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Much of the tactile information that we receive is trans-
mitted through intermediate surfaces, such as tools or
clothing (especially gloves). In the present study, we ex-
amined the effect of surgical gloves on tactile sensitivity
and the differential effects that this intermediate surface
has on two measures of tactile sensitivity. Studies on the
effects of gloves on the sense of touch have been motivated
by both applied and theoretical interests. Particularly with
regard to surgical gloves, there has been a continuing in-
terest in providing protection for both the surgeon and the
patient and, at the same time, maintainingadequate tactile
sensitivity. In addition, remote sensing and teleoperator
systems must rely on receiving tactile information through
intermediate surfaces (Klatzky & Lederman, 1999). An
understanding of the effects of gloves on tactile sensitiv-
ity should suggest what aspects of tactile information need
to be preserved in order to provide effective remote sens-
ing. On the theoretical side, comparing performance with
and without gloves may increase our understandingof sen-
sory measures and sensory mechanisms.

Of the various measures of tactile sensitivity that are
available,we selectedspatial acuity for several reasons. First,
it is an important component of tactile sensitivity. Changes

in spatial acuity affect our ability to judge roughness, iden-
tify objects, and discriminate surfaces from one another,
among other things. Second, our understandingof the pro-
cessing of spatial information has advanced considerably
in recent years, due in large measure to the close relation-
ship between psychophysical and neurophysiological
studies of spatial mechanisms (Johnson & J. R. Phillips,
1981; J. R. Phillips & Johnson, 1981a, 1981b). Knowing
how spatial information is processed in the absence of
glovesshould allow for a greater understandingof the pos-
sible effects, if any, that gloves have on spatial acuity.

Because spatial sensitivity is an important tactile func-
tion, it is not surprising that a number of studies have ex-
amined the effect that gloves have on it. These studies have
used a wide variety of tasks that may involvespatial mech-
anisms. In some of these studies, no significant decrease
in spatial sensitivity with gloves was reported (Brisben,
Hsiao, Looft, & Johnson, 1992; Heller & Mitchell, 1985;
Klatzy & Lederman, 1999; Nelson & Mital, 1995; Novak,
Patterson, & Mackinnon, 1999; Thompson & Lambert,
1995;Webb & Pentlow, 1993;M. P. Wilson, Gound, Tishk,
& Feil, 1986), whereas, in other studies, gloves signifi-
cantly reduced spatial sensitivity (Cunningham, Delargy,
& Warnock, 1992; A. M. Phillips, Birch, & Ribbans,
1997). Part of the difficulty in drawing a definitive inter-
pretation from these studies is due to the wide variety of
measures used and the fact that these studies were not
defining tactile sensitivity in the same way. Some of the
studies used tasks such as roughness discrimination and
texture matching, although it should be noted that, with re-
gards to roughness, cues other than spatial cues may play
a role (Stevens, 1990). Other investigators have used a tra-
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Two psychophysical measures of tactile sensitivity—grating-orientation (GO) and smooth-grooved
(SG) discrimination—were used to determine tactile spatial acuity with and without an intermediate
surface (latex glove) interposed between the contactor and the skin. Measures were made at three lo-
cations that varied in sensitivity and in density of innervation of the primary afferent fibers: the index
fingerpad (fingertip), palmar surface of the proximal phalanx (fingerbase), and the thenar eminence
(palm). Neurophysiological studies have suggested that the density of innervation of SAI fibers is a lim-
iting factor in spatial acuity. In the present study, without a glove, the GO thresholds varied as a func-
tion of location. With the glove, increases in the GO thresholds were relatively uniform and modest.
Without a glove, however, the SG thresholds were well below the GO thresholds, and changing the site
of stimulation had little effect on the threshold. With a glove, the SG thresholds increased by 100% to
more than 300% as in comparison with those in the no-glove condition. The largest increases occurred
at the less sensitive locations. The results of the GO task are consistent with the view that GO is a valid
measure of spatial acuity. The results of the SG task, however, are inconsistent with previous results
and suggest that both spatial and intensive factors are involved in this task.
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ditional measure of spatial sensitivity, such as the two-
point threshold. In the studies that used the two-point
threshold, no change in sensitivity with gloves was found
(Novak et al., 1999; Thompson & Lambert, 1995; Webb
& Pentlow, 1993); however, there are a number of prob-
lems with the two-point threshold as a measure of spatial
acuity. Chief among these problems is the unreliability of
the results both between and within subjects (Craig &
Johnson, 2000; Johnson, Van Boven, & Hsiao, 1994).

In recent psychophysical studies, some done in con-
junction with neurophysiological studies, two relatively
new measures of spatial acuity have been used: grating
orientation (GO) (Johnson & J. R. Phillips, 1981) and gap
detection (Stevens & Choo, 1996; Stevens & Patterson,
1995). The GO measure involved presenting square-wave
gratings to the skin. The gratings were cut into circular
domed contactors. The contactors were presented to the
skin in one of two orientations,one at 90º to the other. The
subject’s task was to identify the orientation. Accuracy is
measured as a function of the width of the grooves. GO as
a psychophysicalmeasure of spatial acuity has been mea-
sured at a number of different body loci, which vary in
their densities of innervationand sensitivity (Craig, 1999;
Craig & Kisner, 1998; Craig & Lyle, 2001;Essock, Krebs,
& Prather, 1997; Johnson & J. R. Phillips, 1981; Patel, Es-
sick, & Kelly, 1997; Sathian & Zangaladze, 1996; Van
Boven & Johnson, 1994a).The second task, gap detection,
required a subject to distinguish between a surface or an
edge that was smooth and one that had one or more
grooves or gaps in it. It, too, has been tested at a number
of different body loci and with subjects of different ages
(Stevens & Choo, 1996; Stevens & Patterson, 1995).

