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Abstract Growing evidence suggests that blind subjects
outperform the sighted on certain tactile discrimination
tasks depending on cutaneous inputs. The purpose of this
study was to compare the performance of blind (n = 14) and
sighted (n = 15) subjects in a haptic angle discrimination
task, depending on both cutaneous and proprioceptive feed-
back. Subjects actively scanned their right index Wnger over
pairs of two-dimensional (2-D) angles (standard 90°; com-
parison 91–103°), identifying the larger one. Two explor-
atory strategies were tested: arm straight or arm Xexed at
the elbow so that joint movement was, respectively, mainly
proximal (shoulder) or distal (wrist, Wnger). The mean dis-
crimination thresholds for the sighted subjects (vision
occluded) were similar for both exploratory strategies (5.7
and 5.8°, respectively). Exploratory strategy likewise did
not modify threshold in the blind subjects (proximal 4.3°;
distal 4.9°), but thresholds were on average lower than for
the sighted subjects. A between-group comparison indi-
cated that blind subjects had signiWcantly lower thresholds
than did the sighted subjects, but only for the proximal con-
dition. The superior performance of the blind subjects
likely represents heightened sensitivity to haptic inputs in
response to visual deprivation, which, in these subjects,
occurred prior to 14 years of age.
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Introduction

One of the most widely accepted claims concerning indi-
viduals with a sensory deWcit is that they compensate by
exhibiting exceptional skills when using the remaining
intact senses. In the case of the blind, they have often been
shown to manifest superior performance when carrying out
speciWc tasks, such as verb generation, verbal memory,
Braille reading, sound localization, and pitch discrimina-
tion (Lessard et al. 1998; Röder et al. 2001; Amedi et al.
2003; Gougoux et al. 2004, 2005; Voss et al. 2004).

However, it does not automatically follow that such Wnd-
ings can be generalized to all functions. In particular, con-
tradictory results have been reported for blind subjects in
relation to tactile acuity. Several studies reported that blind
subjects are superior to sighted ones in discriminating the
orientation of a grating applied to the Wngertip (Van Boven
et al. 2000; Goldreich and Kanics 2003). In contrast, Grant
et al. (2000) found no diVerences in performance for the
same task, as well as for two other tactile discrimination
tasks (gratings with variable ridge widths; Braille-like dot
patterns). Although the latter study found some evidence
that blind subjects are better at discriminating Braille dot
patterns, this advantage disappeared after the sighted
subjects received additional practice in the task. Finally,
Heller (1989) found no diVerence between blind and
sighted subjects in a texture discrimination task. He also
demonstrated that the absence of any diVerence could not
be explained by the mode of touch, since similar results
were obtained with both active and passive touch, i.e., with
or without movement on the part of the subject.
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Surprisingly, there is little information about the ability
of blind subjects to appreciate object shape using haptic
feedback, i.e., combined sensory feedback from both cuta-
neous and proprioceptive receptors (Gibson 1966). Early
studies reported that the haptic estimation of macro-curva-
ture is better in blind than sighted individuals (Hunter 1954;
Pick and Pick 1966). Subsequently, however, Davidson
(1972) demonstrated that the apparent superiority of the
blind subjects could be explained by diVerences in the
active exploratory strategies employed. He also demon-
strated that performance levels in a curvature categorization
task are comparable in blind and sighted subjects when they
were required to use the same exploratory strategy.

