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a b s t r a c t
Both vision and touch yield comparable results in terms of roughness estimation of familiar textures as was
shown in earlier studies. To our knowledge, no research has been conducted on the effect of sensory familiarity with the stimulus material on roughness estimation of unfamiliar textures.
The inﬂuence of sensory modality and familiarity on roughness perception of dot pattern textures was investigated in a series of ﬁve experiments. Participants estimated the roughness of textures varying in mean
center-to-center dot spacing in experimental conditions providing visual, haptic and visual–haptic combined
information.
The ﬁndings indicate that roughness perception of unfamiliar dot pattern textures is well described by a
bi-exponential function of inter-dot spacing, regardless of the sensory modality used. However, sensory
modality appears to affect the maximum of the psychophysical roughness function, with visually perceived
roughness peaking for a smaller inter-dot spacing than haptic roughness. We propose that this might be
due to the better spatial acuity of the visual modality. Individuals appeared to use different visual roughness
estimation strategies depending on their ﬁrst sensory experience (visual vs. haptic) with the stimulus material, primarily in an experimental context which required the combination of visual and haptic information in
a single bimodal roughness estimate. Furthermore, the similarity of ﬁndings in experimental settings using
real and virtual visual textures indicates the suitability of the experimental setup for neuroimaging studies,
creating a more direct link between behavioral and neuroimaging results.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Texture as a surface property plays a crucial role in object identiﬁcation and recognition (Lacey, Hall, & Sathian, 2010) as well as in interaction with objects in our environment. We can tell peaches and
nectarines apart not because of the color or the geometry but because
of their different surface textures. Texture perception has been predominantly investigated in the haptic domain as the haptic sense
appears to be dominant in perceiving material properties (Klatzky,
Lederman, & Reed, 1987). However, our visual and auditory senses
also process texture information. Roughness, in particular, can be distinguished not only by touch but also by the different looks of rough
and smooth textures (Bergmann Tiest & Kappers, 2007) and by the
different sounds that are generated when touching those surfaces
(Guest, Catmur, Lloyd, & Spence, 2002).

☆ The authors would like to point out that the ﬁrst experiment has been published in
the following conference paper: Eck, J., Kaas, A. L., & Goebel R. (2011). The effect of sensory modality and previous experience on perceived roughness. Proceedings IEEE
World Haptics Conference, 209–214.
⁎ Corresponding author at: Maastricht University, Department of Cognitive Neuroscience,
6229 ER Maastricht, The Netherlands. Tel.: +31 43 2100120; fax: +31 43 2100121.
E-mail address: judith.eck@maastrichtuniversity.nl (J. Eck).
0001-6918/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.actpsy.2013.02.002

