 2003; Stevens
and Choo 1996; Stevens and Patterson 1995). The
contactors were made in pairs varying in overall length
from 10.75 to 22 mm. Each member of a pair was the
same overall length. The width of the contactors was
5 mm. One member of the pair had a gap cut into it,
and the other had no-gap (Fig. 1). The gaps were cut
such that 5-mm square posts were created at each end
of the edge and were deep enough so that the skin did
not touch the bottom of the contactor. Eleven cont-
actors were used. The gap widths ranged from 0.75 to
12 mm.

Apparatus

A counter-weighted lever was used to present the cont-
actors to the skin (Gibson and Craig 2002). An air shock
was used to control and smooth the travel of the lever
arm to which the contactor was attached. The apparatus
was designed so that different forces could be presented
at the same velocity.

Procedure

Sensitivity for the three tasks was measured at two dif-
ferent forces (50 and 200 g). These forces were selected
because 50 g is close to the lower limit (Smith et al.
2002), and 200 g is just beyond the upper limit (Vega-
Bermudez and Johnson 2004) of the normal forces used
when making exploratory movements with the fingers.
The velocity of the stimuli was held constant at 2 cm/s.
Subjects were tested individually. Two locations on the
right index finger were tested, specifically the index fin-
gerpad (15 mm proximal to the distal end of the fin-
gernail) and the fingerbase (centered on the palmar
surface of the proximal phalanx). During each session,
the subjects were seated with their right arms extended
with the medial edge of the palm resting on the table.
The subject’s finger was supported on a shelf so that the
contactor could be brought into contact with the test
site. The subjects were instructed not to move their
hands or fingers during testing. Each trial began with the

Fig. 1 Schematic drawing of a pair of contactors used in the GAP
task (10-mm gap contactor). The width of the edges was 5 mm. For
the gap contactor, the length of the gap was such that 5-mm square
end posts were created. The overall length of the edge was the
length of the gap plus the length of the end posts (after Gibson and
Craig 2005)

Table 1 The number of subjects used in each condition

Fingerpad Fingerbase

Male Female Male Female

Experiment 1
Smooth-grooved 1 4 2 3
Grating orientation 2 3 2 3
Gap detection 2 4 2 4
Experiment 2
Conformance 2 4 2 3
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experimenter presenting the contactor and ended with
the subject’s response. The contactor remained in con-
tact with the subject’s skin until the subject responded
(approximately 1–2 s), at which time the experimenter
removed the contactor. During testing, the subjects were
instructed to keep their eyes closed.

For the SM/GV task, subjects were instructed that
two different contactors would be used. Subjects were
told that one of the contactors was ‘‘smooth’’ and the
other ‘‘grooved.’’ On each trial, they were to respond
either ‘‘smooth’’ or ‘‘grooved.’’ The grooved contactor
was presented with the grooves oriented along the
proximal–distal axis of the finger. To reduce the possi-
bility that thermal cues might help the subjects dis-
criminate between the smooth contactor and the
grooved contactor, all contactors were warmed to
approximately skin temperature (Craig 1999).

For the GR/OR task, the subjects were instructed
that a grooved contactor would be presented in one of
two orthogonal orientations, with the grooves aligned
along the proximal–distal axis or along lateral–medial
axis of the finger. The orientations were explained to
the subjects. On each trial, they were to respond with
either ‘‘proximal’’ or ‘‘lateral.’’ Subjects then received
several practice trials during which they kept their eyes
closed.

For the GAP task, subjects were instructed that two
different contactors would be used (an edge with no-gap
and an edge with a gap). Both contactors were shown
and explained to the subjects. On each trial, subjects
were to respond with either ‘‘gap’’ or ‘‘no-gap.’’ The
alignment of the edge of the contactor was along the
lateral–medial axis of the finger. In all three conditions,
the stimuli were demonstrated with the subject observing
the presentation. Subjects then received several practice
trials during which they kept their eyes closed. During
the practice trials in all three tasks, the subject received
feedback; however, no feedback was provided during
testing.