The present study was designed to further characterize
the performance of blind and sighted subjects in a haptic
task, in this case discriminating diVerences in the shape of
two-dimensional (2-D) angles across a range of 90–103°.
This novel task was recently developed by Voisin et al.
(2002a, b), and shown to be dependent on both cutaneous
and proprioceptive feedback. Given that the task involved
active exploration of the angles and that we wished to
establish performance at the threshold level, we imposed a
common search strategy to ensure that all subjects had
identical information on which to base their sensory deci-
sions. The basic strategy employed was a single to-and-fro
contour following movement over the angles. This corre-
sponds to the type of movement that subjects employ to
obtain information about exact shape (Lederman and
Klatzky 1987). One exploratory strategy, proximal, was
identical to that used originally in developing the task so
that the results could be compared to those obtained previ-
ously in young, healthy adults (Voisin et al. 2002a, 2005;
Levy et al. 2007). SpeciWcally, the angles were scanned
with the right index Wnger of the outstretched arm. Thus,
cutaneous feedback arose from the Wnger, and propriocep-
tive feedback from the shoulder. As described in Voisin
et al. (2002a), this approach ensured that no incidental cues
from contact between the arm and the trunk contributed to
task performance. Subjects were also tested with a modiWed
exploratory strategy, distal, with the elbow Xexed at 90°
and restrained against the trunk. This corresponded to the
test position for complementary imaging experiments
carried out in the same subjects; in this case, the proprio-
ceptive feedback now arose mainly from the distal joints
(wrist, Wnger).

Methods

Subjects

Seventeen sighted subjects served as controls (15 right-
handed and 2 left-handed; aged from 22 to 50 years, mean

28.4 years; ten women, seven men). Handedness was
assessed using the Edinburgh handedness inventory
(OldWeld 1971). Sixteen legally blind subjects participated
in the study (aged from 19 to 53 years, mean 36.3 years; 5
women, 11 men). Onset of blindness occurred relatively
early in life: seven subjects were blind from birth (three
with light perception), two became blind at 2 and 3 months,
three at 3 years (one with light perception), and the others
at 7, 8, 11, and 14 years. All were Xuent Braille readers
(three left-handed for Braille reading). In all cases, blind-
ness was attributable to peripheral damage that led to total
blindness in all but four subjects. The latter had some light
perception (discrimination between night and day), but
were unable to see the arm/hand movements during the
angle explorations. All subjects were exempt of any other
neurological problem. This study received prior approval
by the Ethics and Research Committees of the Centre
Hospitalier de l’Université de Montréal (Notre-Dame
Hospital) and the Centre de Recherche Interdisciplinaire en
Réadaptation (CRIR), which coordinates research and eth-
ics with sensory and motor challenged individuals, and the
Institut Nazareth et Louis Braille, which is the principal
advocacy agency promoting the well-being of the blind in
the Province of Québec. All subjects gave their informed
consent prior to participation in the study.

2-D angles

The angles were constructed from 1 cm thick Plexiglas, and
were formed by the intersection of two 8 cm long borders
(Voisin et al. 2002a). A range of angles was employed,
including a standard angle, 90°, and seven comparison
angles spanning a range from 91 to 103° (increments of 2°).
For one condition (distal, see below), the border length
explored was decreased to 3 cm. This was delimited by
plasticine markers placed just beyond the 3 cm point on
either side of the intersection (Fig. 1b).

2-D angle discrimination task

Sighted subjects were blindfolded throughout the experi-
ment. The task was similar to that described by Voisin et al.
(2002a). In brief, subjects were seated in a chair with the
experimental apparatus positioned directly in front of the
shoulder (see Fig. 1). The experimenter adjusted the appa-
ratus so that the angles, once inserted into the apparatus,
were perpendicular to the subject’s arm. At the beginning
of the session, each subject received verbal instructions
indicating that they were going to explore pairs of 2-D
angles and that their task would be to identify which angle
of each pair was larger (a two-alternative forced-choice
paradigm). The standard angle was either the Wrst or second
angle presented in each trial (order counterbalanced). Prior
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to each scan, the subjects were assisted to position their
right Wnger on the angle so that the glabrous skin of the dis-
tal phalanx of the index Wnger (D2) contacted the angle dur-
ing the scan (nail up). There was one diVerence from Voisin
et al. (2002a): in the latter study, the orientation of the
apparatus, and thus the angle, was randomly shifted for one
angle of the pair presented in each trial (4 or 8° rotation, see
Fig. 2 in Voisin et al. 2002a). No shift was applied here
because we wanted to minimize the delay between succes-
sive scans (time required to remove the Wrst angle, install
the second angle, and then reposition the subject), with a
view to using the task in complementary imaging studies.
This approach was justiWed because threshold does not vary
as a function of the presence or absence of a shift (Voisin
et al. 2002a).

