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Abstract It has previously been shown that the perceived
roughness of a surface touched by one digit is influenced by
the roughness of a different surface touched simultaneously by
another digit on the same hand. The present study was
designed to examine whether this is the case when surfaces
of varying roughness are touched using digits on separate
hands. Participants touched pairs of sandpaper surfaces, in
sequence, using the same digit, and identified which of the
two was rougher. Roughness discrimination was measured in
the presence of distractor surfaces touched simultaneously
with the target surface, but using a different digit either on
the same or on the other hand. The overall perception of
roughness of the attended surfaces was better on the left than
on the right hand. Perceived roughness also varied systemat-
ically with the roughness of the distractor surfaces. Attended
surfaces were more likely to be perceived as smoother when
they were paired with smooth rather than rough distractors.
Likewise, attended surfaces tended to be perceived as rougher
with rough distractors. This pattern of results occurred wheth-
er the attended and distractor digits were on the same hand or
different hands. These data confirm that it is difficult to restrict
tactile attention for roughness to a single digit and show that
this difficulty extends to restricting attention to a single hand.
Furthermore, the effect of a stimulus at an unattended body
location was not simply to impair perception in general, but to
bias it in the roughness direction of the distractor surface.

Keywords Selective attention - Texture - Touch

Feeling the texture of an object seldom involves the use of
only a single finger. Rather, in unconstrained settings, the
textures of objects are actively explored using sweeps of
multiple digits. If these back-and-forth tangential movements
across the object surfaces (Lederman & Klatzky, 1987) are
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made by moving the hand, the result is highly coupled infor-
mation across the digits. Despite this, little is known at present
about whether and how the brain might combine this infor-
mation from multiple contact points in order to generate an
overall sense of the texture of touched surfaces.

‘When the whole hand is used to feel an object’s texture, it is
possible that the signals from each digit may be processed
independently. The resulting sensation for a digit may then be
identified irrespective of the sensory inputs from other digits on
the same or different hands. Alternatively, the signals from the
digits may interact at various stages of somatosensory process-
ing, making it difficult to isolate the sensation on one digit from
those on others. Recent evidence has suggested that the per-
ceived roughness of an actively explored surface may be the
result of the combination of signals from multiple contacting
digits. Using the method of absolute magnitude estimation,
Verrillo and colleagues (Verrillo, Bolanowski, & McGlone,
1999) measured roughness judgments for sandpaper stimuli
presented to the index finger, thumb, or both digits. Although
they found no difference in estimates of sandpaper roughness
when using either the index finger or the thumb, significantly
higher values (indicating greater perceived roughness) were
assigned when both digits were used simultaneously. The
authors interpreted this finding as evidence for a form of spatial
summation over the two digits. Consistent with this interpreta-
tion, Roberts and Humphreys (2010a) and Kahrimanovic,
Bergmann Tiest, and Kappers (2009) found that the surface
roughness at a task-irrelevant and unattended (distractor) digit
systematically influenced the perceived roughness at an
attended (target) digit. Reports of the roughness at the target
digit were biased toward smoother judgments when accompa-
nied by a smooth texture on the distractor digit, and toward
rougher judgments when accompanied by rough textures.
Thus, when two digits on a hand simultaneously touched
textured surfaces, it was difficult to restrict attention to the
roughness experienced by just one of the digits.

Thus far, the majority of work examining roughness
perception during multidigit contact has made use of pairs
of digits from the same hand. The present study was
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designed to investigate whether interactions between concur-
rently stimulated digits would be observed when those digits
belonged to different hands. Currently, the findings from stud-
ies of multidigit texture perception suggest that the interaction
between texture signals would be restricted to digits from a
single hand. For example, sensory interactions between con-
currently stimulated digits have also been shown to be
constrained by their relative separation on the body’s surface.
Roberts and Humphreys (2010a) found that the nature of the
interaction between simultaneously stimulated digits changed
when those digits occupied distant rather than adjacent loca-
tions on the hand. Whereas neighboring digits showed patterns
of interaction consistent with the integration of roughness
signals, stimuli applied to more somatotopically distant
distractor digits decreased roughness sensitivity overall at the
attended digit. Together with the results of Verrillo et al. (1999)
and Kahrimanovic et al. (2009), the latter finding suggests that
integration of roughness signals between the digits is most
likely to occur in areas of the brain primarily activated by
somatosensory inputs from one side of the body and whose
afferent cells have receptive fields spanning neighboring digits.
If the integration of sensory inputs signaling roughness does
take place in such regions, there should be no interaction
between roughness signals originating from widely separated
sites on the body’s surface. Therefore, a tactile stimulus applied
to the digit of one hand should have a minimal effect on the
perception of roughness at a digit on another hand.

To date, only one study has examined roughness percep-
tion using surfaces presented on multiple sites on different
sides of the body. Dorsch, Hsiao, Johnson, and Yoshioka
(2001) used subjective magnitude ratings to examine rough-
ness perception during the active exploration of sandpaper
surfaces. In agreement with previous work examining
roughness perception using sandpaper surfaces (Ekman,
Hosman, & Lindstrom, 1965; Hollins & Risner, 2000), they
found that perceived roughness increased with surface
roughness. That is, sandpaper surfaces with lower grit
values, which have larger particles, were perceived as being
rougher than those with higher grit values (smaller parti-
cles). However, in contrast to the work of Kahrimanovic et
al. (2009) and Roberts and Humphreys (2010a), Dorsch et
al. found no effect of distractor roughness when the concur-
rently stimulated target and distractor digits were on the
same hand (i.e., the right index and middle fingers).
Moreover, their work showed that the perceived roughness
of a surface explored using the index finger on one hand was
unaffected by the roughness of surfaces simultaneously
touched by the other index finger. This absence of a stimulus
interaction between the digits on different hands raises the
possibility that it may be possible to restrict attention to the
roughness signals from one side of the body, even to a single
digit (contrary to the results of Kahrimanovic et al., 2009,
and Roberts & Humphreys, 2010a). However, the difference