In all three tasks, the subjects were randomly as-
signed to start with either 50- or 200-g force. Thereafter,
they alternated sessions between the two forces. All of
the data were collected for a single task before the next
task was begun. For each task, subjects were tested over
six sessions (three at 50 g, three at 200 g). A session
consisted of six blocks of 30 trials each for a total of 180
trials per session. In each task, six groove (gap) widths
were tested. The dimensions of the contactors, groove
widths and gap lengths, for the various conditions are
presented in Table 2.

Results and discussion

The results from the SM/GV task are shown in Fig. 2,
percent correct as a function of the log of the groove
width. It appears that increasing force from 50 to 200 g
improves subjects’ ability to discriminate between the
smooth and grooved contactors. A repeated-measures
ANOVA confirmed what Fig. 2 indicates: there is a
significant effect of force at both the fingerpad and the
fingerbase [F(1,4)=88.17, P<0.01; F(1,4)=180.01,
P<0.01, respectively]. There was also a significant
interaction between force and groove width at the fin-
gerpad, but not the fingerbase [F(5,20)=4.98, P<0.01;
F(5,20)=0.74, P=0.60, respectively]. The interaction at
the fingerpad is likely due to the convergence of the
functions at 100% correct performance and at 50%
correct, chance. At the fingerbase we would not have
expected there to be an interaction inasmuch as the two
functions are so widely separated and parallel across the
linear portions of the functions. As expected, there was a
significant effect of groove width at both the fingerpad
and the fingerbase as well [F(5,20)=143.17, P<0.01;
F(5,20)=56.36, P<0.01, respectively].

Using non-linear regression the data were fit with a
four-parameter sigmoid function (Eq. 1), where two of
the parameters were constrained so that the functions fit
between 50 and 100% performance. In this study, 75%
correct (halfway between chance and 100%

y ¼ y0 þ
a

1þ e�
x�x0

bð Þ ð1Þ

correct) has been adopted as a threshold measure
(Johnson and Phillips 1981). The threshold was calcu-
lated using the parameter values and solving Eq. 1 for x
for a known value of y (75%). The thresholds for the
SM/GV task at 50 and 200-g force are presented in
Table 3. As can be seen, threshold decreased by 26% at
the fingerpad, and by 62% at the fingerbase with
increasing force.

The results from the GR/OR task are shown in
Fig. 3, percent correct as a function of the log of the
groove width. Increasing force from 50- to 200-g force
did not appear to produce an increase in performance at
either of the two sites. A repeated-measures ANOVA
confirmed what the results in Fig. 3 indicate: There was
no significant difference between the 50 and 200-g force
conditions at either the fingerpad or the fingerbase
[F(1,4)=0.26, P=0.64; F(1,4)=0.16, P=0.71, respec-
tively]. As expected, there was a significant effect of
groove width at both the fingerpad and the fingerbase

Table 2 The dimensions in mm
of the contactors used in each
condition

Fingerpad Fingerbase

Experiment 1
Smooth-grooved 1.50,1.20, 1.00, 0.75, 0.50,0.35 3.00, 2.00, 1.50, 1.00, 0.75, 0.50
Grating orientation 3.00, 2.00, 1.50, 1.20, 1.00, 0.75 6.00, 5.00, 4.00, 3.00, 2.00, 1.00
Gap detection 3.00, 2.00, 1.50, 1.25, 1.00, 0.75 8.00, 6.00, 4.00, 3.00, 2.00, 1.50
Experiment 2
Conformance 1.50, 1.20, 1.00, 0.75, 0.50, 0.35 3.00, 2.00, 1.50, 1.00, 0.75, 0.50
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[F(5,20)=58.35, P<0.01; F(5,20)=55.34, P<0.01,
respectively]. The data were again fit with a sigmoidal
function (see Eq. 1) and the thresholds calculated. The
thresholds are shown in Table 3. As can be seen, there is
a 1% increase in threshold with increasing force at the
fingerpad, and a 13% increase in threshold with
increasing force at the fingerbase.

The results from the GAP task are shown in Fig. 4,
percent correct as a function of the log of the groove
width. As with the GR/OR task, increasing force ap-
pears to produce no increase in sensitivity at either of the
two sites for the GAP task. A repeated-measures

ANOVA confirmed what the results in Fig. 4 indicate:
No significant difference between 50- and 200-g force
conditions at either the fingerpad or fingerbase
[F(1,5)=0.29, P=0.62; F(1,5)=0.30, P=0.61, respec-
tively]. As expected, there was a significant effect of gap
length at the fingerpad and fingerbase [F(5,25)=62.27,
P<0.01; F(5,25)=56.90, P<0.01, respectively]. The
data for the GAP task were fit with a sigmoidal function
(Eq. 1), and thresholds calculated (Table 3). Again for
this spatial measure, as with GR/OR measure, there is
very little difference in the thresholds for 50 and 200-g
force at either the fingerpad or fingerbase.