The general sequence of events in each condition was as
follows: (1) the Wrst angle was installed in the apparatus;
(2) the experimenter guided the subject’s Wnger to the start-
ing position (position a in Fig. 1); (3) the subject explored
the Wrst angle and then withdrew from the angle; (4) the
second angle was installed in the apparatus and the explora-
tion sequence was repeated (»5 s delay between scans);
and (5) the subject then verbally reported which angle was
greater, and the experimenter recorded this response. As in
previous experiments, no feedback on performance was
given. Before starting data collection, the exploratory
movement was described to the subject. This consisted of a

single to-and-fro movement, following the sequence abcba
(see Fig. 1). The subject made several scans to practice the
movement; it was emphasized that the subject was not to
stop anywhere during the exploration. The perceptual task
was then described and practiced by having the subject scan
a pair of angles with a large diVerence (90 and 103°). Data
collection began after subjects made two correct discrimi-
nations (2–6 trials). For each condition, each of the seven
comparison angles was presented 8£ (56 trials total;
pseudo-random order of presentation). No feedback on per-
formance was provided to the subject. To minimize the
subject’s fatigue, there was a short pause between each
condition.

Two exploratory strategies were examined. In one con-
dition (proximal, Fig. 1a), subjects kept their arm extended
during scanning so that the movement occurred mainly at
the shoulder. In this case, the angles were positioned so that
they were located at the same height as the shoulder, and
the spatial extent of the movement was 8 £ 8 cm. This
corresponds to the exploratory strategy used previously
(Voisin et al. 2002a, 2005; Levy et al. 2007). In the other
condition (distal, Fig. 1b), a Velcro strap was placed around
the elbow, with the elbow Xexed at approximately 90°, and
the spatial extent of exploration was reduced to 3 £ 3 cm
so that the movement involved mainly the Wnger and wrist.
This latter condition corresponded to the exploratory
strategy used for complementary imaging experiments

Fig. 1 Position of the arm of the subject during haptic angle discrim-
ination, relative to the angles (90° shown here). In the Wrst condition
(a, proximal), angles were explored with the arm out-stretched using
the distal phalanx of the index Wnger for exploration. A single contin-
uous to-and-fro movement was used to explore the angles, following
the sequence abcba (digit shown in the start position a here). In the sec-
ond condition (b, distal), the elbow was restrained. To restrict move-
ment to the distal joints, the start and end positions (a, c) were closer
to the intersection (3 vs. 8 cm for a). Exploration as for a
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Fig. 2 Performance of one blind subject in the 2-D angle discrimina-
tion task in two conditions (proximal, distal scans). The proportion of
correct responses is plotted as a function of the angular diVerence, �
angle, between the comparison (91–103°) and standard angles (90°).
Logistic curves were Wtted to the data. Threshold corresponds to the
value at which the logistic function crosses the horizontal interrupted
line (75% correct)
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performed in the same subjects. The subjects had no inde-
pendent knowledge of the angles used as these were hidden
from view at all times.

Data analysis

The data analysis procedures used in the present study were
similar to those described in Voisin et al. (2002a). For each
subject and each condition, the proportion of correct
responses (PC) for each comparison angle was Wtted to the
logistic function: PC = 1/(1 + ed(Comparison angle ¡ Standard angle))
(see Fig. 2). The discrimination threshold, T (correspond-
ing to 75% correct), was derived from the logistic function
as follows: T = d¡1ln 1/3, where d is the unique degree of
freedom of the logistic curve that was adjusted to Wt the raw
data. Statistical analyses were carried out using the Mann–
Whitney test to assess diVerences between the groups
(sighted vs. blind) and the Wilcoxon test to compare across
conditions (proximal vs. distal). The level of signiWcance
was Wxed at P < 0.05.

Results

Data were collected in one experimental session from 16
blind and 17 sighted subjects. Four subjects, two from each
group (including one of the light-sensitive blind subjects),
were not able to discriminate the angles even for the largest
diVerences and their results were not retained for the statis-
tical analyses. The results of one subject (blind) are plotted
in Fig. 2. Inspection indicates that the performance was
very similar for the proximal and distal explorations. The
two logistic functions are superimposed and discrimination
threshold (half-way between chance, 50%, and perfect per-
formance, see the dotted line) was 4.1° in each case.