It is important to differentiate roughness as a perceptual quality
from the physical characteristics that evoke it. In the present study,
we will refer to perceived roughness to stress the subjective character. Roughness as a physical concept was previously deﬁned as a measure of height differences combined with spatial properties of the
surface (Bergmann Tiest & Kappers, 2006). At the level of sensory
neurons, haptic roughness perception is mainly mediated by a channel sensitive to vibratory information and a channel sensitive to
spatial variance, as already hypothesized by Katz in 1925 (Katz,
1989). Evidence for this so-called duplex model of (tactual) roughness perception was found in a number of experiments by Hollins
and colleagues (Bensmaïa & Hollins, 2005; Hollins & Risner, 2000).
The authors reported that roughness perception was crucially dependent on vibrotactile cues for particle sizes below 100 μm. The spatial
pressure distribution was more important for coarser textures, for
which the roughness percept was highly correlated with variation
in ﬁring rate of SA1 afferents (Blake, Hsiao, & Johnson, 1997;
Connor, Hsiao, Phillips, & Johnson, 1990).
Perceived roughness is inﬂuenced by physical and physiological as
well as context parameters (see Bergmann Tiest, 2010). The literature
is rich in studies investigating these inﬂuences, though primarily in
the haptic domain. A recent review by Bergmann Tiest (2010) concluded that tactual roughness perception is associated with physical
surface properties such as height difference, friction, spatial period
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and dot spacing. Both natural familiar textures, like fabrics, wood,
foams and glass (Bergmann Tiest & Kappers, 2006; Yoshioka,
Bensmaïa, Craig, & Hsiao, 2007) and unfamiliar textures like linear
gratings (Cascio & Sathian, 2001; Lawrence, Kitada, Klatzky, &
Lederman, 2007) and dot pattern stimuli (Dépeault, Meftah, &
Chapman, 2009; Kahrimanovic, Bergmann Tiest, & Kappers, 2009;
Klatzky & Lederman, 1999; Lederman, Klatzky, Hamilton, & Ramsay,
1999) have been used in a wide range of experiments investigating
roughness perception. The current study employed dot pattern stimuli, because they have the advantage that one dimension can be varied parametrically while keeping all other dimensions constant. An
additional advantage of (isotropic) dot patterns is that the evoked
percept is independent of the haptic exploration direction. In previous studies, increasing dot diameter resulted in a decreased haptic
roughness percept (Blake et al., 1997; Connor et al., 1990), whereas
dot height inﬂuenced perceived roughness only for dot patterns
with rather small dot diameters (e.g., 0.25–1.60 mm) (Blake et al.,
1997). (Ir)regularity of the pattern (Dépeault et al., 2009) as well as
scanning speed of the textures (Meftah, Belingard, & Chapman,
2000) did not affect roughness perception with the bare ﬁnger. The
main factor contributing to roughness perception of these dot patterns appeared to be the mean inter-element spacing of the textures,
with an increased roughness percept for increasing inter-dot spacing
(Connor et al., 1990; Dépeault et al., 2009; Gescheider, Bolanowski,
Greenﬁeld, & Brunette, 2005; Lederman, Thorne, & Jones, 1986;
Meftah et al., 2000; Merabet et al., 2004, 2007). However, it is still a
matter of debate whether this psychophysical function is more or
less linear (Dépeault et al., 2009; Meftah et al., 2000) or rather represented by an inverted U-shape peaking at about 3 mm inter-dot spacing (Connor et al., 1990; Gescheider et al., 2005; Merabet et al., 2004,
2007). The curves depicted in these latter studies suggest that the
perceived roughness function has a steep positive slope for interelement spacings below 3 mm and a shallower negative slope above
3 mm, indicating that a simple symmetric function with a negative
quadratic term would not be accurate enough for modeling haptic
roughness perception.
Although the factors inﬂuencing tactile roughness perception are
relatively well-studied, far less is known about the way the shape of
the psychophysical roughness function is inﬂuenced by the interaction and combination of visual and haptic information. Lederman
and Abbott (1981) reported comparable results in a visual and haptic
roughness estimation experiment using abrasive paper. The way in
which humans integrate visual and haptic texture information was
shown to be well described by a weighted average model of both
sources of sensory information in studies using matching and discrimination tasks as well as discrepancy paradigms (Jones & O'Neil,
1985; Lederman & Abbott, 1981; Lederman et al., 1986). These studies showed that both visual and haptic information are taken into
account for bimodal texture perception, but that the relative bias
between visual and haptic information can be altered depending on
the texture dimension judged by the observer (e.g. roughness or spatial density). Moreover, orderings of natural stimuli based on physical
characteristics (height variability) showed a similar correspondence
with orderings based on visual or haptic perception (Bergmann
Tiest & Kappers, 2007). This indicates that both modalities are well