in findings from other studies on unilateral roughness percep-
tion is surprising. The discrepancy may be due to methodo-
logical differences, such as the use of subjective magnitude
ratings by Dorsch and colleagues rather than the discrimina-
tion experimental designs used by Kahrimanovic et al. and
Roberts and Humphreys (2010a). Furthermore, given findings
that it is difficult to restrict tactile attention for vibrotactile
stimuli to one side of the body (Driver & Grossenbacher,
1996; Lakatos & Shepard, 1997; Roberts & Humphreys,
2010b; see the General Discussion below for further details),
it is possible that the perception of roughness at a cued digit
will be affected by the roughness of spatially close distractor
stimuli, regardless of whether those distractors are on the same
or on a different hand.

The two experiments described here were designed to
investigate whether surface roughness at a distractor digit,
previously found to influence the perception of surfaces
touched by another digit on the same hand, would also
influence the perception of surfaces touched by a digit on
a different hand. Roughness discrimination was assessed in
the presence of distractor surfaces on the same side and on
different sides of the body. This was carried out using
sandpaper surfaces, as well as a discrimination task and
digit combinations previously shown by Roberts and
Humphreys (2010a) and Verrillo et al. (1999) to exhibit
interdigit interactions. The between-subjects design and
measurement of digit sensory interactions across a large
number of participants in Experiment 1 increased the ease
with which the present results could be generalized to larger
groups while minimizing possible learning effects. In
Experiment 2, digit sensory interactions were then investi-
gated using a within-subjects design, so that the increased
experimental power raised the chances of finding differ-
ences between surface exploration with one and two hands.
In Experiment 1, the role of the different digits in generating
interference between the digits was also assessed by mea-
suring performance with either the thumb or the index finger
as the distractor digit. Similarly, the role of the hand to
which the distractor digits belonged was investigated by
measuring roughness discrimination with distractors
touched by the left versus the right hand.

Experiment 1

Method

Participants Data were collected from 90 volunteers (80
women, ten men) between 16 and 34 (median 19) years of
age. All of the participants were right-handed, on the basis
of self-report, and all had normal or corrected-to-normal
vision, gave informed consent, and received £3 sterling for
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their participation. The participants were randomly assigned
to one of six experimental groups. Details of these groups
can be found in Table 1.

Stimuli Roughness perception was tested using stimuli com-
posed of sandpaper textures with grit values of 80 (192),
180 (80), 240 (50), and 320 (40). Larger values indicate
decreasing roughness, and the values in parentheses show
mean particle sizes in micrometers. Each stimulus was made
of four strips of sandpaper attached to the corner surfaces of
one end of a piece of card (see Fig. 1 for pictures).

The experiment was made up of a series of 40 trials. In
each trial, the participants used a thumb and index finger
(combined into a pinch grip posture—see Fig. 2) to make
sliding contact with a pair of sandpaper surfaces simulta-
neously. Each stimulus pair was composed of two sandpaper
surfaces mounted on opposite sides of a piece of card (see
Fig. 1a), with each surface being touched by one of the two
digits. The participants were asked to attend to and judge the
roughness of one of these sandpaper surfaces (the target
surface) and to ignore the sensations arising from the sand-
paper surface on the other side of the card (the distractor
surface). A second target/distractor pair was then presented
and the exploratory action repeated. The two target surfaces
were compared, and participants reported which of the two
targets was rougher. Thus, for each trial, the participant felt
two target surfaces, one after the other using the same digit,
and judged their relative roughness. The second digit, touch-
ing the distractor surfaces, could be on the same or on a
different hand from the digit touching the target surfaces.

The 180- and 240-grit sandpapers were used as the pair
of target surfaces on every trial. A pilot study with five
participants indicated that this pairing of surfaces would
lead to an error rate of between 10 % and 20 %. This error
rate was chosen as a compromise between ensuring that
most participants were able to perform the task and

Table 1 Experimental details of each group of participants

generating errors in the different conditions. One of the
target/distractor pairings always had the same level of grit
for both surfaces (the standard stimulus). The other pairing
had a target surface paired equally often with a distractor
surface that was relatively rougher, equally rough, or
smoother (the comparison stimuli). For 30 of the 40 trials
in the experiment (regular trials), the smoother of the target
surfaces (240 grit) was used in the standard stimulus, pro-
ducing a target/distractor pairing of 240/240 grit. The rough-
er target (180 grit) was used as the target surface in the
comparison stimulus and was paired equally often with a
rougher (80 grit), an equally rough (180 grit), and a smooth-
er (320 grit) distractor surface. Each of these three
target/distractor pairings was touched ten times, making up
the 30 trials. Therefore, the standard trials were pairings of
the standard stimulus (240/240 grit) with ten of each of the
following comparison stimulus pairs: 180/320 (smoother
distractor), 180/180 (equal distractor), and 180/80 (rougher
distractor) grit. For the remaining ten trials (rough-swapped
trials), the relatively rougher target (180 grit) was used as
the standard stimulus, and the smoother target (240 grit) was
paired with the rougher (80 grit) distractor surface. Thus, for
these ten trials, the standard stimulus pairing was 180/180
grit and the comparison stimulus pairing was 240/80 grit.
In the regular trials, as in those of Roberts and
Humphreys (2010a), the distractors (rough, smooth, or
equal) were always presented with the rougher of the two
target surfaces. Therefore, the presence of a rough or smooth
distractor provided a potential additional cue to the temporal
location of the rough target surface. Although smooth
distractors were difficult to explicitly distinguish from the
180-grit target surface, the distinctive rough distractors were
easy to tell apart from the rough target surface (see Roberts
& Humphreys, 2010a) and from all of the other textures
(participants’ subjective reports). Therefore, a possible strat-
egy in trials containing rough distractors would have been to