Fig. 2 Percent correct as a function of log groove width in
millimeter at the fingerpad and fingerbase for both 200 and 50 g
of force for the SM/GV task. Error bars represent ±1 standard
error of the mean. The horizontal dashed line represents 75%
correct performance. Each psychometric function has been fitted
with a sigmoidal curve using Eq. 1

Table 3 Thershold for three psychophysical measures. Thersholds in mm 75% correct performance

Smooth-grooved Grating orientation Gap detection

50 g 200 g 50 g 200 g 50 g 200 g

Fingerpad 0.81 0.60 1.01 1.02 1.31 1.30
Fingerbase 1.87 0.71 2.93 3.32 2.70 2.64

Fig. 3 Percent correct as a function of log groove width in
millimeter at the fingerpad and fingerbase for both 200 and 50 g
of force for the GR/OR task. Error bars represent ±1 standard
error of the mean. The horizontal dashed line represents 75%
correct performance. Each psychometric function has been fitted
with a sigmoidal curve using Eq. 1

176



The psychophysical results are consistent with the
neurophysiological data. We found that an increase in
force led to an improvement in performance on the SM/
GV task and not the GR/OR and GAP tasks. This is
what was predicted based on the neurophysiological
evidence. Our results indicate force affects only those
tasks that rely on an intensive code, and not those that
rely on a spatial code.

Experiment 2

The results from an earlier study (Vega-Bermudez and
Johnson 2004) showed that the amount of conformance
increased with both increasing force and groove width.
The results from Experiment 1 showed that SM/GV
performance improved with increasing force and groove
width. The issue addressed in Experiment 2 was whether
SM/GV performance was a direct function of the
amount of conformance. The fact that SM/GV perfor-
mance is directly related to the manipulation of a spatial
variable, groove width, could be the result of changes in

conformance. The resulting changes in curvature may, in
turn, produce changes in the rate of firing in the first-
order afferent fibers, an intensive code.

In Experiment 2, we measured conformance with the
same stimulus conditions used in the SM/GV task;
specifically, we measured skin conformance for each
groove width used in the SM/GV tasks at two levels of
force (50 and 200 g). The measurements were taken at
the fingerpad and fingerbase.

Method

Subjects

As in Experiment 1, the subjects were students at Indi-
ana University who were paid employees of the labo-
ratory (Table 1). Because these experiments were
conducted over a long period of time, not all of the
subjects from Experiment 1 were able to participate in
Experiment 2. For the fingerbase, all five subjects who
participated in the conformance measures also partici-
pated in both the SM/GV and GR/OR tasks at the
fingerbase in Experiment 1. For the fingerpad of the six
subjects who participated in the conformance measures,
three had participated in the SM/GV task, and two had
participated in the GR/OR task at the fingerpad in
Experiment 1.

Stimuli

Conformance was measured with the grooves oriented in
the proximal–distal orientation. For the conformance
measurements, we developed a set of contactors to
measure the depth of penetration of the skin into the
grooves of the contactor. The contactors were identical
to the ones used in SM/GV and GR/OR testing, with the
exception that a hole was drilled down the center of the
shaft and through the bottom of the contactor. The hole
was in the center of the middle groove of each contactor.
A fine wire was inserted through the center hole. As the
skin pushed into the groove, it displaced the wire pro-
viding a measure of skin conformance (Gibson and
Craig 2002).

Procedure

For each subject, conformance was measured two times
in the proximal–distal orientation for the eight groove
widths used in the SM/GV task. To obtain these mea-
surements, the contactors were allowed to travel freely
into the skin in the same manner as they did during
testing. As the skin entered the groove, it displaced the
wire. The amount of displacement was measured using a
microscope with an eyepiece micrometer. This procedure
was repeatable with an accuracy of 5 lm (Gibson and
Craig 2002).