suited for texture perception.
It is unclear to what extent the similarity of the two modalities can
be explained by the subjects' level of familiarity with the stimulus
material and the extensive training in its handling. If the visual stimulus is associated with a haptic memory, e.g., of the level of skin displacement and heat transfer into the material, the roughness percept
arising for visual stimuli could be essentially haptic in nature. This
would mean that different visual psychophysical curves could be
expected for unfamiliar textures, e.g. textures used in a virtual reality
setting providing only visual feedback. Alternatively, the visual sense
could also be capable of directly judging roughness, for instance, by
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assessing the spatial density of a dot pattern texture. In that case,
the system would need to resolve the different spatial resolutions of
the haptic and the visual modality in case the roughness information
from these two modalities is to be integrated. Studies investigating
tactile acuity report threshold sizes between 1.21 and 3.50 mm,
with an age-related decline in tactile acuity of close to 1% a year, as
summarized by Legge, Madison, Vaughn, Cheong, and Miller (2008).
Average human visual acuity is better and corresponds to an image
of about 0.005 mm on the retina (Sekuler & Blake, 2001). A person
with normal visual acuity (deﬁned as the ability to resolve lines separated by one arcmin) would be able to resolve a spatial period of
about 0.4 mm at a viewing distance of 75 cm.
The present study aimed to characterize visually, haptically and
visuo-haptically perceived roughness as a function of inter-dot spacing in a series of ﬁve experiments using unfamiliar dot patterns. The
unfamiliarity with the stimulus material ensured that pre-existing
differences in the haptic and visual experience with the stimulus material were negligible. In the ﬁrst experiment we tested whether surface roughness is judged differently when subjects are provided with
only visual or only haptic information, and how visual and haptic information are combined when both visual and haptic information are
available. In addition, we studied whether roughness estimates are
inﬂuenced by the modality in which the stimuli are presented ﬁrst,
i.e. by sensory familiarity with the stimulus material.
The visual stimuli in experiment 1 were computer-rendered images of models of the real textures to enable future use of this
set-up in a magnetic resonance (MR) scanner with restricted viewing
of the hand. In order to rule out the possibility that our ﬁndings
resulted from unintended differences between real and virtual stimuli, we repeated the experiment with a direct visual presentation of the
same textures used for the haptic modality condition. Similar ﬁndings
in the ﬁrst and the second experiment would indicate the suitability
of the experimental design for neuroimaging studies, and would establish a more direct link between behavioral and neuroimaging results. In a third experiment we investigated whether visual and
haptic roughness judgments are automatically combined or whether
this changes in a unimodal task context that does not explicitly require the combination of visual and haptic information. In the fourth
experiment we investigated whether the inherent difference in spatial resolution between vision and touch affects unimodal roughness
judgments by extrapolating the stimulus set to include visual textures
with ﬁner spatial detail, i.e. close to and below the visual spatial acuity threshold. When stimuli are presented on a monitor without any
scale reference (e.g. an image of the hand) as the case in experiment
4, it is conceivable that a difference in estimated size of the visual textures with respect to the more natural haptic presentation condition
might inﬂuence visual roughness perception. An over- or underestimation of the texture size could in turn result in a miscalculation of
the size of the texture elements. In a study by Bergmann Tiest and
Kappers (2007) subjects reported that next to the number and
depth of indentations also the size of them inﬂuenced their visual
roughness decisions of everyday materials. The ﬁfth experiment was
designed to account for the possibility that a difference in estimated
size might have inﬂuenced visual roughness perception by presenting
different scale references (i.e., different hand sizes) next to the stimuli
for size comparisons.
We expected that either a linear or an inverted U-shape model
would be suitable to capture the characteristics of the relationship
of inter-dot spacing and roughness perception, in accordance with
the two dominant ﬁndings in the literature mentioned above. For
modeling the inverted U-shape function we used a bi-exponential
model, which is characterized by a negative exponential with a
steep slope followed by an exponential decrease with a shallower
slope. An example of the asymmetric shape of such a bi-exponential
function is presented in Fig. 1. This shape matches the asymmetric
inverted U-shape proﬁle of the data presented in previous studies
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Fig. 1. Model of the bi-exponential function.