Group Attended Digit Distractor Digit Total N° Excluded N Mean Proportions of Errors (with SDs) for Target/Distractor Pairs
180/320 Grit 180/180 Grit 180/80 Grit 240/80 Grit

Same Hand

1 Right index Right thumb 14 1 0.13 (0.10) 0.06 (0.08) 0.07 (0.08) 0.16 (0.14)

2 Right thumb Right index 16 1 0.19 (0.12) 0.01 (0.03) 0.12 (0.09) 0.16 (0.19)

Different Hands

3 Right index Left thumb 15 2 0.11 (0.12) 0.12 (0.09) 0.09 (0.10) 0.23 (0.33)

4 Right thumb Left index 13 2 0.26 (0.09) 0.13 (0.11) 0.20 (0.13) 0.18 (0.23)

5 Left index Right thumb 15 2 0.12 (0.11) 0.06 (0.10) 0.10 (0.13) 0.10 (0.13)

6 Left thumb Right index 17 0 0.13 (0.12) 0.02 (0.04) 0.11 (0.10) 0.15 (0.19)

The numbers of participants with errors greater or less than 2.5 SDs from their group mean or with performance at ceiling levels are shown in the
column labeled “Excluded N.” The final set of four columns show the mean proportions of errors and the corresponding SDs for each group of

participants.
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Fig. 1 Stimuli and trial sequence. a
The images in panel (a) show

the two surfaces of a single
stimulation card. The trial
sequence, from first contact to

the end of contact with the
textures, is shown in panel (b).
The perspective in the images

is from the left side of the
participant. The target digit
touched one surface of the

card, while the distractor digit
simultaneously touched the other
surface of the card. The participant
is here shown touching the two
surfaces using a single hand;
however, a similar arrangement
was used when the digits were

on different hands.

detect and report the interval containing the rough distractor
surface. Such behavior would give rise to data with fewer
errors in the rough-distractor condition, for reasons
unrelated to interference between texture signals on the
target and distractor digits. The use of this strategy was
circumvented by including the ten rough-swapped trials,
ensuring that when the highly salient rough distractor was
touched, the very salient difference between that surface and
its accompanying target was not a cue to the temporal
location of the rough target.

In all experimental conditions, a set of stimulus cards was
used for three participants before the sandpaper strips were
renewed. This was equivalent to renewing each stimulus
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after 15 trials. A soft artist’s paintbrush and water were used
to lightly brush each sandpaper strip between the testing of
each of the three participants in order to remove any debris.

Procedure The seated participants faced the experimenter
and kept their eyes closed throughout testing. Instructions
concerning which digits to form into an opposable grip and
how to explore the stimulus surfaces were given at the start
of the experiment. As is shown in Fig. 1, the hands were
always held in postures in which neither hand was posi-
tioned above the other. This postural arrangement was se-
lected so as to avoid the advantage to the upper hand
demonstrated by Roberts and Humphreys (2010a). The

Fig. 2 The within- and between-subjects index—thumb hand postures adopted by different groups of participants. The hands are seen from the
participants’ visual perspectives (note that participants did not look at their hands, as their eyes were closed during testing).
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participants were instructed to explore the pair of surfaces
(the target-and-distractor pair) using one fluid, single sliding
movement. This involved applying equal pressure with both
digits and minimizing the contact force with the sandpaper
surfaces, so that drag resistance was low while ensuring that
both digits remained in contact with both surfaces. The
experimenter, lightly holding the other end of the stimulus
card, used vision and touch to detect any twists and move-
ment arising from unequal forces between the participant’s
two fingers. This arrangement implies approximately equal
normal forces at each digit, although these were not directly
measured. Following Roberts and Humphreys (2010a), par-
ticipants were encouraged to adopt a scanning speed of
roughly 25 mm/s. The experimenter gave verbal feedback
to correct any detected deviations from these movement
characteristics. The participants were reminded that whilst
they were to feel both surfaces simultaneously, they should
restrict their attention to the texture at the target digit and
ignore the sensations arising from touching the distractor
surface with the distractor digit.

Roughness discrimination of the surface touched by the
attended digit was measured using a two-interval forced
choice paradigm. In the first temporal interval, participants
used the digits (the combination of which varied across the
different conditions) to touch one target-and-distractor-surface
pair. The same digits were then used to touch the other pair of
sandpapers on the card. This was the second interval. This
sequence can be seen in Fig. 1b. At the end of a trial, partic-
ipants reported which interval contained the rougher of the
two target surfaces. The participants received no feedback
about their performance during the experiment. Sound created
by contact between the digits and the sandpapers was masked
by using white noise played at 52.2 dB over ear-enclosing
noise reduction headphones (Sennheiser PCX 300).

Experimental conditions Sandpaper stimuli were used in
this experiment, as such surfaces have often been used to
examine roughness perception. More specifically, the pres-
ent experiment was a continuation of previous work
conducted using sandpaper and showing digit interaction
effects. Furthermore, sandpaper is a textured surface famil-
iar to many people, with roughness being its prominent
feature. However, prolonged exposure to such abrasive sur-
faces has the capacity to damage the skin and thus alter the
physical response to such stimuli. Therefore, this first set of
experiments was designed to collect as many observations
as possible while limiting contact with the sandpaper sur-
faces. To this end, each stimulus combination was repeated
only ten times, and separate groups of participants
performed the task using different combinations of digits.
The 90 participants were divided into six groups, with
each group being tested on a different combination of target
and distractor digit (see Table 1 and Fig. 1). The

@ Springer

experimental factors of interest can be summarized across
the groups as follows: For 30 of the participants, the target
and distractor digits were on the same hand, and 60 used
digits from both hands. The distractor digit was the index
finger for 46 participants but the thumb for 44, and was on
the right hand for 47 of the participants and on the left for
43. Details of the combinations of factors for each group are
given in Table 1.