Similar analyses were applied to the data from each
subject and each condition. Figure 3a plots the logistic
functions Wtted to the pooled data, contrasting the results
obtained in the blind and sighted subjects for proximal
(left) and distal (right) explorations. Inspection indicates
that the curves for the blind subjects were consistently
shifted upwards, i.e., blind subjects more frequently identi-

Fig. 3 a Comparison of the 
performance of blind (n = 14) 
and sighted subjects (n = 15) in 
the 2-D angle discrimination 
task for each exploratory 
strategy. Shown here are logistic 
functions Wtted to the pooled 
data, with proportion of correct 
responses versus � angle. 
b Mean discrimination threshold 
(§SEM) in sighted (black) and 
blind subjects (striped) as a 
function of the exploratory 
strategy (proximal, distal). 
* P = 0.031
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Wed the comparison angles as larger than did the sighted
subjects. The corresponding mean discrimination thresh-
olds are summarized in Fig. 3b. Two important observa-
tions can be made. First, within each group of subjects,
performance did not change with the exploratory strategy.
For sighted subjects, threshold values were similar for
proximal (5.7 § 0.5°, SEM; range 2.8–9.6°) and distal
explorations (5.8 § 0.4°; range 3.9–8.7°) (P = 0.691). For
the blind subjects, discrimination thresholds were likewise
not diVerent for proximal (4.3 § 0.5°; range 2.2–9.0°) and
distal (4.9 § 0.8°; range 1.6–13.6°) explorations
(P = 0.198). Second, blind subjects had signiWcantly lower
thresholds for 2-D angle discrimination than did sighted
subjects for the proximal explorations (P = 0.031). There
was a trend for lower thresholds with the distal explora-
tions, but the diVerence was not signiWcant (P = 0.106),
likely because the threshold estimates in the blind subjects
showed increased inter subject variability in this condition
(see the larger error bars; Fig. 3b, right).

There was some evidence that discrimination threshold
covaried with the age of onset of blindness. Although linear
regression analyses (threshold vs. age of onset of blindness)
were non-signiWcant for both the proximal (P = 0.77) and
distal (P = 0.64) exploratory strategies, the congenitally
blind subjects (n = 7) but not the later blind subjects (n = 7)
had signiWcantly lower thresholds than the sighted subjects
for the proximal explorations (P = 0.02 and P = 0.25,
respectively). There was not, in contrast, any obvious
diVerence in threshold between those subjects with light
perception (n = 3) as compared to those without (n = 11):
they had neither the lowest nor the highest threshold in
either condition.

Could the subjects with residual light perception have
used visual feedback to perform the tasks (blind subjects
were not blind-folded during testing)? We examined their
performance, reasoning that visual feedback should have
improved performance when the angles were explored
closer to the subject (distal condition). This suggestion was
not supported by the results: two of these subjects had
lower thresholds when the angles were further away, while
the other subject had identical results in both conditions.
These observations suggest that visual feedback was not a
contributing factor to the results in the blind subjects.

Discussion

This study demonstrated that the performance of blind sub-
jects is superior to that of sighted subjects in a haptic angle
discrimination task, and this in a situation in which all sub-
jects, blind and sighted, used the same exploratory strategy,
and thus had identical information on which to base their
responses.

Present results

To the best of our knowledge, this is the Wrst demonstration
of hyperacuity for blind subjects in a controlled haptic task.
This task has been shown to be dependent on cutaneous
feedback from the exploring digit, and proprioceptive feed-
back from the muscles and joints engaged in the explora-
tion (Voisin et al. 2002b). As suggested previously, the
cutaneous feedback is likely mediated by cutaneous
mechanoreceptors with small receptive Welds [slowly
adapting type I and rapidly adapting (Johnson 2001)], while
the proprioceptive feedback likely originates from muscle
spindles (Voisin et al. 2002b; Levy et al. 2007).