Psychophysical and neurophysiologicalstudies suggest
that spatial acuity as measured by GO changes with the
density of innervation and, thus, the spacing of the pe-
ripheral receptors (Craig, 1999; Johnson & J. R. Phillips,
1981; Van Boven & Johnson, 1994a). There are two types
of peripheral afferents that appear to convey spatial infor-
mation: rapidly adapting (RA) and slowly adapting Type I
(SAI) afferents. Of the two, SAI afferents convey the
finest spatial information (Johnson & Hsiao, 1994). For
the GO task, a groove width of approximately1 mm yields
a threshold performance level of 75% correct (in a two-
alternative, forced-choice procedure) on the fingertip.
This threshold value corresponds to the estimated density
of innervation of one SAI afferent per square millimeter
and spacing between receptors of approximately 1 mm
(Johnson & Hsiao, 1992; Johnson& Phillips, 1981). Neu-
rophysiological results show a sharp decline in the den-
sity of innervation as one moves proximally from the fin-
gertip (Johansson& Vallbo,1979). Parallelingthis decline,
the threshold for GO increases from approximately 1 mm
to approximately 2 mm as one moves from a test site
15 mm proximal to the fingertip to a site 25 mm proximal
to the fingertip (Craig, 1999).

Van Boven and Johnson (1994b) also found evidence
that sensitivity to GO is closely related to the underlying

neural mechanisms. In their study, they made a series of
psychophysicalmeasurements during recovery following
injury of the trigeminal nerve. Many of the psychophysi-
cal measures of tactile sensitivity, such as the two-point
threshold, direction of brush stroke, pressure sensitivity,
and so forth, returned to normal sensitivity levels long be-
fore self-reports of normal tactile sensitivity. It took much
longer (6 months to 1 year) for GO performance to return
to preinjury levels. Performance on the GO task and its re-
turn to preinjury levels were consistentwith subjects’ self-
reports of normal sensory functionand its return. The time
course of full recovery of sensitivity in the GO task was
also consistent with the rate of reinnervationby peripheral
afferent fibers (Van Boven & Johnson, 1994b). In short,
spatial acuity as measured by GO appears to be correlated
with the density of innervation.

As a second measure of spatial sensitivity, we used a
variation of a gap detection measure. In one of the early
versions of this task, subjects touched the edge of a disk,
2.0 mm in width. The disk either was smooth or had a gap
cut into it. The subject’s task was to indicate whether the
disk was smooth (no gap) or had a gap in it. In general, per-
formance varied as a function of the size of the gap, with
larger gaps being easier to detect than smaller ones (John-
son & J. R. Phillips, 1981). Stevens and colleagues used a
variation of this task in several studies (Stevens & Choo,
1996;Stevens & Patterson, 1995). In this version, subjects
were presented with one of two edges, one of which con-
tained a gap. The subject’s task was to indicatewhich edge
contained the gap. Stevens’s results have shown that sen-
sitivity, as measured by this technique, varies as a direct
function of gap size. Still another variation of the gap de-
tectiontaskwas usedby investigatorstoexamineanisotropies
in the human tactile system (Essock et al., 1997;Wheat &
Goodwin, 2000). In these studies, subjects were required
to distinguish between a flat smooth contactor and a flat
contactor with one or more grooves cut into it. Craig
(1999) used a modified version of these tasks. In this ver-
sion, which Craig referred to as a smooth/grooved task
(SG), subjects were presented with a smooth domed con-
tactor or a domed contactor that had multiple, equal-width
grooves and ridges. These were the same contactors used
in the GO task. The subject’s task was to identify the con-
tactor as either smooth or grooved.Performance was mea-
sured as a function of groove width.

Recordings from first-order afferents have been made
in response to the surface of the skin being presented with
grooves of various widths, including smooth surfaces.
These recordings show how certain types of afferents re-
spond to the various groove widths and how spatial infor-
mation is encoded peripherally (J. R. Phillips & Johnson,
1981a). One of the reasons for using the GO and SG tasks
in the present study was that the stimuli used in these tasks
were similar to the stimuli used in the physiologicalrecord-
ing work. This similarity made it easier to relate psycho-
physical results to the neurophysiologicalresults and spa-
tial and intensive encoding mechanisms. In discussing
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spatial and intensive mechanisms, we are relying on the
distinctions that Johnson and J. R. Phillips (1981, p.1178)
made: An intensive mechanism “depends on the impulse
rates in single fibers but makes no use of the exact loca-
tion of the afferent terminals . . . A mechanism is purely
spatial if it depends on the exact locations of active neu-
rons but is unaffected by uniform changes in impulse
rate.”

If the SG task is tapping spatial mechanisms, then per-
formance on this task should vary in the same way as per-
formance on the GO task. In general, Johnson and
J. R. Phillips (1981) found that performance on their gap
detection task paralleled other measures of spatial acuity.
They noted, however, that, at narrow gaps (less than
0.7 mm), performance on the SG task was above chance
and independentof groove width. They suggested that two
different mechanisms might be responsible for the SG
task: Larger groove widths might be tappingspatial mech-
anisms, whereas smaller groove widths might be encoded
by changes in intensity. Even if the SG task is not com-
pletely correlated with other measures of spatial acuity, it
may reflect an important perceptual capability, discrimi-
nating between smooth and grooved surfaces. One might
imagine that if the gloves interfered with the ability to
make such a discrimination, this interference would con-
tribute to the feeling that gloves distort or alter the sense
of touch.