Fig. 4 Percent correct as a function of log gap length in millimeter
at the fingerpad and fingerbase for both 200 and 50 g of force for
the GAP task. Error bars represent ±1 standard error of the mean.
The horizontal dashed line represents 75% correct performance.
Each psychometric function has been fitted with a sigmoidal curve
using Eq. 1
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Results and discussion

The results from the conformance measurements at the
fingerpad and fingerbase are shown in Fig. 5. A re-
peated-measures ANOVA was conducted to see what
effect force had on conformance. As expected, there was
a significant main effect of force and groove width at
both the fingerpad and fingerbase [F(1,5)=28.65,
F(5,25)=53.82, F(1,4)=249.16, and F(5,20)=82.64;
P’s<0.01, respectively]. We can see in Fig. 5 that there is
likely an interaction between force and groove width.
This is apparent because as groove width increases, the
slopes of the functions also increase. A repeated-mea-
sures ANOVA revealed that there is a significant inter-
action between force and groove width at both the
fingerpad and fingerbase [F(5,25)=4.21 and
F(5,20)=14.18; P’s<0.01, respectively]; as force in-
creases, the amount of conformance increases dispro-
portionately with increasing groove width. At very small
groove widths there is very little difference in confor-
mance between the two forces: As the groove width in-
creases, the difference in conformance between the two
forces also increases (Fig. 5).

To what extent can the changes in sensitivity due to
force and groove width be accounted for by changes in
conformance? To examine this question, we plotted
percent correct for both the fingerpad and fingerbase
as a function of conformance for the groove widths
used in the SM/GV task. It should be noted that these
numbers are based on the averages from all of the
subjects for each condition. We then fit psychometric
functions (Eq. 1) to the two resulting scatter plots
(Fig. 6). For the fingerpad (top panel), conformance
accounted for 99% of variance in predicting SM/GV
performance. For the fingerbase (bottom panel), con-
formance accounted for 90% of the variance in pre-
dicting SM/GV performance.

We next tried fitting all the SM/GV data with a single
function, that is, the data from both sites. For these
combined data, Fig. 7, the fit is still good, an R2 value of
0.86, although slightly below the fits obtained for the
individual sites. Sensitivity at the two sites is different,
with the fingerbase being less sensitive than the finger-
pad, particularly with 50-g of force: Conformance still
accounts for 86% of the variance, which suggests the
importance of this variable.

Fig. 5 Conformance of the skin in micrometer as a function of
application force in grams at the fingerpad and fingerbase. Error
bars represent ±1 standard error of the mean

Fig. 6 Percent correct as a function of log conformance in
micrometer at the fingerpad and fingerbase across 200 and 50 g
of force for the SM/GV task. Each psychometric function has been
fitted with a sigmoidal curve using Eq. 1
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The GR/OR results from Experiment 1 were also
examined to determine the extent to which conformance
might account for sensitivity in this task. In the GR/OR
task, the contactors are presented in both the proximal–
distal and lateral–medial orientations. Additional con-
formance measurements were made with the contactors
used in the GR/OR task. These measurements were
made in both the proximal–distal and lateral–medial
orientations. These conformance measurements were
averaged. Plotting performance as a function of the
average conformance for the fingerpad and fingerbase
separately resulted in reasonably high R2 values, 0.66
and 0.86, respectively. This is not surprising given the
close relationship between groove width and confor-
mance. Combining the data from the two sites, which
show substantial differences in spatial sensitivity, pro-
vides a more stringent test of the role of conformance.
Here the R2 value falls considerably to 0.44, about half
the variance accounted for with the SM/GV task.

It is not surprising that the effect of force on dis-
criminating between a smooth and grooved surface can
be accounted for by conformance; what is more reveal-
ing is the finding that conformance rather than groove
width appears to be the critical variable. This finding
reinforces the point that the SM/GV task, unlike the
GR/OR task, is based on intensity discrimination. Al-
though performance for both tasks is a direct function of
groove width, conformance appears to be the more
critical variable with the intensive task. Also, in light of
the neurophysiological data (LaMotte and Srinivasan
1987a, b), it is reasonable to suppose that conformance
is a good measure of skin curvature with the types of
contactors used in the present study. In turn, the firing
rates for first-order afferent fibers are a direct function of
skin curvature, indicating that performance on the SM/

GV task is likely to be directly mediated by the firing
rate in the peripheral afferent fibers.