On and basis of previous findings that the reports of rough-
ness at an attended digit are biased in the roughness direction
of a concurrently stimulated distractor digit (Kahrimanovic et
al., 2009; Roberts & Humphreys, 2010a), the proportion of
errors in the present experiment was expected to vary
depending on the roughness of the distractor surface: More
errors were expected in conditions in which a comparison of
the two target surfaces would result in a different response
than if the target surface of the standard stimulus was com-
pared with the distractor surface from the comparison stimu-
lus. For example, a trial on which a standard stimulus with
a 240/240 (target/distractor) grit pairing was compared
with a comparison stimulus of 180/80 grit would be
expected to produce fewer errors than would a
180/320-grit pairing, even though the target surfaces
being compared (240 vs. 180 grit) would be the same
in both cases. If the participants performed the task by
erroneously attending to distractor surfaces or if the
distractor biased the perceived roughness of its accom-
panying target, there should be a greater tendency to
report the standard target as being smoother in the
former than in the latter case. Therefore, more errors
were anticipated with smooth and with rough-swapped
distractors than with either rough or equal distractor
surfaces. Following a similar logic, errors were not
expected to differ significantly between the rough and
equal distractors conditions. The effect of selective attention
on texture perception, and in particular any interaction be-
tween attentional directions and the identity of the digits and
hands exploring the surfaces, has not been widely studied.
Perceived roughness has not been found to differ between the
thumb and index finger (Verrillo et al., 1999) or between the
left and right hands (Lederman, Jones, & Segalowitz, 1984;
Nefs, Kappers, & Koenderink, 2005). Therefore, there were
no a priori expectations about the effect of finger identity or
hand dominance on any interdigit interactions found.

Results

The proportion of errors made in identifying the rougher of
the two target surfaces was calculated for each of the
distractor surfaces. The data of three participants were re-
moved because they made no errors in three of the four
roughness conditions. The data of a further five participants
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were removed because they had errors more than 2.5 times
greater than the mean in any of the roughness conditions.
The numbers of the excluded participants in different groups
are shown in Table 1, along with the mean proportions of
errors and the standard deviations for that group.

The data were analyzed using a mixed-design analysis of
variance (ANOVA) with Distractor Roughness (rough,
smooth, equal, rough-swapped) as the within-subjects factor
and Hand (same, different) and Distractor Digit (thumb,
index finger) as the between-subjects factors. Graphs of
these data can be seen in Fig. 3. Although every trial in
the experiment involved selecting the rougher of two sur-
faces, a 180- or a 240-grit surface, the proportions of errors
made by participants varied with the roughness of the
distractor surface, F(3, 234)=9.491, p<.001. No main ef-
fects emerged of the number of hands, F(1, 78)=0.660,
p=.419, or the particular digit used to feel the distractor
surface, F(1, 78)=0.962, p=.330. More errors occurred with
smooth, rough, and rough-swapped distractors than when
the distractors were equal in roughness to their respective
target surfaces, all 7s(81)>3.497, ps<.01. Furthermore, as
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Fig. 3 Proportions of errors produced to the same pair of target
stimuli, as a function of distractor roughness. The upper graph, panel
(a), shows performance with target and distractor digits on the same
hand. The lower graph, panel (b), shows performance when the target
and distractor digits were on different hands. Error bars represent one
standard error of the mean

predicted, identifying the rougher of the pair of target stim-
uli was more difficult with smooth than with rough
distractors, #81)=2.534, p=.013. A trend was also apparent
for more errors to occur with rough-swapped than with
rough distractors, #81)=1.897, p=.061. No significant in-
teractions were found between the main factors, Fs<0.598,
all ps>.617. With one exception, a trend toward an interac-
tion between distractor roughness and digit, F(3, 234)=
2.168, p=.092, reflected a tendency for more errors to occur
when using the index finger than when using the thumb with
both smooth and rough distractor surfaces, but little differ-
ence in performance emerged between the digits with equal
or rough-swapped distractors.

Performance was measured with both left- and with right-
hand distractors in the different-hand condition, but only with
right-hand distractors in the same-hand condition. Thus, in the
previous analysis combining the same- and different-hand con-
ditions, the data in the different-hand conditions were collapsed
over the hand to which the distractor was presented. Little
evidence was apparent of differing roughness sensitivity across
the hands (Lederman et al., 1984; Nefs et al., 2005). However,
an attentional bias toward the dominant hand could possibly
have been present—as has been reported for bimanual move-
ment tasks (Buckingham & Carey, 2009; Peters, 1981; Rabbitt,
1978)—and therefore a greater effect of distractors felt by the
right hand. This possibility was explored in an additional
ANOVA of the different-hand data. These data, shown in
Fig. 3b, were analyzed using a mixed-design ANOVA with
Distractor Roughness as the within-subjects factor and
Distractor Hand Identity (left, right) and Distractor Digit
(thumb, index finger) as the between-subjects factors. As in
the overall data, the number of errors produced while discrim-
inating between the target surfaces varied with distractor grit,
F(3, 150)=3.345, p=.021. In addition, more errors occurred
with left-hand than with right-hand distractor digits, F(1, 50)=
9.314, p=.004. No other main effects appeared, nor any
significant interactions, Fs<1.951, all ps>.170.