Because of their sensitivity, the fingertips have been the
site of most of the testing of spatial acuity on the hand, in-
cluding testing the effects of gloves. The fingertips are
also likely to be used in haptic exploration. It has been hy-
pothesized that, with an appropriate adjustment of spatial
frequencies, the processing of spatial information should
be similar across regions that differ in sensitivity (Loomis
& Lederman, 1986). Recent measurements of spatial acu-
ity support this hypothesis.Using the GO task, similar psy-
chometric functions were obtained on the fingertip and
palm. Relative to the fingertip, the palm function was
shifted to lower spatial frequencies. The width of gratings
had to be seven to nine times wider on the palm to produce
the same levels of performance as those obtained testing
the fingertip (Craig & Lyle, 2001).

The alteration in sensitivity reported by most glove
wearers may reflect changes at more than just the finger-
tips; however, few of the previous studies with gloves have
measured sensitivity at multiple sites on the hand. If
gloves reduce spatial acuity at the fingertips, do they also
reduce sensitivity by a corresponding amount at different

sites? Does a glove produce an effect similar to testing at
a less densely innervated site? If gloves produce differen-
tial changes in sensitivityacross areas, it will be necessary
to make measurements at several sites on the hand to as-
sess the impact of gloves on tactile sensitivity. Measuring
sensitivity at several sites also permits us to compare rel-
ative changes in the GO and SG tasks.

The present study consisted of three experiments. In
Experiment 1, GO sensitivity was measured at three sites
on the hand with and without a glove. In Experiment 2,
SG sensitivitywas measured at the same three sites on the
hand with and without a glove. In Experiment 3, addi-
tional GO measurements were made at the fingerbase, as
were measures of the penetration of the skin into the
grooves of the contactors.

EXPERIMENT 1

GO sensitivity was measured at the fingertip, the fin-
gerbase, and the palm.

Method
Subjects. The subjects were students at Indiana University who

were paid employees of the laboratory. The number of subjects
tested in each condition is given in Table 1.

Stimuli. The stimuli were domed contactors with square-wave
gratings cut into them. These contactors (JVP Domes) are commer-
cially made by Stoelting Co. (Wood Dale, IL). Each contactor had a
series of equal-width grooves and ridges. The grooves were cut suf-
ficiently deep so that the skin did not touch the bottom of the groove.
The contactors were 19 mm in diameter. Each set consisted of eight
commercially made contactors, with groove widths of 3, 2, 1.5, 1.2,
1, 0.75, 0.50, and 0.35 mm. In several conditions, thresholds some-
times exceeded 3 mm. For this reason, additional contactors were
machined with larger grooves (6, 5, 4 mm). These three additional
contactors were also 19 mm in diameter. In addition to these con-
tactors, a new set of contactors was machined for testing GO on the
palm. The new set consisted of seven contactors, with groove widths
of 12, 10, 8, 6, 4, 2, and 1 mm. To accommodate the larger groove
widths, the contactors used on the palm were 50 mm in diameter.

Apparatus. A counterweighted lever was used to present the con-
tactors with a 100-gm force. An air shock was used to control and
smooth the travel of the lever arm to which the contactor was at-
tached. Because of differences in the size of the contactors, a 190-
gm force was used when the palm was the test site in the GO condi-
tions. The intent was to make the depth of penetration approximately
the same at the three test sites. The surgical gloves were “The Orig-
inal Perry Style 42 White Latex Surgical Glove” manufactured by
Ansell Perry, Inc. (Massillon, OH). These latex surgical gloves came
in fitted sizes ranging from 5 1�2 –9. The gloves were 0.20-mm thick.

Procedure. The subjects were tested individually. They were ran-
domly assigned to start each condition either with or without a glove

Table 1
Number of Subjects Tested in Each Condition of Experiments 1, 2, and 3

Experiment 2 Experiment 3
Experiment 1 (GO) (Smooth Groove) (Oblique GO)

Location Male Female Male Female Male Female

Distal pad 1 7 2 6 n.a. n.a.
Proximal pad 1 6 3 5 3 4
Palm 1 7 3 7 n.a. n.a.

Note—GO, grating orientation; n.a., not available.
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covering the test site. Thereafter, they alternated sessions between
testing with or without a glove. Each of the three locations on the
right hand—namely, the index fingerpad (fingertip), the palmar sur-
face of the proximal phalanx (fingerbase), and the palm (thenar em-
inence)—were tested over six sessions (three with glove, three with-
out glove). During each testing session, the subject was seated with
his/her right arm extended with the medial edge of the palm and
forearm resting on the table. Depending on the site to be tested, the
subject’s hand or finger was positioned on a padded shelf so the con-
tactor could be brought in contact with the test site. The subjects
were instructed not to move their hands or fingers during testing.
Each trial began with the experimenter presenting the contactor and
ended with the subjects’ response. The contactor remained in con-
tact with the subjects’ skin until they responded (approximately 1–
2 sec), at which time the experimenter removed the contactor. Dur-
ing testing, the subjects kept their eyes closed.

The subjects were instructed that a grooved contactor would be
presented in one of two orthogonal orientations (proximal–distal or
lateral–medial). The two orientations were explained to the subjects.
On each trial, they were to respond with “proximal” or “lateral.”
Each orientation was demonstrated, while the subject observed the
presentation. The subjects then received several practice trials, dur-
ing which they kept their eyes closed. Every session began with
practice trials with feedback; however, during testing, no feedback
was provided.

A session consisted of six blocks of 30 trials, for a total of 180 tri-
als per session. On the index fingerpad, the contactor was presented
to the center of the fingertip 15 mm proximal to the tip of the finger.
Each session started with the first block, using a groove width of
3 mm. Successive blocks of trials tested smaller groove widths in
the following order: 2, 1.5, 1, 0.75, and 0.35 mm. On the fingerbase,
the contactor was presented midway between the two joints (proxi-
mal interphalangeal and metacarpophalangeal). Each session started
with the first block, using a groove width of 6 mm. Each successive
block of trials tested a smaller groove width: 5, 4, 3, 2, and 1 mm.
On the palm, the center of the thenar eminence was tested. Each ses-
sion started with the first block, using a groove width of 12 mm.
Each successive block of trials tested a smaller groove width: 10, 8,
6, 4, and 2 mm. The orientation (proximal vs. lateral) of the contac-
tor on each trial was determined randomly.