(Connor et al., 1990; Gescheider et al., 2005; Merabet et al., 2004, 2007).
Other studies addressed the problem of modeling non-normal distributions by applying log–log transformations to the data (Klatzky
& Lederman, 1999; Lederman et al., 1999), which has the effect of
normalizing positively skewed distributions and has the added
beneﬁt of variance stabilization. However, this approach would
make it difﬁcult to attain one of the main goals of the present
study: a direct comparison of a linear model (in untransformed
space) and a model capturing the inverted U-shape (in transformed
space). In order to enable this comparison, we chose to use a relatively simple asymmetric function, the bi-exponential function,
which can be used to ﬁt the roughness as perceived by the subjects
in the non-transformed space.
We compared the linear and the bi-exponential function for all
subjects individually and separately for the visual, haptic and the bimodal condition. When taking the roughness judgment results for familiar textures (abrasive paper) by Lederman and Abbott (1981) into
account, we would expect to ﬁnd no signiﬁcant difference between
roughness perceived by touch and vision. However, we cannot be certain whether those results can be generalized to the kind of unfamiliar textures we used, because it was demonstrated that factors like
task and stimulus material inﬂuence the effect of sensory modality
on texture perception (Guest & Spence, 2003a; Heller, 1989;
Lederman et al., 1986). In the case that magnitude estimates are discrepant between the visual and haptic condition, we would expect to
ﬁnd a stronger emphasis on haptic than on visual information for bimodal roughness judgments in accordance with the results of a
crossmodal discrepancy experiment conducted by Lederman et al.
(1986).
2. General method
2.1. Participants
The study was approved by the local ethics committee. All participants were graduate and undergraduate students recruited via an
advertisement at Maastricht University. Subjects gave written informed consent, were naïve to the hypotheses and received course
credit or monetary compensation for the participation in the experiment. Participants had normal or corrected-to-normal vision and subjects with callused ﬁngertips or a history of injury to the dominant
hand were excluded.
2.2. Stimuli and apparatus
The stimuli consisted of 50 × 50 mm plastic plates with different
embossed dot patterns. The dots were 0.6 mm in elevation and
0.8 mm in diameter with smoothed edges to prevent any harm to
the skin. The dots on the plates were arranged non-periodically. The
only characteristic varying between the surfaces was the mean

