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Abstract In the haptic filled-space illusion for active
dynamic touch, observers move their fingertip across an
unfilled extent or an extent filled with intermediate stimula-
tions. Previous researchers have reported lengths of filled
extents to be overestimated, but the parameters affecting the
strength of the illusion are still largely unknown. In the cur-
rent research, we show that the illusion persists when inter-
mediate stimulations do not provide information about the
extent’s length. In addition, the results show that the
strength of the illusion increases with the number of filler
elements. In contrast with earlier research, we control for
movement speed differences between filled and unfilled
extents. The results suggest that the strength of the illusion
is independent of the overall average movement speed.
Insight into factors affecting the strength of the illusion may
provide a better understanding of the kinematic mecha-
nisms underlying haptic length perception.
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Introduction

In the long-known visual filled-space illusion, observers
judge a linear extent that is filled with discrete filler ele-
ments to be longer than an unfilled extent of the same
length (also known as Oppel-Kundt illusion; e.g., Coren
and Girgus 1978). Although less studied, various haptic
analogs of the filled-space illusion have been identified
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over the years (Craig 1931; Dresslar 1893; Jaensch 1906;
Parrish 1893; Révész 1934; Suzuki and Arashida 1992).
Filled extents in the haptic case include punctured card-
board cards, raised-line gratings, wooden laths with holes
cut out on the edges, and so on.

One might find the coexistence of illusory effects of
filled extents in both the visual and haptic modality to be
striking; this suggests, for example, that the haptic illusion
might be mediated through the visualization of what is
being touched and would thus be essentially visual in
nature. However, geometric illusions have been reported
for congenitally blind people who have had no visual expe-
rience (e.g., Heller et al. 2002). Moreover, a number of
researchers have argued that close ties exist between the
way a haptic stimulus is explored by the hand and the way
it is perceived (e.g., Davidson 1976; Gibson 1962; for an
overview, see Appelle 1991). In the case of the haptic
filled-space illusion, filled extents are overestimated when
participants actively move their finger across the stimuli
(active dynamic touch), whereas filled extents are underes-
timated when stimuli are impressed onto the skin of the
forearm (static touch; Craig 1931; Parrish 1893). This
raises the question regarding the nature of intermediate
stimulations in the haptic filled-space illusion.

In this study, we investigate the haptic filled-space illu-
sion for active dynamic touch. Previously, Révész (1934)
mentioned the existence of the illusion but did not provide
quantitative data. Suzuki and Arashida (1992) measured
Points of Subjective Equality (PSE) in a discrimination
experiment, but used a reference length of only a single
wavelength. Likewise, Jaensch (1906) tested filled extents
of a single wavelength in a reproduction experiment. Only
the study by Dresslar (1893) provides indications con-
cerning parameterization of the illusion. He used punc-
tured cardboard cards, with the results suggesting that
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overestimations increase with the number of punctures.
In all of these studies, the movement speed of the tracing
finger was not controlled for.

Increasing evidence shows that haptic length perception
is based on observing kinematic variables. For example,
observers who were instructed to trace linear extents at high
speeds judged these lengths to be shorter than the same
extents traced at considerably lower speeds (Hollins and
Goble 1988; Von Skramlik 1933; Wapner et al. 1967). In
the case of free exploration, linear extents oriented radially
from the body were judged to be longer than extents ori-
ented tangentially; at the same time, it was observed that
the extents that were judged longer were traced at slightly
lower speeds, which led to a corresponding increase in
movement time (Armstrong and Marks 1999; Wong 1977).
Similarly, convex lengths were overestimated compared to
concave lengths; again, these overestimations correlated
with differences in movement time that were, in turn, due to
slight speed differences between the various surface types
(Sanders and Kappers 2008). Thus, one explanation for the
haptic filled-space illusion is that filled extents are traced at
slightly lower speeds.