Results
The results for the three sites are plotted in Figure 1,

percent correct as a functionof the log of the groove width.
It appears that the glove produced a decline in sensitivity
at all three test sites. A repeated measures analysis of vari-
ance (ANOVA) was conducted to see whether there was a
significantdifference between the glove conditionand the
no-glove condition. The glove had a significant effect on
performance at the fingertip,fingerbase, and palm[F(1,7) 5
13.18, F(1,6) 5 9.66, and F(1,7) 5 17.48, respectively,
ps , .05]. As expected, there was a significant effect of
groove width at the fingertip, fingerbase, and palm
[F(5,35) 5 97.72, F(5,30) 5 44.36, and F(5,35) 5 65.81,
respectively, ps , .01]. At the fingertip, there was a sig-
nificant interaction between glove condition and groove
width [F(5,35) 5 4.03, p , .01]. This interaction appears
to have been due to the convergence of the functions at or
near chance and at or near 100% correct.

In this study, 75% correct (halfway between chance and
100% correct) was adopted as a threshold measure (John-
son & J. R. Phillips, 1981). For the results presented in
Figure 1, the threshold was calculated by linear interpola-

tion. The threshold values for the GO task with and with-
out gloves, along with the percentage change in sensitiv-
ity, are presented in Table 2. As can be seen, there was a
modest increase in the thresholds in the glove condition.

Discussion
A number of studies have measured the GO threshold

at the fingertip. The threshold values have ranged from
0.94 mm (Johnson & J. R. Phillips, 1981) to 1.36 mm
(Craig & Lyle, 2001). The threshold obtained without a
glove in the present experiment (1.24 mm) was within the
range of these previous studies. For the fingerbase, there
was one earlier study that measured GO sensitivity. The
threshold was 4.80 mm (Craig, 1999), again similar to the
threshold of 4.35 mm in the present experiment. For the
palm, the threshold was somewhat lower (5.73 mm) than
that obtained in an earlier study, in which the thresholds
varied from 7.8 to 9.2 mm (Craig & Lyle, 2001). The test
site in the earlier study was the center of the palm; in the
present experiment, the test site was the thenar eminence.
It is likely that the thenar eminence, associated as it is with
the base of the thumb, has a greater density of innervation
than the center of the palm and would be more sensitive to
spatial stimuli than the center of the palm.

As noted, Loomis and Lederman (1986) suggested that
spatial information should be processed similarly at dif-
ferent sites on the skin. If that is the case, the resulting
psychometric functions should be similar to one another.
In fact, the functions should be parallel to one another
when performance is plotted as the log of the spatial di-
mension. The no-glove function on the fingerbase, how-
ever, appears to be somewhat different from the other
functions in that it appears to have two distinct limbs. At
the smaller groove widths (Figure 1, fingerbase, no glove),
performance did not decline as rapidly as would be pre-
dicted by extrapolating from the function obtained at the
larger groove widths. At the larger groove widths, the
function paralleled the functions obtained at the other
locations. It may be that, at the larger groove widths, the
task was being done on the basis of spatial information.At
smaller groove widths, as suggested by Johnson and
J. R. Phillips (1981), it may have been done on the basis
of intensive information. A possible reason for these dif-
ferences and the role of intensity cues in the GO task on
the fingerbase are considered in Experiment 3 (presented
later).

Density of innervationof the primary afferent fibers de-
clines as one moves from distal to proximal areas on the
hand (Johansson & Vallbo, 1979). Overall, the results
from the GO task were consistent with these changes in
the density of innervation. Table 3 presents the estimates
of the density of innervation of both SAI and RA fibers
that have been made in humans and monkeys (Darian-
Smith & Kenins, 1980; Johansson & Vallbo, 1979). Both
studies showed that the density of innervation for both
types of fibers declines substantially as one moves proxi-
mally. From these estimates, we calculated the resulting
spacing for the SAI receptors for the human data shown in
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Figure 1. Percent correct as a function of log groove width (in millimeters) at
the index fingertip, fingerbase, and palm both without a glove and with a glove
for the GO task. Error bars represent 61 standard error of the mean. The
dashed line represents 75% correct performance.
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Table 3 for the three locations. There is strong evidence
that SAI fibers are responsible for conveying fine spatial
information (Johnson & Hsiao, 1994). The estimated
spacing for the fingertip, fingerbase, and palm are 1.2,
1.8, and 3.5 mm, respectively. Assuming that spacing of
SAI receptors is a major determinant of GO sensitivity,
the thresholds for the three sites should be approximately
the same as the estimated spacing of the receptors. The
thresholds, as shown in Table 2, fit the estimated spacing
at the fingertip but are higher than expected at the palm
and considerably higher at the fingerbase. These results
are consistent with the results of earlier studies (Craig,
1999; Craig & Lyle, 2001). It has been suggested that spa-
tial acuity is poorer than the estimated density of innerva-
tion would suggest because of central limitations in pro-
cessing (Craig & Lyle, 2002).

There was a moderate loss of GO sensitivity due to the
gloves. With the inconsistent pattern of results from pre-
vious studies, it is difficult to say what one ought to expect
in the GO task with gloves. Modest changes might go un-
noticed, depending on the sensitivity of the measuring
technique and the degree to which the measure is related
to spatial acuity. In some of the previous studies, subjects
were allowed to move their hands, whereas, in the present
study, movement was not permitted. If movement were
used to detect the orientation of a grating, sensitivity
would be much greater, althoughperformance would then
be unlikely to reflect strictly spatial mechanisms.