center-to-center dot spacing. The algorithm used to produce a different inter-element spacing was derived from a study by Lederman et
al. (1986). First, a regular dot-matrix was produced with a speciﬁed
inter-dot spacing. Afterwards, the dots were randomly jittered with
a particular radius to create a non-regular pattern while preserving
the average inter-dot spacing. This jitter radius ranged from
0.045 mm for dot patterns with the smallest spacing to 2.125 mm
for textures with the biggest spacing. For each dot matrix a 3D
wireframe model was created and computer-rendered in AutoCAD
2010 (Autodesk Inc., San Rafael, CA, USA) in order to create a set of
matching visual stimuli. Two distant light sources following the direction of the viewpoint provided the lighting of each stimulus in such a
way that all faces of the model were illuminated (see Fig. 2).
For the haptic stimulus presentation, the textures were arranged
around the outside edge of a rotating circular wooden plate with a diameter of 52 cm and were covered with a second wooden plate. A
rectangular cut-out in the cover plate enabled subjects to touch only
one stimulus at a time. In addition, an opaque cloth curtain hid the
stimulus from view. In all but one experiment (i.e., the second one)
were the corresponding visual stimuli presented on a Full HD monitor
centered in front of the subjects (see Fig. 3). The choice to present the
textures on a monitor instead of direct visual exploration of the real
stimuli was made since a similar study was planned inside a magnetic
resonance imaging (MRI) scanner with restricted viewing conditions;
presenting the textures on a monitor allows the comparison of data
obtained inside and outside the scanner. Furthermore, it was previously shown that visual roughness estimation changes with variations in illumination (Ho, Landy, & Maloney, 2006) and viewpoint
(Ho, Maloney, & Landy, 2007). The presentation of the textures on a
screen enabled us to control those factors for all subjects and trials.
A single lighting model and the frontoparallel viewpoint for all dot
patterns provided constant depth information across all visual stimuli. The distance between the eyes of the subject and the monitor was
kept constant between 70 and 80 cm and the stimuli subtended 5° of
visual angle.
2.3. Procedure
In experiments 1–3, subjects sat at a table on which the stimulus
presentation plate was placed along with a monitor behind it. In experiments 4 and 5, the setup was the same excluding the stimulus
presentation plate which was not needed in a mere visual task. Furthermore, a chin-rest was used in experiments 4 and 5 to provide
an objective control for the distance between the subject's eyes and
the monitor. Subjects were informed that they would be presented
with one texture at a time and were asked to evaluate the roughness
of this texture. No speciﬁc roughness deﬁnition was provided. The
order of the stimulus presentation was randomized. Prior to the
start of each condition, subjects were familiarized with the task and
the stimuli in practice trials. During practice example textures with
increasing inter-dot spacing were presented in ascending order. This
procedure was used to enable subjects to choose an appropriate rating scale for each sensory modality (Dépeault et al., 2009; Meftah et
al., 2000). In all experiments in which the visual stimuli were
presented on a monitor, participants were instructed to focus on the
screen at all times throughout the experiment. On every trial the
exploration period was preceded by the presentation of a ﬁxation
cross on the screen. This time was used by the experimenter to rotate
the presentation table to the correct stimulus. In the visual–haptic
condition participants were instructed to inspect the haptic and the
identical visual texture simultaneously. Since it was previously demonstrated that there is only a negligible accuracy difference between
the preferred and non-preferred hand (Heller, 1982; Jones & O'Neil,
1985), the dominant hand was used exclusively for all trials. Subjects
were permitted to scan the textures with their index, middle and
ring ﬁngers without any time constraints, but were restricted to
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Fig. 2. Downscaled examples of the surfaces presented to the subjects.

exploration movements toward and away from the body. In addition,
they were asked to keep the same contact force for all trials. The kind
of haptic exploration was predetermined to minimize differences in
ratings due to different exploration strategies between conditions
and subjects. After subjects ﬁnished the examination of the stimulus
they used a visual analogue scale (VAS) presented on the bottom of
the screen to rate the roughness of the texture from very smooth to
very rough by moving a red slider via the mouse with their
non-dominant hand. The experimental procedure is summarized in
Fig. 4.
2.4. Data analysis
The data were analyzed with SPSS 18 (SPSS Inc., Chicago, IL, USA).
The width of the VAS for roughness scores was set to 800 pixels. The
scores of all subjects were linearly transformed to a value range between 0 and 1 in order to simplify the interpretation of the results.
The range of the scale was used for the transformation rather than
the actual minimum and maximum ratings of the subjects in order
to retain possible differences between subjects and modality conditions. These transformed values were used for all subsequent analyses. The level of signiﬁcance was set to α = 0.05 for all analyses.
3. Experiment 1
The ﬁrst experiment aimed at investigating roughness perception
of unfamiliar dot pattern textures in three sensory modality conditions. Based on inconsistent ﬁndings in the literature (Connor et al.,
1990; Dépeault et al., 2009; Gescheider et al., 2005; Meftah et al.,
2000; Merabet et al., 2004, 2007), we addressed the question whether perceived surface roughness is better represented by a linear or
bi-exponential function of inter-element spacing. Furthermore, as

previous studies showed that visual and haptic information might
be weighted differently in texture perception (Guest & Spence,
2003a; Heller, 1989; Lederman et al., 1986), we asked whether
roughness perception changes with the kind of sensory information
available as well as with the ﬁrst sensory experience with the stimulus material.
3.1. Method
3.1.1. Participants
Thirty subjects, 18 women and 12 men, mean age 28.5 years, participated in this experiment. Twenty-six of the participants were
right-handed.
3.1.2. Stimuli and apparatus
In this experiment 29 textures were presented. The mean
center-to-center dot spacing of the stimuli ranged from 1.50 to
8.50 mm and increased in steps of 0.25 mm.
3.1.3. Procedure
The roughness estimation task was performed for three different
modality conditions: visual, haptic and a combined visual–haptic condition. The order of conditions was counter-balanced across subjects
and all textures were presented three times in each condition. Since
the 29 stimuli could not be arranged on a single plate due to practical
limitations with respect to the diameter of the plate, 15 stimuli were
placed on one presentation plate and the other 14 on a second one.
The assignment of the 29 stimuli to the plates was random and
changed for each subject. During practice textures with an inter-dot
spacing of 1.50, 3.25, 5.00, 6.75 and 8.50 mm were presented once.
3.1.4. Data analysis
One aim of this study was to reveal the direction of the sensory information bias toward haptic or visual information for the bimodal
roughness estimates. To that end a mixed-design analysis of variance
(ANOVA) with the within-subject factors modality (3) and inter-dot
spacing (29) and the between-subject factor ﬁrst modality condition
(3) was employed for the roughness scores. The Greenhouse–Geisser
correction was applied whenever sphericity could not be assumed.
Furthermore, a roughness function for each subject and sensory
modality was modeled by ﬁtting a linear and bi-exponential function
to the data collapsed over all repetitions. The bi-exponential model
was represented by the following equation:
ð−β2 ðd−β1 ÞÞ