However, findings of Dresslar (1893) suggest otherwise.
He succeeded in conducting his experiment under condi-
tions of passive dynamic touch (cardboard being moved
underneath stationary fingertip), thus being able to make
movement times exactly the same. Interestingly, he
reported the illusion to persist. However, one should be
cautious in comparing active and passive touch conditions.

A confounding factor in all of these studies is that the
end points of extents are the same as the filler elements.
Thus, for unfilled extents, the puncture the finger comes
across after having passed over the first one is the puncture
marking the end point. On the other hand, for filled extents,
the observer has to move the index finger one wavelength
beyond the last puncture to be sure that the extent has
ended. Consequently, this might lead the participant to
overestimate filled extents. If so, doubts are cast on whether
the illusion is actually one of overestimation of filled space.
Interestingly, none of the studies has noted this possible
end point effect, while biases reported are of the same order
of magnitude (Suzuki and Arashida 1992).

In this research, we investigated the filled-space illusion
in a more thorough and systematic way than has previously
been done. In Experiment 1, we investigated whether the
overestimations of filled extents compared with unfilled
extents increase with the number of filler elements. Filled
extents are defined to be extents with discrete intermediate
stimulations at the fingertip tracing the stimuli. We also
investigated whether overall movement speed has an effect
on the strength of the illusion. In Experiment 2, participants
directly compared filled extents of different filler densities.
None of the studies mentioned have tested direct compari-
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sons of filled extents. If we find that overestimations in
Experiment 1 increase with the number of filler elements,
we expect filled extents to be overestimated compared to
less densely filled extents in the case of direct comparisons
in Experiment 2. In both experiments, we excluded end
point effects by using easily identifiable end points that are
clearly distinguishable from filler elements. In addition,
movement speeds within a trial have been made the same
through the use of a metronome.

Materials and methods
Participants

The participants consisted of five males and two females
who were in their 20s or early 30s, all of whom were right-
handed. They participated in both Experiment 1 and Experi-
ment 2. Participants were naive as to the aims and design of
the experiments, and were paid for their efforts.

Stimuli and setup

Stimuli were linear extents of varying lengths defined by two
small rubber pads glued onto sheets of swell paper (Fig. 1a).
The rubber pads were spherical caps with a diameter of § mm
and a height of approximately 2 mm. Between the two rubber
pads, we printed raised spatial patterns (width 2 cm). These
patterns were either gratings with wavelengths (1) of 4 or
8 mm, or raised blocks. In Experiment 1, participants dis-
criminated lengths of raised blocks from lengths of gratings
of either of the two wavelengths; in Experiment 2, they dis-
criminated lengths of 4-mm gratings from lengths of 8-mm
gratings. Gratings consisted of raised lines with a width of
1 mm. When moving the finger across the stimuli, end points
were readily identifiable. Nine comparison lengths (L) were
available: 8.8, 9.6, 10.4, 11.2, 12, 12.8, 13.6, 14.4, and
15.2 cm. Note that comparison lengths are multiples of the
two wavelengths used, so that the distribution of raised lines
is uniform over the entire stimulus.

Upon stimulus presentation, swell paper sheets were
placed into a stimulus holder that was fixed onto a tabletop.
Participants were comfortably seated behind the table, their
right shoulder being approximately on the setup’s midline.
On either side of the stimulus holder, two movement stops
were attached (small wooden blocks). The distance
between the two movement stops was 28 cm. Stimuli were
touched with the fingertip of the right index finger. Observ-
ers were instructed to make smooth movements between
the movement stops, touching the stimulus on the way. A
metronome was ticking at a frequency of 1 or 2 Hz. To
induce observers to move with equal speeds across the
different stimuli, they were required to synchronize each
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Fig. 1 a Stimuli. Participants moved their index finger between two
stops, pacing movement speed through the use of a metronome. End
points of filled and unfilled extents were rubber pads that were easily
distinguishable from raised filler patterns. Stimulus lengths were
randomly displaced to the left or right of the center of the setup by a
constant amount. b Psychometric curve. A typical example of a
psychometric curve obtained in this study is shown. Parameter u
represents the Point of Subjective Equality

tick of the metronome with arrival of the index finger at the
left or right movement stop.