EXPERIMENT 2

The SG task was used to assess the effect of gloves on
sensitivity at the same three sites on the hand as those in
Experiment 1. As noted, this task was a variation on gap
detection tasks that appear to measure spatial acuity
(Johnson & J. R. Phillips, 1981; Stevens & Choo, 1996;
Stevens & Patterson, 1995). One aim of Experiment 2 was
to see whether gloves would have the same effect on the
SG task as they did on the GO task and whether similar
changes in sensitivitywould be found across sites of stim-
ulation. Whether or not the SG task accurately reflects
changes in spatial acuity, it may provide an important
measure of tactile functioning: the ability to detect a
smooth surface from a grooved surface.

Method
Subjects. As in Experiment 1, the subjects were students at Indi-

ana University who were paid employees of the laboratory. The
number of subjects tested in each condition is given in Table 1.

Stimuli. For the SG task, the stimuli were the same as those in the
GO task, except for an additional smooth contactor (no grooves).

The smooth contactor was identical to the grooved contactors, ex-
cept that it lacked grooves.

Apparatus. The apparatus was the same as that in the GO task.
Procedure. In the SG task, the subjects were instructed that two

different contactors would be used. They were told that one of the
contactors was smooth and that the other was grooved. They were
then shown the contactors. On each trial, they were to respond either
“smooth” or “grooved.” The grooved contactor was presented with
the grooves oriented in the proximal-distal direction. Both contac-
tors were demonstrated with the subjects observing the presentation.
The subjects then received several practice trials in which they kept
their eyes closed. As in the GO task, each session began with prac-
tice trials with feedback; however, during testing, no feedback was
provided. To reduce the possibility that thermal cues might help the
subjects discriminate between a smooth contactor and a grooved
contactor (Craig, 1999), all contactors were warmed to the approxi-
mate temperature of the skin.

The procedures for the SG task on the fingertip, fingerbase, and
the palm were similar to those used in the GO task, with the excep-
tion that a smooth contactor was used. The contactors were pre-
sented to the same locations as those used in Experiment 1. For the
fingertip, the same contactor groove widths were used in the SG task
as those in the GO task. At the fingerbase and the palm, the subjects
showed greater sensitivity in this task than in the GO task. Therefore,
the subjects were tested with smaller groove widths than those in
Experiment 1. For the fingerbase and the palm, each session started
with the first block using a groove width of 6.0 mm. Each succes-
sive block of trials tested a smaller groove width: 4, 2, 1.5, 1.0, and
0.75 mm. The contactor presented on each trial (smooth or grooved)
was randomly selected.

Results and Discussion
Figure 2 presents the results from the SG task. As in Fig-

ure 1, percent correct is plotted as a function of the log of
the groove width. Table 4 shows the threshold results
(75% correct) and the percentage change in threshold re-
sulting from wearing the gloves. It is clear that gloves had
a substantial effect on the performance of this task with
thresholds increasing by 100% to more than 300%. The
ANOVA showed that the glove had a significant effect on
performance at the fingertip,fingerbase, and palm[F(1,7) 5
87.65, F(1,7) 5 26.81, and F(1,9) 5 41.89, respectively,
ps , .01], and there was a significant effect of groove
width at the fingertip, fingerbase, and palm [F(5,35) 5
143.83, F(5,35) 5 34.93, and F(5,45) 5 42.18, respec-
tively, ps , .01]. There was also a significant interaction
between glove and groove width at the fingertip and at the
palm [F(5,35) 5 15.94, and F(5,45) 5 4.33, respectively,
ps , .01]. As with the GO task, this interaction might re-
flect the two functions approaching one another as perfor-
mance became asymptotic.

Table 2
Grating Orientation Thresholds (in Millimeters): 75% Correct

Performance and Percent Increase in Threshold with Glove

Location No Glove With Glove %Increase

Distal fingerpad 1.24 1.69 36
Proximal fingerpad 4.35 4.93 13
Palm 5.73 6.98 22

Table 3
Estimated Density of Innervation Per Square Centimeter

Human Monkey

Location RA SAI RA SAI

Distal fingerpad 140 70 178 134
Proximal fingerpad 37 30 80 46
Palm 24 8 n.a. n.a.

Note—The “Human” data were from Johansson and Vallbo (1979). The
“Monkey”data were from Darian-Smith and Kenins (1980).RA, rapidly
adapting; SAI, slowly adapting Type I; n.a., not available.
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Figure 2. Percent correct as a function of log groove width (in millimeters) at
the index fingertip, fingerbase, and palm both without a glove and with a glove
for the SG task. Error bars represent 61 standard error of the mean. The
dashed line represents 75% correct performance.
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The SG results differ from the GO results in two impor-
tant ways. First, in the absenceof the gloves, there was only
a modest change in thresholdwith location.Second, gloves
produced a large reduction in sensitivity. The reduction
was 3 to 10 times more than was seen in the GO task. The
results without a glove also differed from the results ob-
tained in earlier studies in which subjects discriminated
between a smooth surface and one with a gap in it. In the
Stevens and Choo (1996) study, the threshold on the fin-
gertip was approximately 0.95 mm, the threshold on the
fingerbase was 3.6 mm, and the threshold in the center of
the palm was 6.5 mm. These threshold values are similar
to the results that we obtained in the GO task but are con-
siderably larger than thoseobtained in the SG task.Thepres-
ent results were also unlike Johnson and J. R. Phillips’s
(1981) results. Their threshold for gap detection was the
same as the threshold for their GO task, whereas our SG
threshold at the fingertip was considerably smaller than
the GO threshold. These differences suggest that perfor-
mance on the SG task is not limited by the spatial resolu-
tion of the skin. A possible reason for these differences
and the role of intensitycues in both the SG task and in the
GO task are considered in the General Discussion section.