Discussion

The participants taking part in Experiment 1 found it diffi-
cult to restrict their attention to a single digit when judging
surface roughness. When a pair of adjacent digits on one
hand touched different textures simultaneously, reports of
the roughness at one of the digits were influenced by the
roughness of the surface touched by the other digit. The
rougher of a pair of target sandpaper surfaces (touched in
sequence) was more likely to be misjudged as being
smoother when it was touched simultaneously with a
smooth rather than with a rough or an equal-roughness
distractor surface on another digit. Interestingly, this pattern
of results was not restricted to pairs of digits on the same
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hand; a similar effect of distractor texture was observed
when the digits touching the target and distractor surfaces
were on different hands.

In addition to being affected by the roughness signals
from the distractor digit, the discrimination of roughness at a
target digit also depended on the hand to which the accom-
panying distractor digit belonged. Distractor surfaces
touched by left-hand digits were associated with more errors
than were those touched by right-hand digits. This increase
in errors was present for all three levels of distractor rough-
ness, suggesting that this hand identity effect arose from
different processes than were involved in generating the
roughness-varying interference between the digits. All of
the participants tested were right-handed, and the one-hand
conditions were not tested using the left hand. Therefore, the
hand identity effects found here may be specific to the left
hand, in which case we might see a similar pattern in left-
handers. Alternatively, the left-hand effect may reflect an
enhanced distractor effect in, or greater sensitivity of, the
nondominant as compared with the dominant hand.

It seems unlikely that the error increase would be due to
differing levels of roughness sensitivity on the left versus
right or on dominant versus nondominant hands. The ability
to judge the roughness of sandpaper and square-wave grat-
ings has previously been found to be unaffected by whether
those surfaces were touched using the left or the right hand
(Lederman et al., 1984; Nefs et al., 2005). Moreover, the
possibility of an attentional bias toward the nondominant
left hand also seems unlikely, given that hand-based atten-
tional biases have usually been reported for the dominant
hand. Attention has been found to be biased toward the right
hand of right-hand-dominant participants during bimanual
reaching (Buckingham & Carey, 2009) and bimanual poly-
rhythm tapping (Peters, 1981). An increased Simon effect’
(Rubichi & Nicoletti, 2006) has also been observed for
responses with the dominant as compared with the
nondominant hand. Furthermore, choice reaction times,
when the response hand is unknown in advance, are faster
when the response is made with the dominant rather than the
nondominant hand (Rabbitt, 1978). In all of these cases,
when there was either a choice of movement between the
two hands or movement of both hands, spatial attention has
been biased toward the dominant hand. However, it is pos-
sible that touch represents an exception, in which selection
is biased in favor of the nondominant hand in right-handers.
It would be interesting in future work to explore whether

! The Simon effect describes situations in which participants make a
choice response to a nonspatial attribute of a stimulus (e.g., to its color
or form). Responses are made using devices situated on the left and the
right. Both accuracy and response times are improved when the irrel-
evant stimulus location corresponds with the location of the appropri-
ate response device, as compared with cases in which the stimulus and
response locations do not match.
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this bias is specific to roughness perception or is found for
other aspects of somatosensation. Furthermore, future con-
trasts between roughness perception using left-hand digits
only as compared with right-hand digits only would make it
possible to determine whether the left-hand bias observed in
the present experiment is a bias toward the left or toward the
nondominant hand.

The main finding of interest here was that roughness
judgments at cued digits were affected by the roughness of
the surfaces simultaneously touched by digits both on the
same and on different hands. Differing effects of rough and
smooth distractors on roughness discrimination suggests
that the effects of a distractor digit on a cued digit were
not due to a nonspecific impairment arising from the pres-
ence of roughness signals at a distractor location. It has
previously been suggested that same-hand digit interactions
arise from the biasing of perceived roughness at an attended
digit in the roughness direction of the distractor surface
(Kahrimanovic et al., 2009; Roberts & Humphreys,
2010a), possibly through a weighted integration of the
roughness signals at the two hands. In the present experi-
ment, integration of the two sets of sensory signals, one
from each digit, would lead to more errors with smooth
and with rough-swapped distractors than with distractor
surfaces that are equal in roughness to their corresponding
attended target surfaces. Following the roughness-biasing
argument, a smooth (320-grit) distractor would bias its
accompanying target (180 grit) to feel smoother than would
be the case with a 180-grit distractor. This would increase
the difficulty in deciding whether the 180-grit target is
rougher than a 240-grit target. A similar logic applies in
the rough-swapped condition. This pattern of responses was
found in Experiment 1. However, the biasing account of
multidigit roughness would also predict few errors in the
rough-distractor condition (180/80-grit target/distractor
pair). The pairing of a rough target with a rough distractor
should have resulted in an increase in the perceived rough-
ness of the target, making it more distinct from the smoother
(240-grit) target with which it would be compared. In con-
trast to this prediction, significantly more errors occurred
with rough than with equal-roughness distractors. An alter-
native account for the interactions observed between the
digits may lie in the relative salience of the different
distractors: More-salient distractor surfaces might exert a
greater attentional pull than would other, less-salient sur-
faces. This might lead to increased difficulty judging the
roughness of the accompanying surface textures. However,
against this account, the greatest proportion of errors were
observed with the smooth distractor (320 grit). This surface
has previously been judged as relatively less salient than the
rough, 80-grit surface (see Roberts & Humphreys, 2010a).
Furthermore, the effect of the rough distractor was not the
same in the rough-swapped (240/80-grit target/distractor
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pair) and the rough (180/80-grit target/distractor pair) condi-
tions. Together, the latter pair of results do not favor a
salience-based distractor account of the present data.
However, the difference between the rough-swapped and
rough distractors was not reliably present across the experi-
mental conditions and was accompanied by high levels of
variability between participants with rough-swapped
distractors. Furthermore, the absence of a pairing of the
smooth distractor with the smoother of the target surfaces
makes it less certain that the present results did not arise from
a salience-dependent attentional pull of the distractor surface.
These questions were addressed in a second experiment.
Additional pairs of smooth and rough distractors were used
to examine more closely the effect of distractor roughness
on texture perception at an attended location. As before,
participants judged which of a pair of target surfaces was
rougher. However, in Experiment 2, the target surfaces were
more closely matched (220 and 240 grit, as compared with
180 and 240 grit in the earlier experiment), in order to avoid
any possible ceiling effects. Furthermore, each target surface
was paired with each distractor surface. A salience-
dependent effect of distractor roughness would lead to per-
formance that varied with the roughness of the distractor
surfaces but did not change systematically when the
distractor was paired with a rough or smooth target surface.
Consistent changes in the effect of distractor surfaces on
smooth as compared with rough targets would be more
indicative of perceptual biasing caused by the distractor.