r ðdÞ ¼ β0 þ e

Fig. 3. Schematic representation of the experimental setup.

−e

ð−β3 ðd−β1 ÞÞ

ð1Þ

where r(d) is the roughness score as a bi-exponential function of
inter-dot distance and β0 to β3 are constant terms. The ﬁrst two constants β0 and β1 model the vertical and horizontal offset of the function while β2 and β3 model the shape of both exponentials. The
beneﬁt of this function over a negative quadratic function is the possibility to model asymmetric proﬁles of the psychophysical roughness
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Fig. 4. Experimental paradigm. ISI = inter-stimulus interval.

function as explained in the introduction. Both models were compared for each condition and subject with the corrected version of
Akaike Information Criterion (AICc). The AIC is a model selection

method that identiﬁes the best descriptive model for the data within
a set of a priori considered models. This method was chosen because
it can be applied to the comparison of non-nested models (Burnham

Fig. 5. Mean roughness judgments in Experiment 1, averaged across all ﬁrst condition groups (a), and presented separately for subjects who judged textures ﬁrst by vision only, ﬁrst
by haptic information, or ﬁrst by visual and haptic information combined in the visual (b), haptic (c) and visual–haptic condition (d). Bars represent the standard error of the mean
(SEM).
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& Anderson, 2004; Wagenmakers & Farrell, 2004) and takes the number of included parameters into account. Furthermore, a small-sample
corrected version of this criterion is available (AICc) and was used for
the present data as the number of data points divided by the number
of free parameters is smaller than 40, which was previously
recommended as the approximated minimum value for using the
uncorrected version (Burnham & Anderson, 2004). Akaike weights
(wi), representing the relative probability that model i is the best
model for the data under consideration of the set of models, were
used to decide in favor of the bi-exponential model, when the probability was above 50%.
3.2. Results
The graphs in Fig. 5(a) suggest that roughness judged by vision is
on average attenuated in comparison to the haptic and visual–haptic
judgments. This inﬂuence of modality on roughness estimation was
supported by a signiﬁcant main effect of the within-subject factor
modality in the mixed-design ANOVA of the roughness scores,
F(1.72, 46.37) = 12.45, p b 0.001, partial η 2 = 0.32. Post hoc paired
t-tests conﬁrmed that textures were judged signiﬁcantly less rough
in the visual condition than in the haptic condition, mean difference:
− 0.09, p b 0.001, and compared to the bimodal condition, mean
difference: − 0.07, p b 0.01. This was not true for the direct comparison
of the haptic and bimodal condition, mean difference: 0.02, p = 0.83.
Furthermore, the main effect of the within-subject factor inter-dot
spacing, F(1.79, 48.42) = 15.99, p b 0.001, partial η 2 = 0.37, and the
Modality × Inter-Dot Spacing interaction, F(5.21, 140.71) = 10.26,
p b 0.001, partial η 2 = 0.28 were signiﬁcant. This two-way interaction
is also implied by Fig. 5(a) showing that visual roughness exceeds
roughness perceived by touch and bimodally for small inter-dot
spacings while this effect is reversed for bigger dot distances. Based
on the literature showing that perceived roughness peaks at about
3 mm inter-dot spacing, we used this cut off point to pool roughness
judgments ≤3 mm inter-dot spacing and data acquired for textures
> 3 mm inter-dot spacing into two groups. In post hoc contrasts all
modality conditions were compared for the group of small and big
inter-dot distances in order to describe the two-way interaction further. These tests conﬁrmed partially what is indicated by Fig. 5(a),
namely signiﬁcantly higher visual roughness scores for smaller
inter-dot spacings, mean difference between the visual and haptic
condition: 0.69, p b 0.05, but attenuated visual roughness scores for
bigger inter-dot spacings, mean difference between the visual and
haptic condition: − 3.15, p b 0.001 and mean difference between the
visual and bimodal condition: − 2.58, p b 0.001; all other comparisons
were not signiﬁcant.
The mixed-design ANOVA also showed a signiﬁcant three-way
interaction of Modality × Inter-Dot Spacing × First Condition, F(10.42,
140.71) = 2.15, p b 0.05, partial η 2 = 0.14. Fig. 5(b) suggest that this
interaction is caused by a difference in visually perceived roughness
between subjects who experienced the textures ﬁrst by vision as
compared to all other subjects, but for small inter-dot spacings only.
Fig. 5(c)–(d) indicates further that subjects who evaluated the textures ﬁrst in the haptic condition show attenuated haptic and bimodal roughness scores as compared to both other ﬁrst condition groups.
In order to test the cause of this interaction we pooled the data into
the same small and big dot distance groups as described above and
compared in post-hoc contrasts the roughness estimates between
all ﬁrst condition groups separately for all modality conditions.
These post hoc tests conﬁrmed for small inter-dot spacings a signiﬁcant difference in estimated visual roughness between subjects who
experienced the textures ﬁrst in the visual and ﬁrst in the haptic
condition, mean difference: 1.90, p b 0.05. Haptic roughness judgments
of bigger inter-dot spacings were on average attenuated when subjects experienced the textures ﬁrst by touch, mean difference between haptic and visual ﬁrst condition group: − 1.68, p b 0.05 and
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mean difference between haptic and visual–haptic ﬁrst condition
group: − 2.68, p b 0.005. All other post hoc contrasts did not reach
signiﬁcance.
Table 1 summarizes the results of ﬁtting a linear and bi-exponential
model to the data of each subject and condition. In total, 12 out of 30
subjects showed a linear relationship between visual roughness estimates and inter-dot spacing of the textures. Five out of those subjects
evaluated the textures ﬁrst by vision, three ﬁrst by touch and four ﬁrst
in the visual–haptic condition. In contrast, in the haptic condition only
three out of the entire sample of 30 subjects showed a linear relationship between inter-dot spacing and roughness estimates (two subjects
with the visual condition ﬁrst and one with the bimodal condition ﬁrst).
This was also true for ﬁve subjects in the visual–haptic condition, two of
whom were ﬁrst confronted with the visual condition, two with the
haptic condition and one with the bimodal condition.
3.3. Discussion
Previous research failed to show a difference between visual and
haptic roughness estimation of abrasive paper (Lederman & Abbott,
1981). The results of the present study extend those earlier ﬁndings
for a set of unfamiliar textural stimuli by showing that roughness estimates were on average slightly attenuated when only visual information of the textures was available.
Haptic and bimodal roughness perception of unfamiliar textural
stimuli appears to be best described by a bi-exponential function,
with a steep rise up to an inter-dot spacing of about 3–4 mm and a
slighter decrease for textures with bigger dot spacing. Klatzky &
Lederman, 1999 found a similar increase in perceived roughness for
haptic texture exploration up to 3.50 mm dot spacing with the bare
ﬁnger. Despite the close resemblance of the ﬁndings for closely
spaced dot patterns, there are several noteworthy differences in the
design and analysis of Klatzky and Lederman's (1999) study. First,
their maximum inter-element distance in the stimulus pool was
3.50 mm. Therefore, they could only estimate a theoretical peak
based on the ﬁtted function, which was about 4.8 mm for the bare
ﬁnger. However, this theoretical peak might differ from empirical
values. By extending the stimulus range to textures with bigger
inter-dot separations, other studies empirically determined the peak
to be between 3 and 4 mm (Connor et al., 1990; Gescheider et al.,
2005; Merabet et al., 2007), which is consistent with our haptic results. Furthermore, Klatzky and Lederman transformed their data to
log–log space before applying a quadratic function. The ﬁt of a quadratic function to log-log transformed roughness data of dot patterns
should be comparable to the ﬁt of the bi-exponential function to only
linearly transformed data in the present study. We decided to use
only linear transformations on our data, because we wanted to test
against a linear model and because data presentation in plots with
linear scales is more intuitive. Our results indicate that the same
inverted U-shape function can be generalized to bimodal visual–
haptic roughness perception of unfamiliar dot pattern textures. In
contrast to the haptic and bimodal condition, visual roughness perception showed a trend for a more linear relationship with respect
to inter-element spacing of textures, as evidenced by the model
ﬁtting results as well as the signiﬁcant interaction of modality and
dot distance in the ANOVA.
The different results for the visual modality might be explained by
a difference in spatial resolution. It is known that ﬁne spatial detail is
better resolved by the eye than by the skin (Lederman & Klatzky,
2009). When touching textures with very small inter-dot spacing
the ﬁnger pads might not be able to resolve the single elements due
to the restricted compliance of the skin resulting in a relatively
smooth texture percept. For the same small inter-dot spacing, the
eye would be expected to resolve the single elements. Hence, the textures might have appeared rough to the eye because of the big number of dots and the small spacing between them. With increasing
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Table 1
Summary of the model comparisons of the linear and bi-exponential model for all subjects and conditions (Experiment 1).