EXPERIMENT 3

Experiment 3 examinedGO sensitivityat the fingerbase.
The results from Experiment 1 showed a two-limb func-
tion for GO at the fingerbase. In Experiment 3, we exam-
ined some possible reasons for the shape of this function.
A possibility is that subjects are discriminating between
the two orientations on the basis of intensity cues. If one
orientation led to a more intense percept of the stimulus
(e.g., greater roughness) than the other orientation, the
task could be done on the basis of how rough or how
smooth the contactors felt rather than on spatial cues.

We identified three possible ways that intensive cues
could have been used in the GO task on the fingerbase.
First, it is possible that a small amount of movement could
have been introduced during the testing. As noted, had
movement been allowed, the GO thresholds would have
been very low. The GO task was designed to minimize any
movement on the part of the subject; however, the possi-
bility does exist that movement could have been intro-
duced. Second, it is possible that the skin at the fingerbase
has certain mechanical properties that increase sensitivity
in one orientation. In a recent study, Wheat and Goodwin
(2000) replicated an earlier finding of J. R. Phillips and
Johnson (1981a) that, when grooves are oriented parallel

to the dermal ridges, both sensitivity and neural responses
are heightened relative to when grooves are oriented or-
thogonal to the dermal ridges. Third, it is possible that, in
one of the orientations, more skin is penetrating into the
groove, thus providing an intensive cue.

To examine the possibility that intensive cues were
being used in the GO task at the fingerbase, we made three
sets of measurements. First, we replicated the original GO
task without the glove. Second, we tested GO with the
contactors at obliqueorientations.Third, we measured the
depth of penetrationof the skin into the groove in both the
lateral and the proximal orientations.

Method
Subjects. As in Experiments 1 and 2, the subjects were students

at Indiana University who were paid employees of the laboratory.
The number of subjects tested in each condition is given in Table 1.
The subjects tested in Experiment 3 had not participated in either
Experiment 1 or Experiment 2.

Stimuli. The stimuli for the GO tasks were the same as those in
Experiment 1 for the GO task on the fingerbase. For the penetration
measurements, we developed a contactor to measure the depth of
penetration of the skin into the grooves of the contactor. The contac-
tor groove width was 4 mm. This groove width was close to the GO
threshold on the fingerbase. The contactor was identical to the one
used in GO testing, with the exception that we machined a groove
along the stem of the contactor. A hole was drilled down the center
of the shaft and through the bottom of the contactor. A wire was laid
in the groove and inserted through the center hole. As the skin
pushed into the groove, it displaced the wire that was in the groove
and provided a measure of the depth of penetration.

Procedure. The GO procedures were identical to those in the
original GO task, with the exception that these measurements were
conducted over six sessions, doubling the number of trials per sub-
ject. No gloves were used in Experiment 3. All the measurements
were made on the fingerbase of the index finger. The first set of
measurements was a replication of the GO task from Experiment 1.
The second set of measurements differed only in the orientations of
the contactors. The orientations were at right angles to one another,
upper left and upper right diagonals. In this oblique GO task, sub-
jects indicated the orientation of the contactor by responding
“10 o’clock” or “2 o’clock.”

All of the subjects who took part in the GO measurements in Ex-
periment 3 also participated in the penetration measurements. For
each subject, the penetration of the skin into the groove was mea-
sured three times in both the lateral and the proximal orientations.
To obtain this measurement, the contactor was allowed to travel
freely into the skin in the same manner as in the GO task. As the skin
entered the groove, it displaced the wire. The amount of displace-
ment was measured using a microscope with an eyepiece microme-
ter. This procedure was repeatable with an accuracy of 5 mm.

Results
The two GO functions—the replication and the oblique

measurements—are presented in Figure 3. As can be seen,
the psychometric function from the replicated GO task
was very similar to the originalpsychometricfunction (Fig-
ure 1, middle panel). The thresholds for the original and
the replicated functions were 4.35 and 4.15 mm, respec-
tively. The psychometric function from the oblique GO
task, however, no longer had the characteristic two-limb
function seen in both the original measurements and the

Table 4
Smooth Groove Thresholds (in Millimeters): 75% Correct
Performance and Percent Increase in Threshold with Glove

Location No Glove With Glove %Increase

Distal fingerpad 0.63 1.31 107
Proximal fingerpad 0.92 4.09 345
Palm 0.96 4.05 322
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replication. The function dropped in a linear fashion to
chance. Also, it should be noted that the slope of the func-
tion for the oblique GO task was essentially parallel to the
slopes obtained on the fingertip and palm (Figure 1). A
repeated measures ANOVA was conducted to see whether
there were significant differences between the various
conditions.There was not a significantdifference between
the original GO task and the replicated GO task [F(1,6) 5
0.234, p 5 .646]. There was, however, a significant dif-
ference between the replicated GO task and the oblique
GO task [F(1,6) 5 28.659, p , .01].

The results from the penetration measurements, aver-
aged across subjects, showed that the penetration of skin
into the groove in the proximal orientation[M 5 0.88 mm,
SD 5 0.12] was approximately twice that seen in the lat-
eral orientation [M 5 0.40 mm, SD 5 0.06]. The differ-
ence between the lateral and proximal depths of penetra-
tion of skin into the groove was significant, [t(17) 5
15.49, p , .001].

Discussion
There are several possible intensive cues that could be

affecting the GO function at the fingerbase. First, lateral
movement may provide intensive cues in the GO task.
When replicating the function, special care was taken to
limit the possibilityof movement. For lateral movement to
produce a differential intensity cue in the GO task, there
would have to be greater movement in one orientationthan
in the other. If there was a similar amount of movement in

both orientations, there would be no differential cue for
contactor orientation. We saw no evidence for this type of
movement. Previous research has shown that minute slip
can produce a neural signal that is strong enough to initi-
ate a response (Johansson & Westling, 1987). This type of
movement could provide a cue if subjects could reliably
discriminate the direction of slip, althoughwe know of no
evidence that such discriminationsare possible.We should
note that, in the SG task, movement might play a role—a
possibility considered in the General Discussion section.