Our Wndings complement previous studies (Van Boven
et al. 2000; Goldreich and Kanics 2003) that have shown
superior performance for blind subjects in tasks limited to
discriminative touch, that is, dependent only on cutaneous
inputs. We found that blind subjects were superior to
sighted subjects, at least for the range of angles tested, but
the diVerence was only signiWcant for the proximal condi-
tion (movement of the whole arm) and not the distal condi-
tion (movement of the wrist and Wnger). Moreover,
congenitally blind subjects particularly contributed to the
signiWcantly lower thresholds in the proximal condition, an
observation consistent with the report of Grant et al. (2000)
that early blind subjects (<5 years of age) performed better
in a tactile hyperacuity task using Braille-like dot patterns
than did late blind subjects (onset of blindness, >10 years of
age).

Two factors may have contributed to the diVerential
results with proximal and distal exploratory strategies when
comparing the blind and sighted subjects. The superior
performance with proximal movements in the blind sub-
jects might reXect increased use of such movements. All of
our blind subjects were Xuent Braille readers, and Braille
reading typically involves movement of the whole arm, par-
ticularly rotation at the shoulder (elbow Xexed), as the
Wnger (or Wngers for subjects reading with both hands) is
scanned over the lines of text. Even in other activities, for
example using a white cane to navigate, blind subjects may
be particularly relying on whole arm movements as the
cane is moved to probe the surrounding environment. Such
a strategy would probably simplify the interpretation of
sensory feedback generated at the tip of the cane. Second,
the absence of any diVerence in performance for the distal
movements, blind versus sighted, might be explained by the
Velcro restraint at the elbow. This did not eliminate shoul-
der rotation, but may have been an unintended secondary
source of noise during the task. Consistent with this sugges-
tion, the blind subjects as a group, but not the sighted,
showed increased inter subject variability in the constrained
condition (Fig. 3b). This suggestion is, moreover, consis-
tent with the results of Gentaz and Hatwell (1996) who also
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reported decrements in the performance of a haptic task
when the arm was partly supported (vs. no support).

Considerations

There were several diVerences in the experimental condi-
tions used in the studies by Voisin et al. (2002a, b) and the
present one, changes that were dictated by the fact that this
same task was to be used in imaging studies, and in the
same subjects. Thus, the position of the angles relative to
the subject was slightly modiWed (directly in front of the
subject here vs. 30° to the right). This is unlikely to have
contributed to the results since performance in a related
task, angle categorization, is invariant across this range
(unpublished observations, G. Michaud, J. Voisin and C. E.
Chapman). The exploratory strategy was also modiWed by
including the distal condition (elbow restrained, length of
the arms of the angles shortened), but this had minimal
eVects on performance since neither group of subjects
showed a signiWcant change (distal vs. proximal). Despite
these small changes, mean threshold, 5.7° for the sighted
subjects, was similar to that reported by Voisin et al. (4.7°).

The absence of any diVerence, proximal versus distal
exploration, may appear surprising since there is some evi-
dence that gravitational cues can modify haptic perception.
In particular, Gentaz and Hatwell (1996) reported that sub-
jects show increased errors in the haptic perception of bar
orientation in the frontal plane when the arm is partly sup-
ported, i.e., as in our distal condition. DiVerences in the
design of the task (exploring and then reproducing the ori-
entation of a rod versus serial exploration and comparison
of pairs of angles) likely contributed to the diVerence. The
present observation of no diVerence (proximal, distal) con-
Wrmed, and extended, the observation of Voisin et al.
(2005) that thresholds are unchanged when subjects explore
angles using diVerent motor strategies (shoulder vs. wrist in
their case). Thus, the results provide further evidence in
favor of their suggestion that there is an invariant central
representation of object shape, independent of the joints
used in the exploration of objects.