To confirm that conformance rather than groove
width is the critical variable in the SM/GV task, we
performed a multiple regression analysis of the data
using conformance, location, groove width, and force as
the independent variables. The full model was able to
account for a significant proportion of the variance
(R2=0.80; F=18.99, P<0.001). Of the four variables
used in the model, conformance was the only significant
coefficient (t=4.65, P<0.001), indicating that the other
variables contributed little to the model. Next, to see
exactly how much variance each of the variables account
for, we performed a stepwise regression analysis. The
first model used conformance as the only variable and
was able to account for a significant proportion of the
variance (R2=0.74; F=62.38, P<0.001). The second
model included both conformance and groove width as
variables, but the additional variance accounted for was
small, the R2 increased from 0.74 to 0.79. Because
groove width improves the predictability of the model,
we wondered how much of the variance groove width
would account for on its own. An analysis, in which we
forced groove width as the only variable, revealed that it
was able to account for a significant proportion of the
variance, although considerably less than conformance
(R2=0.33; F=10.69, P<0.01). It seems that most of the
variance that groove width accounts for is also ac-
counted for by conformance. This analysis supports the
conclusion that conformance is the critical variable in
determining SM/GV performance.

General discussion

There are two major findings from the present study.
First, changing force had no effect on two different
measures of spatial sensitivity (GR/OR and GAP), but
had a substantial effect on a measure that relies on the
discrimination of differences in intensity. Second, con-
formance, as measured by the depth of skin entering the
grooves, is a good predictor of performance on the SM/
GV task across different forces, groove widths, and
locations. For the GR/OR task conformance is not as
good a predictor, particularly across locations.

In their study of spatial sensitivity, Vega-Bermudez
and Johnson (2004) found that thresholds for individual
subjects were correlated with biomechanical factors.
They measured the amount of conformance on the fin-
gerpad at groove widths of 1, 2, and 3 mm and also
measured thresholds for the GR/OR task. From these
values, they calculated the slope of the function-relating
conformance to groove width. The result was that the
greater the slope, the lower an individual subject’s
threshold. The R2 value was approximately 0.50. In the
present study, the subjects on whom the conformance
data were obtained were not the same group of subjects
who were tested on the GR/OR task. We cannot,
therefore, determine if individual thresholds in this study

Fig. 7 Percent correct as a function of log conformance in
micrometer across the fingerpad and fingerbase as well as across
200 and 50 g of force for the SM/GV task. A psychometric
function has been fitted with a sigmoidal curve using Eq. 1
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can be predicted by the slope of the conformance func-
tion. However, it is possible to use the Vega-Bermudez
and Johnson results to see the extent to which confor-
mance per se might be correlated with an individual’s
spatial sensitivity. Using Vega-Bermudez and Johnson’s
results, we calculated the extent to which conformance
at the different groove widths is correlated with indi-
viduals’ thresholds. As in the present study, thresholds
in the Vega-Bermudez and Johnson study were
approximately 1 mm. The correlation between an indi-
vidual subject’s threshold and the amount of confor-
mance at 1 mm was small (R2=0.01). At 2 and 3 mm
groove widths, the R2 values were 0.08 and 0.31,
respectively. A tentative conclusion is that the amount of
conformance, as measured by the depth of penetration
of the skin into the grooves, is not a good predictor of an
individual’s spatial sensitivity.

The results from the present study show that the
amount of conformance can be used to predict SM/GV
performance from a group of subjects. Additional work
would be required to extend this work to predict per-
formance for individual subjects. There have been a
number of studies that have examined individual dif-
ferences and spatial sensitivity (Goldreich and Kanics
2003; Stevens and Patterson 1995; Vega-Bermudez and
Johnson 2001, 2004). To our knowledge, there are no
studies of individual factors that might affect perfor-
mance on the SM/GV task. To examine these factors
one would want to test a large number of subjects on the
SM/GV task, measure skin conformance with the same
subjects, and see the extent to which the amount of
conformance for an individual predicts their sensitivity.
Information on age, handedness, sex, finger size, musical
experience, and so forth would also be collected to see
the extent to which these additional variables would
improve the predictions of individual performance.