Visual condition

Haptic condition

Visual–haptic condition

First
condition

Linear model selected
No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

No. of
subjectsa

Bi-exponential model selected
Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

v
h
vh
v
h
vh
v
h
vh

5
3
4
2
0
1
2
2
1

0.81–0.96
0.90–0.95
0.92–0.97
0.89–0.93
–
0.89
0.77–0.89
0.76–0.89
0.94

0.82–0.97
0.90–0.94
0.89–0.96
0.83–0.88
–
0.89
0.80–0.89
0.78–0.86
0.94

0–32%
1–32%
0–31%
0%
–
7%
4–25%
0–15%
12%

5
7
6
8
10
9
8
8
9

0.85–0.96
0.02–0.43
0.15–0.92
0.04–0.97
0.00–0.69
0.00–0.72
0.06–0.95
0.00–0.35
0.00–0.66

0.96–0.98
0.54–0.85
0.81–0.95
0.66–0.99
0.70–0.90
0.75–0.93
0.78–0.97
0.69–0.90
0.56–0.91

98–100%
88–100%
84–100%
100%
100%
100%
100%
100%
100%

Note. Model decision was based on wi (AICc). v = visual, h= haptic, vh = visual–haptic.
a
There is a total of 10 subjects in each ﬁrst condition group.
b
R2 coefﬁcient of determination.

inter-dot distance, the density of elements on the surface decreases
which resulted in a linear decrease in visually perceived roughness.
If this line of reasoning applies, we would expect to ﬁnd a linear relationship between inter-dot spacing and roughness perception for all
subjects in the visual condition. However, the trend for a linear relationship between inter-element spacing and visual roughness estimations is weaker for subjects who experienced the stimuli ﬁrst in a
condition with haptic input, which is also represented by a signiﬁcant
interaction of modality, spacing and ﬁrst condition in the ANOVA.
This might indicate that subjects, who had a haptic anchor point to
rely on, provided by previous haptic experience with the textures in
the haptic and/or bimodal condition, tended to imagine how the visually presented textures would feel when being touched. In the
remaining text, we shall refer to this imagery of the somatosensory
experience related to the act of touching the textures as haptic imagery, which could be interpreted as a calibration of visual roughness
judgments to haptic roughness perception. Such a calibration would
be in line with the general notion of people that roughness is better
evaluated by touch than by vision as, for example, indicated in a
small survey with ten individuals by Lederman et al. (1986). This application of a lower resolution haptic ﬁlter on the visual roughness estimates is particularly beneﬁcial when individuals are asked to
combine both visual and haptic information in a single bimodal
roughness rating. Choosing a haptic imagery strategy promotes the
development of a consistent roughness concept between modalities
in favor of multisensory judgments. During debrieﬁng some of our
subjects indeed reported that they used haptic imagery in the visual
condition.
The general superiority of the bi-exponential model in the haptic
and bimodal condition vs. the increased incidence of the linear
model in the visual condition supports the ﬁndings from previous
studies (Heller, 1982; Lederman et al., 1986), showing that visual–
haptic roughness judgments of textures are in general more
inﬂuenced by haptic than by visual information. This is further conﬁrmed by our ﬁnding that the difference between bimodal and
unimodal haptic roughness estimates is negligible, while this is not
true for the comparison of visual and bimodal roughness judgments.
The consistency of our results with previous ﬁndings indicates that
the haptic percept receives a stronger weight, possibly because it incorporates information about the interaction of the texture and skin
which might be relevant for object manipulation.
4. Experiment 2
The second experiment was designed to test whether the results
of the ﬁrst experiment would generalize to natural viewing conditions. In the ﬁrst experiment visual textures were presented on a
monitor. Despite the fact that the visual stimuli were designed to be
as similar as possible to the real textures, it is conceivable that