The second possibility is that, like the Wheat and Good-
win (2000) results, our results reflect differential sensitiv-
ity in the two orientations. In their study, Wheat and
Goodwin found a differential effect of groove orientation
on sensitivity at the fingertip in both human subjects and
macaque monkeys. Specifically, grooves that were paral-
lel to the dermal ridges produced heightened sensitivity
and greater neural responses than did grooves that were
orthogonal to the dermal ridges. In a previous study, Craig
(1999) found no effect of orientation on performance for
the GO task. One possible reason for the difference in re-
sults is that, in Wheat and Goodwin’s study, the measure-
ments for their human subjects were made at the very tip
of the fingerpad. At the tip of the finger, the dermal ridges
are fairly uniform in orientationand parallel to the lateral–
medial axis of the finger. In Craig’s study, measurements
were taken 15 mm proximal to the tip of the finger—an
area where the ridges are less uniform in orientation and,
thus, an area where one would not expect heightenedsen-

Figure 3. Percent correct as a function of log groove width (in millimeters) at
the index finger fingerbase. The GO task replicated function was obtained
under conditions similar to those in Experiment 1. The oblique function tested
sensitivity to gratings oriented at oblique angles on the finger. Error bars rep-
resent 61 standard error of the mean. The dashed line represents 75% correct
performance.



1104 GIBSON AND CRAIG

sitivity in one orientation. It seems unlikely that dermal
ridges are responsible for the two-limb function at the fin-
gerbase. First, on the fingerbase, dermal ridges are less
prominent than on the fingertip. Second, the dermal ridges
on the fingerbase do not seem to be oriented in either a
consistentproximal–distal or a lateral–medial orientation.

The third possible intensive cue is that of greater con-
formation of skin into the grooves in one of the orienta-
tions than in the other. Although dermal ridges are not
prominent on the fingerbase, the underlying anatomical
structures might affect performance on the GO task. A re-
view of the anatomy of the finger shows that the finger
has a long superficial tendon that lies just below the sur-
face of the skin as it passes through the fingerbase. It may
be that the stiffness of the tendon allows less penetration
of the skin into the groove in the lateral orientation than in
the proximal orientation. Greater penetration of skin into
the groove would result in greater curvature of the skin at
the edge of the groove. Neurophysiological studies have
demonstrated that SAI afferents’ firing rates increase with
greater degrees of curvature of the skin at an edge (La-
Motte & Srinivasan 1987a, 1987b).The penetrationresults
from Experiment 3 seem to be most closely in agreement
with this third, possible intensive cue. The underlying tis-
sue appears to be aligned in the proximal–distal direction
in the finger. When the contactor is placed in the lateral–
medial orientation, the tendon is perpendicular to the
grooves leading to less penetration (0.40 mm) than in the
proximal–distal orientation(0.88 mm). With less penetra-
tion, intensity cues would be reduced in the lateral–medial
orientation relative to the proximal–distal orientation,
which might lead to greater discriminability.

GENERAL DISCUSSION

Grating Orientation Without a Glove
With one notable exception, the slopes of the psycho-

metric functions for the GO task were similar to those ob-
tained in previous studies (Craig, 1999; Craig & Lyle,
2001; Johnson & J. R. Phillips, 1981; Van Boven & John-
son, 1994a). For purposes of comparison, psychometric
functions from earlier studies are presented in Figure 4,
togetherwith the functions from the present study. As can
be seen, nearly all the functions have similar slopes. As
Loomis and Lederman (1986) hypothesized,the functions
obtained at different sites appear to be similar to one an-
other, differing only by a constant that reflects an overall
shift in spatial acuity, and may reflect changes in the den-
sity of innervation of the primary afferent fibers. The ex-
ception to this rule is the fingerbase without a glove.

Grating Orientation With a Glove
Gloves had a modest, but significant, effect on GO sen-

sitivity. It has been suggested that to identify correctly the
orientationof a grating requires a reasonably intact neural
representation of the grating (Van Boven & Johnson,
1994a, 1994b). This representation depends on the den-

sity of innervation, the response of the first-order affer-
ents, and the width of the grooves. There are two reasons,
related to the effect of gloves, that performance might de-
cline as groove width decreases. First, the spacing be-
tween peripheralafferents becomesgreater than the groove
width. Second, the curvature of the skin around the edge
of the groove is lessened, and fewer peripheralafferents are
stimulated (LaMotte & Srinivasan, 1987a, 1987b).Gloves
might thus reduce GO sensitivity in two ways: (1) by, in
effect, narrowing the groove width and (2) by reducing the
curvature of the skin around the edge of the groove.

To some extent, the glove may simply narrow the ef-
fective width of the grooves. The gloves were 0.20 mm
thick. The interposition of the glove could reduce the
width of a groove by 0.20 mm on both edges—that is, re-
ducing the groove width by 0.40 mm. In other words, the
thresholdwith a glove shouldbe 0.40 mm greater than that
without the glove. The differences between the glove and
no-glove thresholds at the fingertip were 0.45 mm, at the
base of the finger 0.58 mm, and at the palm 1.25 mm. For
two of the three locations, the threshold values were close
to what would be predicted on the basis of thicknessof the
gloves alone. For the palm, the large difference between
the predicted and obtained thresholds argues against the
view that the sole or main effect of the glove is to reduce
the groove width. It may be that, as the density of innerva-
tion declines from fingertip to fingerbase to palm, the role
of the second factor, skin curvature, increases. Reducing
the number of fibers responding from a sparsely inner-
vated site may have a greater impact on performance than
a similar reduction from a more densely innervated site.