Experiment 2

Method

Participants A group of 13 volunteers between the ages of
18 and 23 (median 19) years took part in this experiment;
ten were female and three male. All of the participants self-
reported as being right-handed, had normal or corrected-to-
normal vision, and gave informed consent before participat-
ing. Each participant received £10 sterling or the equivalent
in undergraduate course credits for their participation.

Stimuli The sandpaper grit range was extended from that
used in Experiment 1, in order to include textures differing
more subtly in roughness from each other. The target pair
selected for Experiment 2 had grits (and mean particle sizes,
in micrometers) of 220 (60) and 240 (50). This smaller
difference in roughness, as compared with the targets used
in Experiment 1, was expected to lead to an increase in error
rates as compared with those found in Experiment 1. The
distractor range comprised distractors close in roughness to
the target surfaces—180 (80) and 320 (40) grit—and

distractors farther in grit value from the target pair, with
grits of 80 (192) and 600 (15).

On a trial, the target/distractor pairing of one of the two
stimulus intervals consisted of a pair of surfaces with different
grit levels. The target-and-distractor pair in the other stimulus
interval were surfaces with equal grit levels. On half of the
trials, the rough target surface (220 grit) differed from its
accompanying distractor, and the smooth target differed from
its distractor on the remaining trials. Each target surface was
presented with each of the distractor surfaces eight times.

The stimuli and procedure employed in Experiment 2
were the same as those described for Experiment 1 in all
other respects.

Experimental conditions Participants always used their
right thumb to explore the distractor surface. The right index
finger was used to feel the distractor surface on half of the
trials (the same-hand condition), and the left index finger
touched the distractor surface on the remaining trials (dif-
ferent-hand condition). Each hand condition was tested in
two blocks of trials, with the two conditions run in an
ABBA design.

Data analysis The proportions of errors were calculated for
each condition. These data can be seen in Fig. 4. The upper part
of the figure, panel (a), shows the proportions of errors made
when the distractor and target digits belonged to the same hand.
The lower part of Fig. 4 shows performance when the two
digits were from different hands. The data from three partici-
pants were excluded from further analyses, as these participants
produced errors more than two standard deviations from the
group mean with three or more different distractor surfaces.

Results

The data were analyzed using a repeated measures ANOVA
with Hand (same, different), Target With Unequal Distractor
(rough target, smooth target), and Distractor Roughness (80,
180, 320, and 600 grit) as factors. More errors were produced
when the rougher than when the smoother target surface was
paired with distractors of unequal roughness, F(1, 9)=26.621,
p<.01. The significant interaction between this factor and
distractor roughness, F(3, 27)=35.767, p<.01, arose from
the opposite effects of distractor roughness on the pair of
target stimuli. No other main effects or interactions were
apparent, all Fs<1.310, all ps>.292. Paired-samples ¢ tests
comparing the errors with smooth and rough targets were
carried out for each distractor in both the same- and
different-hand conditions. Significantly fewer errors occurred
with smooth distractors (600 and 320 grit) when they were
paired with the smoother rather than the rougher of the target
surfaces, all #5(9)>2.501, all ps<.05. In contrast, roughness
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Fig. 4 Proportions of errors produced to target stimuli, as a function of
distractor roughness. Errors when the varying distractors were paired
with the smoother of the target surfaces are shown in light gray, and
errors when distractors were paired with the rougher of the target
surfaces are shown in dark gray. The upper graph, panel (a), shows
performance with target and distractor digits on the same hand. The
data when the target and distractor digits were from different hands are
shown in panel (b). Error bars represent one standard error of the mean

discrimination was worse when the 180-grit rough distractor
was paired with the smoother than with the rougher target
surface: #(9)=-3.143, p=.012, for the same-hand condition,
and #(9)=-3.143, p=.012, for the different-hand conditions.
Interestingly, more errors occurred with 80-grit distractors
paired with the smoother rather than the rougher target.
However, this difference was small for the different-hand
condition, #9)=-2.538, p<.032, and not present in the
same-hand condition, #9)=-0.843, p=.421.

Measures taken when the distractors were no different
from their targets were not included in the main analysis. In
these conditions, a trend emerged toward better roughness
discrimination with target and distractor digits on the same
hand rather than different hands, #(9)=-2.012, p=.075.