Force, conformance, and the SM/GV task

The SM/GV results provide a different picture from that
seen with the GR/OR and GAP tasks. Here increasing
force does improve discriminability. The fact that the
thresholds at the fingerpad and fingerbase are more
similar at 200 g than at 50 g suggests that there may be
an upper limit to the effect that increasing force, and
hence conformance, has on the SM/GV thresholds. In
other studies we have examined SM/GV thresholds
across additional locations, and found that testing dif-
ferent sites on the hand produced relatively small
changes in threshold; however, when sites were tested on
the arm (forearm and upperarm), the SM/GV thresholds
increased considerably (Gibson and Craig 2005). One
factor that might have led to the substantial increase in
threshold is the size of the contactors that were used on
the arm. To accommodate larger groove widths, the
contactors were increased in size; however, the force was
kept the same, 100 g. With the same force applied
through a larger contactor, conformance was very likely

to have been less on the arm than it had been on the test
sites on the hand. Had conformance been kept constant
when testing sites that differ in density of innervation as
much as sites on the fingerpad and forearm differ, would
the SM/GV threshold have remained constant across
sites? Additional SM/GV and conformance measures at
other sites such as the forearm would be necessary to
answer this question; however, in some measurements
we increased force from 100 to 400 g on the forearm,
and found a 60% decrease in threshold. This increase in
force would, one assumes, produce greater conformance.
How well results from these and other less densely
innervated sites might be fit with a single conformance
function, such as was done in the current study, would
also require additional measurements.

A situation in which conformance is unlikely to pre-
dict SM/GV sensitivity is one in which the orientation of
the grooves on the skin is changed at the same site. A
recent study (Gibson and Craig 2005) examined anisot-
ropy, the effect of the orientation of the contactors, on
the same three measures of tactile sensitivity used in the
present study. Orientation had no significant effect on
the SM/GV task. Conformance measures, however,
showed that orientation did have a significant effect:
Greater conformance was seen with the grooves aligned
along the proximal–distal axis of the finger rather than
across the fingerpad. This was the case for both the
fingerpad and the fingerbase. There was a non-signifi-
cant trend for the orientation that produced the greater
conformance to also have greater sensitivity. At present,
however, the fact that conformance can predict SM/GV
sensitivity should not be extended to include differences
in conformance produced by contactor orientation.

Might the differences in conformance resulting from
orientation have an effect on GR/OR task? Could the
difference in conformance produce a sufficient difference
in intensity between the two orientations such that GR/
OR could be performed on the basis of intensity rather
than spatial cues? This seems unlikely. The greater
conformance obtained with the grooves aligned along
the finger did not produce enough of an increase in
intensity to lead to greater discriminability in that ori-
entation in the SM/GV task (Gibson and Craig 2005). If
there is no improvement in discriminating between a
smooth and grooved contactor in one orientation versus
another, it seems unlikely one could discriminate be-
tween two grooved surfaces based on what appears to be
such a small difference in intensity. Also, as noted pre-
viously, there is considerable evidence that the GR/OR
task is done on the basis of spatial rather than intensive
cues (Craig and Kisner 1998; Craig 1999; Craig and Lyle
2001; Gibson and Craig 2002, 2005; Johnson and Phil-
lips 1981; Van Boven and Johnson 1994a, b).

The fact that increasing force lowers threshold for the
SM/GV task has important implications for the inter-
pretation of the GR/OR results. There was no effect on
GR/OR sensitivity when force was increased from 50 to
200 g. This lack of effect could be interpreted as sug-
gesting that the force manipulation produced such a
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small change in conformance that the neural activity was
unaffected. The fact that SM/GV threshold dropped by
as much as 62% shows that this was not the case. It is
certain that increasing force leads to substantial in-
creases in neural activity; however, this increase does not
lead to a net improvement in performance with GR/OR
or GAP tasks. In the spatial tasks, GR/OR and GAP, it
is likely that groove width and not conformance drives
performance, whereas the opposite is true for the
intensive task, SM/GV.
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Johansson RS, Vallbo ÅB (1979) Tactile sensibility in the human
hand: relative and absolute densities of four types of mecha-
noreceptive units in glabrous skin. J Physiol 286:283–300
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