Smooth/Grooved Task Without a Glove
As noted, the threshold values for the SG task were

much lower than the GO thresholds. Also, the SG thresh-
olds did not vary with location, as predicted either by GO
sensitivity or by the density of innervation. Psychophysi-
cal evidence strongly supports the view that spatial acuity
on the fingertip is between 3.5 (the present study) and 4.1
(Craig, 1999) times more sensitive than the fingerbase and
is between4.6 (thepresentstudy) to 7.4 (Craig & Lyle, 2001)
times more sensitive than the palm. The modest change in
SG threshold from fingertip to fingerbase and palm, ap-
proximately 1.5 times that obtained on the fingertip, was
well belowthe changespredictedby spatial acuitymeasures.
These differences suggest that the SG task is not depen-
dent on spatialmechanismsalone.Johnsonand J. R.Phillips
(1981) suggested that, when the gap size was very small
in their gap detection task, subjects were basing their dis-
crimination on intensive information. It may be that the
multigrooved contactor used in the present study en-
hanced intensity cues.

In both tasks, the testing procedure was designed to
keep lateral movement between the contactor and the skin
to a minimum. If movement were permitted, performance
on the SG task would be extremely good. Subjects would
easily be able to discriminate between the smooth contac-
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Figure 4. Percent correct as a function of log groove width (in millimeters) for
the GO task. The dashed line represents 75% correct performance. The func-
tions are from previous studies and the present study at several different body
loci: (1) lip (Van Boven & Johnson, 1994a); (2) fingertip (Johnson & Phillips,
1981); (3) fingertip 5 mm from tip (Craig, 1999); (4) fingertip with glove (the
present study); (5) palm, thenar eminence no glove (the present study).
(6) tongue (Van Boven & Johnson, 1994a); (7) fingertip 15 mm from tip (Craig,
1999); (8) fingertip (Craig & Lyle, 2001); (9) fingerbase no glove (the present
study); (10) fingerbase (Craig, 1999). (11) palm, thenar eminence with glove
(the present study); (12) fingertip (Van Boven & Johnson, 1994a); (13) fingertip
no glove (the present study); (14) fingertip 25 mm from tip (Craig, 1999); (15)
fingerbase with glove (the present study); (16) palm,center (Craig & Lyle, 2001).
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tor and the finest groove width (0.35 mm). During testing,
the contactor was left in contact with the skin until the
subject responded,generally1–2 sec. If the contactorcon-
tinued to move into the skin during that 1- to 2-sec period,
the resulting lateral movement of the skin over the edges
of the grooves could provide a discriminable signal. Ob-
serving the skin and the contactor througha dissectingmi-
croscope showed that the contactor remained at a fixed
position and then would suddenly move into the skin. This
movement was evident with both the smooth contactor
and the grooved contactor, but the edges on the grooved
contactor would likely result in a stronger signal from the
grooved contactor than from the smooth contactor.

Smooth/Grooved With a Glove
The possibility that movement in the SG task is provid-

ing intensive cues may help explain the difference be-
tween the SG results with and without a glove. The glove
produced a large increase in threshold at all three sites,
thresholds that were much closer to the values that would
be expected if the task were being done on the basis of spa-
tial information. Some additional measurements showed
that the glove decreased the amount of penetration of the
contactor into the skin by an average of 27% and the skin
into the groove by 39%. The glove also increases the stiff-
ness of the skin (Bensel, 1993; Brisben et al., 1992;Burke,
Watts, & Wilson, 1989;Cunninghamet al., 1992; Jackson
et al., 1999; Novak et al., 1999;A. M. Phillips et al., 1997;
S. J. Wilson, Sellu, Uy, & Jaffer, 1996; Woods, Leslie,
Drake, & Edlich, 1996). By reducing the penetration and
increasing the stiffness, it is less likely that the skin will
move laterally across the edges of the grooves (Taylor &
Lederman, 1975). Reducing intensity cues would reduce
sensitivitybut permit the discrimination to be done on the
basis of spatial information.

As noted, the contactors in the SG task were warmed to
approximate skin temperature to avoid thermal cues in
discriminating between the smooth and grooved contac-
tors. Craig (1999) found no difference in sensitivity in an
SG task, whether or not the contactors were warmed—a
result that suggests that subjects were not using thermal
cues. Although it is unlikely that thermal cues were being
used in the present SG task, the substantial increase in
threshold with the latex gloves, a possible thermal insula-
tor, was consistent with the use of thermal cues.

Implications for Testing Sensitivity With Gloves
How well do the changes in performance, as revealed

by the GO and SG tasks, reflect the altered sensitivity that
people report while using gloves? A previous result sug-
gests that GO is highly correlated with subjective reports
of altered sensitivity (Van Boven & Johnson, 1994b). It
was reported that, out of 11 measures of tactile and ther-
mal sensitivity, the results from only the GO task and
warmth measures correlated highlywith subjects’perceived
sense of normal tactile sensitivity. These results would
imply that, to the extent that self-reports of perceived

losses in sensitivity with gloves are modest, the GO mea-
sure mightbe a goodmeasure of this loss. The altered sense
of touch with a glove may reflect the more or less constant
loss of spatial sensitivity across sites. To the extent that
self-reports of perceived losses in sensitivity with gloves
are large, then the SG task may be a better reflection of
this perception. Also, the perception of altered sensitivity
may reflect not only an absolute loss of sensitivitybut also
a relative loss of sensitivity across sites. In the absence of
gloves, we seem to take little note of the large differences
in sensitivityas different parts of the hand come in contact
with an object. We must be able to “normalize” the input
from different sites, so that we perceive a uniform object.
Gloves may distort this normalization process and con-
tribute to the perception of altered sensitivity.
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