Discussion

In Experiment 2, the effect of distractor surfaces varied with
the relative roughness of the accompanying target surface.
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Pairs of target surfaces, touched in sequence, were easier to
discriminate when the smoother of the targets was paired with
a smooth rather than a rough distractor surface. A comple-
mentary effect was found when the rougher of the targets was
paired with a rough distractor surface. This distractor-
dependent improvement was found for target/distractor pairs
touched by digits from the same hand, and also for exploration
using digits from different hands. The use of highly similar
target surfaces, discriminable at around chance levels in the
presence of equal distractors, makes it unlikely that the
distractor surfaces had a different effect on the perceived
roughness of the rougher of the target surfaces than on the
smoother target surface. The pattern of behavior is better
explained by an interaction between integration of the rough-
ness signals on the two digits and the two-interval forced
choice design of the discrimination task.

Although behavior consistent with the integration of the
roughness signals in the two digits was apparent for surfaces
of 180 grit and smoother, it was less evident for the rela-
tively rougher 80-grit surface. It is possible that the high
salience of the 80-grit surface may have disrupted percep-
tion of the target surfaces either by masking simultaneously
touched surfaces or drawing attention from them.
Alternatively, altered interactions between the digits with
80-grit as compared with smoother-grit distractors may re-
flect fundamental processing differences between groups of
rough and smoother surfaces. There is psychophysical evi-
dence that different sensory processes are engaged by what
are labeled coarse (rough) and fine (smoother) surfaces
(Hollins, Bensmaia, & Washburn, 2001; Hollins & Risner,
2000). The duplex theory of texture perception holds that
coarse textures are mediated by spatial codes using the
spatial distribution of forces across the skin when the skin
and surface come into contact. In contrast, fine surfaces are
mediated by vibration codes set up by the movement of the
skin relative to the textured surface. Consistent with this
dual-processing model, the discrimination of fine sandpa-
pers (average particle sizes<100um) has been found to be
impaired in static as compared with dynamic contact condi-
tions, whereas the discrimination of coarse surfaces (average
particle sizes>100 m) was relatively unaffected (Hollins &
Risner, 2000). The 80-grit distractor used in the present
experiments falls within the spatially coded range, whereas
the remaining textures are within the vibration-coded range.
It is possible that integration only occurs between textures
coded in a similar manner, or that integration of roughness
signals between the digits only occurs with fine surfaces.

General discussion

The close proximity of the digits on the body and relatively
limited scope for spatial separation, coupled with the tendency
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to produce in-phase movements of the digits during textural
exploration, make it likely that the digits on a single hand
often transmit highly correlated textural information when
touching surfaces. The same is less likely to be true for a pair
of digits on different hands that are, ostensibly, free to move
independently of each other. This freedom reduces the poten-
tial correlation in sensory signals on the two hands. Thus,
there is reason to expect the integration of texture signals
within but not between the hands. Previous studies have
shown behavior indicative of integration of the roughness
signals from within the hand. Roughness judgments for the
surfaces touched by a cued digit were shifted in the roughness
direction of the surface touched by a neighboring distractor
digit on the same hand (Kahrimanovic et al., 2009; Roberts &
Humphreys, 2010a). That finding was supported by the results
of the present study, in which, when a pair of adjacent digits
on a hand touched different textures simultaneously, reports of
the roughness at one of the digits were influenced by the
roughness of the surface touched by the other digit. A novel
finding here was that, contrary to the report of Dorsch et al.
(2001), the interfering effect of distractor roughness was not
restricted to digits on the same hand. A similar effect of a
distractor texture was observed when the cued and distractor
digits were on different hands. Interestingly, sensory interac-
tions between surfaces touched by pairs of digits were altered
with the use of very rough surfaces. The effect of this rough
surface was more indicative of an impairment to texture
processing than of the swaying of roughness perception in
one direction or another.

The failure to filter out roughness signals from concurrent-
ly stimulated digits may reflect the automatic processing of
roughness signals across the body. Haptic search tasks provide
evidence for the parallel processing of texture signals across
the hands (Lederman et al., 1984; Lederman & Klatzky, 1987;
Plaisier, Bergmann Tiest, & Kappers, 2008). In those experi-
ments, participants are typically asked to report whether a
target property is present amongst varying numbers of
distractor stimuli of the same perceptual dimension.” For
example, participants touching a set of textured surfaces with
six of their fingers would make a speeded decision regarding
whether one of the digits touched a rough surface or whether
the surfaces under all of the fingers were smooth. The time
taken to find target properties is informative of the processing
required for perception of that dimension. Increases in re-
sponse times as the number of fingers stimulated increases
suggest that additional, serial processing steps are needed for
each digit or that there is a distribution of limited processing

2 Lederman and Klatzky (1997) defined a dimension as a domain of
variation that is accessible to the perceptual system. Examples of
continuous dimensions include roughness and compliance, whereas
binary dimensions might include surfaces with a feature oriented to
the left or the right. Properties are defined as single values in con-
sciously perceptible domains.

capacity across more digits. On the other hand, the fact that
response times are unchanged by the number of digits being
searched suggests that no additional processing costs are
associated with each extra digit. Generally, texture search
experiments have found that the time taken to search textured
distractors for a surface of a target roughness is relatively
unaffected by the number of fingers to be searched
(Lederman et al., 1984; Lederman & Klatzky, 1987; Plaisier
et al., 2008). This is in contrast to haptic search tasks based on
the spatial features of tactile stimuli (e.g., discriminating
whether a left-oriented bar is present amongst a series of
right-oriented bars), in which target detection times increase
significantly with the number of fingers to be searched
(Lederman & Klatzky, 1997; Overvliet, Smeets, & Brenner,
2007). Lederman and Klatzky (1997) suggested that although
searches of these spatially coded properties involve the serial
processing of signals from the fingers, material tactile dimen-
sions such as texture and compliance are processed in parallel
across the fingers. Furthermore, the hand and finger move-
ments made during unrestrained haptic search show a pattern
consistent with the latter suggestion. Plaisier et al. allowed
their participants to freely explore a flat surface containing
between three and 11 textured patches. The participants’ task
was to search for a patch with the target texture amongst
patches with distractor textures. Rather than moving each
finger individually, participants kept their hands flat, their
fingers together, and explored the surface with sweeps of the
whole hand. Deviations from this pattern occurred under
increased processing demands—that is, when the task became
more difficult. Under these conditions, participants switched
to single-point exploration patterns.