The midpoint of the stimulus was randomly located
1.25 cm to the left or right of the setup’s midpoint to pre-
vent observers from using the locations of the end points as
length cues. Talcum powder was used to reduce friction
between the finger and the rubber pads. The participants
wore soundproof headphones that blocked auditory cues
from the finger moving across the grating, while at the
same time permitting the ticks of the metronome to pass.
Participants were also blindfolded. Halfway through the
experiment, we replaced the stimulus set to prevent wear-
out of the raised-line drawings.

Design and procedure
A trial proceeded as follows. Participants put their right

index finger against the left movement stop on the first
stimulus sheet and traced the stimulus a number of times,

keeping pace with the ticks of the metronome. Participants
lifted their hands while the experimenter quickly changed
the swell paper sheets, and the participants explored the
second stimulus. They then decided which of the two stim-
uli felt longer. Generally, participants traced a stimulus
back and forth three or four times.

We measured psychometric functions according to the
two-alternative forced-choice (2AFC) method using constant
stimuli. The reference length was 12 cm throughout. The
length difference between the two types of stimuli that were
tested in the discrimination experiment served as the inde-
pendent variable. In Experiment 1, participants compared
raised blocks (U unfilled) with gratings (F filled), where the
length difference is defined as U-F. In Experiment 2, partici-
pants compared gratings of wavelengths 4 and 8§ mm; the
length difference is defined as F8—F4. For example, a length
difference of +2.4 cm in Experiment 1 corresponded to the
following four combinations: U-14.4 cm, F-12 cm; F-12 cm,
U-14.4 cm; U-12 cm, F-9.6 cm; and F-9.6 cm, U-12 cm. The
two lengths of a stimulus pair were presented in both time
orders to avoid response biases, and the reference length was
a raised block or a grating to prevent any learning effects.
Based on pilot experiments, we anticipated positive biases in
all conditions. Therefore, we added a length difference of
+3.2 cm to the distribution of sample points to make it appear
more symmetric to the observer (Fig. 1b).

The set containing the four possible combinations for
each of the eight possible length differences was presented
three times, amounting to a total of 96 trials per psychomet-
ric curve. Trials were independently randomized within
each of the three blocks. A psychometric curve was mea-
sured in a single session lasting about 1.5 h; sessions were
done on separate days. Before commencing the actual
experiment, participants were given a practice session to
get accustomed to the setup and use of the metronome.
Every session started with a few practice trials. Participants
were never given any feedback.

In Experiment 1, participants compared raised blocks
with gratings of different wavelengths. This experiment
consisted of four conditions that were formed by the combi-
nation of the two factors of wavelength (4 mm/8 mm) and
metronome frequency (1 Hz/2 Hz). In Experiment 2, partic-
ipants discriminated lengths of gratings with wavelengths
of 8 mm from wavelengths of 4 mm. Two conditions were
tested, which corresponded to the factor of metronome fre-
quency (1 Hz/2 Hz). To prevent learning effects, all six
conditions of Experiments 1 and 2 were mixed and random-
ized across observers.

Data analysis

Cumulative Gaussians were used as psychometric func-
tions. The two parameters y and ¢ (Fig. 1b) are interpreted
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as the PSE and the discrimination threshold, respectively.
All p values reported are two-tailed, unless explicitly stated
otherwise.