The task itself involved working memory, as the mental
representation of the Wrst angle scanned needed to be tem-
porarily stored, and compared to that of the second angle
scanned. In this study, the delay between scanning the Wrst
and second angle was »5 s. While we do not know whether
reducing the time delay would improve performance, we do
know that when angles are explored at a position close to
the midline (as in this study), then tripling the delay from 5
to 15 s has no eVect on angle discrimination (Voisin et al.
2005). Moreover, allowing more time between scans can,
under certain conditions, improve performance. For exam-
ple, the elevated thresholds seen when angles are explored
at a more eccentric location (far right, 60° to the right of

midline), decline down to levels seen with the angles
located more centrally when the delay is lengthened from 5
to 15 s. Together, we suggest that performance may well be
optimal with the »5 s delay used here.

Finally, one limitation of the study was that we chose,
arbitrarily, to perform all testing on the right side, indepen-
dent of whether the subject was right or left hand dominant.
There were approximately equal numbers of left-handed
subjects in each group (3/14 for the blind subjects, and 2/15
for the sighted), but too few left-handed subjects to perform
any statistical comparisons. No consistent trend was seen,
i.e., left-handed subjects were sometimes better and some-
times worse than the average. More importantly, the diVerence
(blind vs. sighted) was preserved even when the left-handed
subjects were excluded from the analysis (proximal, P = 0.004;
distal, P = 0.111).

Haptic perception in blind subjects

It was not surprising to Wnd enhanced performance for
blind subjects in a haptic angle discrimination task since
blind subjects must depend more on haptic feedback during
their daily activities than do sighted subjects. Thus, it is
interesting to speculate that the present results reXect, at
least in part, experience-driven changes in brain processing
of haptic inputs. In addition, however, blind subjects adapt
to their condition by optimizing their exploratory strategies.
Thus, Davidson (1972) found that in a task in which sub-
jects had to categorize macro-curvatures as straight, con-
cave, or convex, blind subjects were particularly adept at
both identifying the salient feature to discriminate, and
choosing the optimal exploratory strategy to maximize sen-
sory feedback from this feature. Thus, experience-driven
adaptations can have far reaching consequences.

We tried to minimize the variability between blind sub-
jects by restricting recruitment to subjects who had lost
their vision before puberty. It has been shown that cross-
modal plasticity (activation of occipital areas during Braille
reading) is present in the blind when blindness occurs
before 14 years of age (Cohen et al. 1999). More recently,
Sadato et al. (2002) found that the critical age is slightly
later, at 16 years of age, for showing cross-modal plasticity
in primary visual cortex in relation to a passive tactile dis-
crimination task of 2-D spatial form discrimination (Braille
character identiWcation). As exploring 2-D angles is a sen-
sorimotor task somewhat similar to the Braille task used by
Cohen et al., we chose 14 years as the cut-oV point to
recruit the blind subjects.

Complementary experiments are needed, using neuroim-
aging techniques, to determine whether the cerebral net-
works involved in the haptic angle discrimination task are
similar in blind and sighted subjects. Indeed, occipital acti-
vations have been reported in the blind (Kujala et al. 2000;
123
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Gizewski et al. 2003; Lambert et al. 2004; Burton and
McLaren 2006; Burton et al. 2004, 2006; Pascual-Leone
et al. 2005; Sadato 2005; Sathian 2005; Ofan and Zohary
2006), and there is evidence that these activations are func-
tionally relevant (Hamilton et al. 2000). Correlations
between performance in various tasks and visual cortex
activation have also been reported (Amedi et al. 2003;
Gougoux et al. 2005). Questions remain, however, about
the haptic appreciation of object shape (discrimination of
2-D angles). Although it is known that haptic shape explo-
ration is associated with activation in extrastriate visual
areas in sighted subjects, possibly reXecting visual imagery
and/or other mechanisms related to somatosensory object
recognition leading then to multisensory processing in
these areas (Amedi et al. 2001; James et al. 2002; Zhang
et al. 2004; Peltier et al. 2007), it is not known if blind sub-
jects might show speciWc occipital activations during the
performance of this task. Indeed, our Wnding that congeni-
tally blind subjects (lacking visual experience) particularly
contributed to the enhanced performance of blind subjects
during 2-D angle discrimination makes it unlikely that visual
imagery per se contributed signiWcantly to the performance
of the blind subjects.
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