However, it appears that a cost is associated with the ability
to process texture in parallel across multiple digits. Under some
conditions (those explored here and previously: Kahrimanovic
et al., 2009; Roberts & Humphreys, 2010a), in which partici-
pants are prevented (usually by instruction) from withdrawing
some contact points from surfaces, it is difficult to prevent the
processing of textures at task-irrelevant digits. Most interest-
ingly, the signals from these digits systematically affect texture
perception at an attended location in a manner consistent with
some form of integration across the digits. Thermal perception
when touching with multiple digits has similarly been found to
show perceptual interactions across the digits (Ho, Watanabe,
Ando, & Kashino, 2011). A thermally neutral surface touched
by one digit was perceived as being equally warm (or cold) as a
pair of heated (or cooled) flanking surfaces touched simulta-
neously by adjacent digits. However, in contrast to the present
findings for roughness, no evidence emerged of thermal refer-
ral when the digits contacting the temperature-controlled sur-
faces were on different hands (Ho, Watanabe, Ando, &
Kashino, 2010). Referred changes in temperature sensation
were most likely to occur when the three digits contacting
surfaces were adjacent and on the same hand. Interactions
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between the digits diminished when the digits were on the
same hand but not adjacent, and were least evident when one
of the digits was on another hand. Although roughness and
thermal qualities are both material aspects of surfaces, this
difference in the findings for the two submodalities may reflect
the recruitment of different processes for the perception of an
object’s roughness as compared with its temperature.
Alternatively, the difference in findings between the experi-
ments may reflect other stimulus differences. In the study by
Ho et al. (2010), the thermal stimuli on the two hands were felt
by touching stimulus pads on two clearly separate objects.
Knowledge about whether tactile stimuli originate from a
single as compared with two objects has been shown to change
the distribution of tactile attention (Gillmeister, Adler, &
Forster, 2010): It is harder to withdraw attention from a distant
(in both spatial and somatotopic coordinates) body part when it
contacts the same object as an attended body part, as compared
with when the two body parts touch separate objects. It is not
clear whether this factor of Same/Separate Object played a role
in Ho et al.’s (2010) failure to show an interaction between the
digits in the bilateral-touch conditions. This factor may also
have played a role in generating the bilateral interference
observed in the present data. Here, the pair of sandpaper
surfaces (cued and distractor surfaces) in each stimulus interval
were attached to either side of the same card. The combination
of these surfaces and the card produced a single stimulus that
was less than 2 mm thick. It remains to be seen whether similar
distractor interaction with texture judgments would be ob-
served across the hands when the digits of the two hands touch
clearly different objects.

The spatial separation of somatosensory stimuli is another
factor that has been shown to influence perception during
bilateral touch. Studies of tactile attention have shown an
influence from stimuli on one side of the body on the percep-
tion of tactile stimuli presented on the opposite side. The
identification of vibrotactile stimuli applied to the digit of a
hand was slower and more error-prone when dissimilar
vibrotactile stimuli were applied to the homologous digit on
the opposite hand than when a distractor was not present
(Driver & Grossenbacher, 1996; Roberts & Humphreys,
2010b). Similar results have been found in tasks in which the
spatial elevation of the target vibrotactile stimuli was reported
(Soto-Faraco et al., 2004). Interestingly, the interference be-
tween vibrotactile stimuli on the two hands was greatest when
the pair of stimulated body parts were held spatially close to
each other rather than far apart. This finding has been
interpreted as evidence that attention in the somatosensory
system can operate within nonbodily coordinates, either drawn
by or shared with the stimulus on an unattended hand,
depending on the relative separation of the two hands.
Further support for this idea has come from work by Lakatos
and Shepard (1997) showing that attention is more rapidly
moved between pairs of locations on the body when those
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locations are held close in space, as compared with far apart.
Difficulty ignoring spatially close tactile stimuli may not be
specific to vibration, but may apply to other tactile properties
such as surface roughness. At present, the role of spatial prox-
imity in the bilateral perception of roughness is unclear. Work
investigating whether the influence of a distractor surface is
changed with spatial separation from a target surface is current-
ly underway:.

Given the relative flexibility with which we are able to use
our two hands in coordinated exploration, it is interesting to
examine how somatosensory information is processed across the
body. The present results suggest that interactions between
roughness signals from the digits are not restricted to those
signals originating from neighboring regions of the body.
Instead, behavior consistent with the integration of sensory
signals was observed when rough textures were touched by
digits distant on the body but close in space. Furthermore, some
evidence has indicated that the interaction between surfaces
touched by different digits is constrained by whether those
surfaces fall within roughness boundaries thought to involve
similar sensory processes. However, it remains to be seen
whether the behavior observed in the present experiment would
occur if only coarse surfaces were touched, whether it would
occur for all digit combinations across the hands or is specific to
combined thumb-and-forefinger use, whether similar behavior
could be found in single-hand exploration with the nondominant
hand, and whether similar integration mechanisms would be
involved with different degrees of spatial separation between
the exploring digits. Furthermore, the precise nature and neural
bases of the interactions between roughness signals from digits
within and between hands remains to be elucidated.
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