Results
Experiment 1

Figure 2a shows average PSEs for the four conditions in
Experiment 1. Biases were significantly different from zero
in all cases, with #5=3.18, p =0.009; t, =3.61, p = 0.006;
te=3.14, p=0.010; and #, =2.79, p =0.016 for conditions
U-F4/1 Hz, U-F4/2 Hz, U-F8/1 Hz, and U-F8/2 Hz, respec-
tively (one-tailed p values). Positive biases indicate that the
unfilled extent had to be longer than the grating in order for
the two to be perceived as equally long. Thus, observers
overestimated lengths of gratings. A two-by-two ANOVA
(wavelength x movement speed) with a repeated-mea-
sures design showed a significant main effect of wavelength
(Fi6=16.95, p=0.039) but no main effect of movement
speed (F¢=0.79, p=0.409). There was no significant
interaction effect (F;¢=0.11, p=0.752). Average biases
for conditions U-F4 and U-F8 were 1.08 cm and 0.85 cm,
respectively. This corresponds to an overall average effect
size of 8.4%.

There were no effects on the thresholds of wavelength or
movement speed. A repeated-measures analysis showed
that the main effects of wavelength and movement speed
and their interaction were non-significant (F¢=2.05,
p=0202; Fy¢=2.78, p=0.146; and F, ;= 0.44, p=0.531,
respectively). The overall average threshold was 2.13 cm.

Experiment 2

Figure 2b shows average PSEs for the two conditions in
Experiment 2. Biases were significantly different from
zero in both cases, with 7, = 4.06, p = 0.003 and ¢, = 3.40,
p =0.007 for conditions 1 and 2 Hz, respectively (one-
tailed p values). Positive biases indicate that a grating
with a wavelength of 8 mm had to be longer than a grating
with a wavelength of 4 mm in order for the two to be per-
ceived as equally long. Lengths of 4-mm gratings are thus
overestimated compared to 8-mm gratings. A paired-
samples 7 test showed that there was no significant effect
of movement speed (fg =0.10, p =0.928). The average
bias in Experiment 2 was 0.88 cm, which corresponds to
an effect size of 7.6%.

As in Experiment 1, there was no effect of movement
speed on thresholds, as shown by a paired-samples ¢ test
(ts = 1.02, p = 0.349). The average threshold in Experiment
2 was 1.77 cm. A paired-samples ¢ test on average thresh-
olds per observer in Experiments 1 and 2 showed that
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Fig. 2 Average Points of Subjective Equality. Error bars indicate
standard errors of the mean. a Conditions in Experiment 1: Unfilled—
Filled 4 mm and Unfilled—Filled 8 mm at metronome frequencies of 1
and 2 Hz. b Conditions in Experiment 2: Filled 8 mm-Filled 4 mm at
metronome frequencies of 1 and 2 Hz

thresholds in Experiment 2 were significantly smaller
(ts =3.93, p =0.008).

Discussion

The results show that the lengths of extents filled with dis-
crete filler elements are overestimated compared to less
densely filled or unfilled extents. The strength of the illu-
sion depends on the filler density. The amount of overesti-
mation increases with the number of filler elements, as
shown by the main effect of wavelength in Experiment 1
and the significant biases in Experiment 2. The results cor-
roborate findings by Dresslar (1893). Importantly, these
overestimations cannot be due to end point effects, and one
might therefore interpret the illusion as a spatial distortion.
Furthermore, we controlled for movement speed, so that
speeds were the same for the two types of stimuli within a
trial. As discussed in the Introduction, kinematic properties
of hand movements play a determining role in haptic length
perception. However, we found no evidence for an effect of
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doubling movement speed on the strength of the illusion in
either experiment.

Although the intermediate stimulations at the fingertip
are essentially non-informative about the length of the
extent (the two end points suffice), we find that they affect
perceived length. Moreover, the effects of filler density
show that the intermediate stimulations affect perceived
length parametrically, which raises the question as to the
basis for the haptic filled-space illusion. Since the physical
movement speed for the two stimuli within a trial was
equal, the question is whether increased stimulation at the
fingertip directly distorts the perception of kinematic vari-
ables of speed or time.

Since movement duration is a primary cue for perceived
length, one could argue that filler elements affect perceived
time. A number of studies have reported a filled-duration
illusion, i.e., filled time intervals judged longer than empty
ones (Buffardi 1971; Craig 1973; Goldstone and Goldfarb
1963; Grimm 1934; Otto Roelofs and Zeeman 1951;
Thomas and Brown 1974). The illusion has been shown for
the auditory modality (clicks and continuous tones), visual
modality (flashes and continuous light), and tactile modal-
ity (vibrations applied to the index finger; short bursts or
continuous vibrations). Thomas and Brown (1974) used
different frequencies for end point tones and filler tones,
and Buffardi (1971) showed that overestimations increase
with the number of filler elements in all three modalities.
Thus, if the haptic filled-space illusion for dynamic touch is
essentially a variant of the filled-duration illusion, the influ-
ence of filler density in the former case must have a tempo-
ral character.

On the other hand, studies on tactile roughness perception
show that discrimination performance is remarkably inde-
pendent of scanning speed (Bensmaia and Hollins 2003;
Lamb 1983; Lederman 1974; Lederman 1983; Meftah et al.
2000; Smith et al. 2002; Vega-Bermudez et al. 1991). Thus,
textures are generally perceived as equally rough, no matter
how fast observers move their hands over the texture. This
holds for both active and passive dynamic touch. More
closely related to the present study are the experiments on
frequency discrimination of gratings by Nefs et al. (2002),
who remarked “there was considerable variation [in scan-
ning speed] between and within trials” (p. 979). The studies
on roughness perception and frequency discrimination of
gratings suggest a different mechanism. The filler elements
may affect perceived spatial extent, or the length signal after
movement speed has been accounted for.

Another explanation for the haptic filled-space illusion
could be that movement speed is perceived differently for
different gratings. Two subsystems contribute to the sensa-
tion of speed of limb movement: proprioceptive stimulation
in muscles and joints, and cutaneous stimulation at the

contact between finger and stimulus. Interestingly, a recent
study by Dépeault et al. (2008) investigated the ability to
scale slip velocities through the use of a cylindrical drum
rotating underneath the stationary fingertip. The surface of
the drum could be smooth or covered with raised-dot pat-
terns. For regular textures, the surface having a spatial
period of 8 mm was perceived as moving slower than sur-
faces having a smaller spatial period (2-3 mm). In addition,
smooth surfaces were perceived as moving slower than the
textured surfaces. These effects are in agreement with the
findings of the present paper. For example, consider a
4- and 8-mm grating of the same length. We used a metro-
nome to make actual movement speeds constant across all
stimulus types. Movement duration for these two stimuli is
then the same, but perceived speed for the latter grating is
lower (perception of duration is veridical by assumption).
The length of the 4-mm grating would thus be overesti-
mated, which is exactly what we found. However, the ques-
tion is whether the effects on slip speed reported by
Dépeault et al. (2008) are large enough to account for the
present findings.

We found no effect of wavelength and movement speed
on thresholds. Discrimination thresholds are a measure of
the precision or reliability of observers’ judgments. Appar-
ently, the rubber pads that indicated the end points of the
stimulus lengths were equally well discernable in all condi-
tions. The finding of significantly lower thresholds in Experi-
ment 2 is surprising, as this effect cannot be due to learning
effects. Apparently, the precision with which grated lengths
can be discriminated from each other is higher than when a
grated length is compared with a raised block.

In conclusion, this study provides one of the first system-
atic investigations of parameters affecting the haptic filled-
space illusion for dynamic touch. In contrast with previous
studies, we have controlled for end point effects and within-
trial differences in movement speed. We have shown that
non-informative intermediate stimulations at the fingertip
affect perceived length. The strength of the effect increases
with the amount of intermediate stimulation. Since we know
from previous research that length perception is primarily
based on a kinematic mechanism, the increased stimulations
possibly distort perception of kinematic variables of speed
and time. Thus, the haptic filled-space illusion offers another
opportunity to study the general principles underlying length
estimation through dynamic touch.
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