unintended differences between the haptic and visual stimulus material inﬂuenced the results of experiment 1. Furthermore, it is known
that the integration of multisensory information is optimal when
the information is presented in a temporarily synchronous and spatially coincidental way, indicating that the information comes from
a common source (Helbig & Ernst, 2007a,b). In the ﬁrst experiment
subjects were told that the stimuli presented on the screen were
the same stimuli they touched. Nevertheless, the discrepant location
of the visual and haptic information might have inﬂuenced cue integration across sensory modalities. Furthermore, during the exploration of the textures the hand of the subject was hidden by a cloth
curtain in all three modality conditions of experiment 1. However,
Heller (1982) suggested that the visibility of the hand can inﬂuence
bimodal performance. He argued that visual guidance of tactual exploration has a positive effect on bimodal texture discrimination, improving bimodal versus unimodal performance in his study. In order
to account for the possibility that results of experiment 1 were
inﬂuenced by the virtual presentation of the textures on a monitor,
the same experiment was repeated with a more natural viewing
condition.
4.1. Method
4.1.1. Participants
Eighteen volunteers, all right handed, seven males and 11 females,
mean age 23.2 years, participated in this study.
4.1.2. Stimuli and apparatus
The same stimulus material and apparatus as described in experiment 1 were used. The experiment was conducted in a room without
windows and with ﬂuorescent lamps on the ceiling. All lights were
switched on so that the room was evenly lit, equaling the lighting
conditions in a normal ofﬁce environment.
4.1.3. Procedure
Subjects performed the same roughness estimation task as described in experiment 1. In experiment 2, however, the same real textures were used for the haptic, visual and bimodal condition, all
presented on a wooden circular board. Furthermore, subjects were
able to see their own hand in the bimodal condition.
4.1.4. Data analysis
The same analyses as in experiment 1 were performed. These
included a mixed-design ANOVA with the within-subject factors
modality (3) and inter-dot spacing (29) and the between-subject factor ﬁrst modality condition (3) as well as the model ﬁtting of the
linear and bi-exponential function. When sphericity was violated
the Greenhouse Geisser adjustment for degrees of freedom was
used in the ANOVA.
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4.2. Results
The mixed-design ANOVA showed a signiﬁcant main effect of the
within-subject factor inter-dot spacing, F(1.67, 25.02) = 23.95,
p b 0.001, partial η 2 = 0.62. However, the main effects of the
within-subject factor modality and the between-subject factor ﬁrst
modality condition did not reach signiﬁcance, F(1.41, 21.17) = 0.32,
p = 0.65, partial η 2 = 0.02 and F(2, 15) = 0.63, p = 0.55, partial η 2 =
0.08, respectively.
The plot in Fig. 6(a) implies that visually perceived roughness of
textures with small inter-dot spacings is on average higher as compared to haptic and visual–haptic roughness perception, while the
opposite seems to be true for inter-dot spacings above 3 mm. This
was conﬁrmed by a signiﬁcant two-way interaction of Modality ×
Inter-Dot Spacing, F(6.58, 98.65) = 11.59, p b 0.001, partial η 2 = 0.44.
Post-hoc contrasts comparing all modality conditions for the pooled
data of textures ≤ 3 mm and for roughness estimates >3 mm showed
similar effects as in experiment 1, namely signiﬁcantly higher visual
judgments in the group of small inter-dot spacings, mean difference
between the visual and haptic condition: 1.29, p b 0.001 and mean
difference between the visual and bimodal condition: 1.13, p b 0.001.
The effect was reversed for roughness judgments in the group of
textures with big inter-dot spacing, mean difference between the visual
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and haptic condition: − 1.21, p b 0.05 and mean difference between the
visual and bimodal condition: − 1.35, p b 0.005. The mixed-design
ANOVA revealed also a signiﬁcant interaction of the within-subject
factor sensory modality and the between-subject factor ﬁrst modality
condition, F(2.82, 21.17) = 6.25, p b 0.005, partial η 2 = 0.46, with haptic roughness scores being on average lower than bimodal roughness
judgments when textures were judged ﬁrst in the haptic condition,
mean difference: − 0.07, p b 0.005, and higher when textures were
ﬁrst experienced in the bimodal condition, mean difference: 0.05,
p b 0.05. The two-way interaction of First Condition × Inter-Dot Spacing did not reach signiﬁcance in the mixed-design ANOVA, F(3.34,
25.02) = 1.22, p = 0.32, partial η 2 = 0.14.
Furthermore, there was a signiﬁcant three-way interaction of
Modality × First Condition × Inter-Dot Spacing, F(13.15, 98.65) =
1.91, p b 0.05, partial η 2 = 0.20. The plot in Fig. 6(b) suggests that
this interaction is caused by a difference in visually perceived roughness of textures with inter-dot spacings ≤ 2.50 mm depending on the
modality with which subjects experienced the textures ﬁrst. Additionally, there seems to be an effect of the factor ﬁrst condition on
haptic roughness perception for textures with intermediate interdot spacing (2.75–5.00 mm) as presented in Fig. 6(c). We investigated these hypotheses by pooling the roughness judgments into three
different groups of inter-dot spacing, i.e. 1.50–2.50 mm, 2.75–

Fig. 6. Mean roughness judgments in Experiment 2, averaged across all ﬁrst condition groups (a), and presented separately for subjects who judged textures ﬁrst by vision only, ﬁrst
by haptic information, or ﬁrst by visual and haptic information combined in the visual (b), haptic (c) and visual–haptic condition (d). Bars represent the standard error of the mean
(SEM).
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5.00 mm, 5.25 mm–8.50 mm, and by comparing all ﬁrst conditions
within these groups separately for the different sensory modalities.
The post-hoc contrasts conﬁrmed signiﬁcantly higher visual roughness estimates for inter-dot spacings ≤ 2.50 mm when subjects experienced the textures ﬁrst in the visual as compared to the haptic
condition, mean difference: 1.21, p b 0.05. In the haptic condition
roughness judgments were attenuated for textures with intermediate
inter-dot spacings when subjects experienced the textures ﬁrst by
touch, mean difference between the haptic and visual ﬁrst condition
group: − 1.58, p b 0.01 and mean difference between the haptic and
bimodal ﬁrst condition group: − 1.32, p b 0.05. There was also a significant effect of ﬁrst condition on bimodal roughness judgments of
textures with intermediate dot distances, i.e. with attenuated scores
for subjects who experienced the textures ﬁrst in the bimodal as
compared to the visual condition, mean difference: − 1.02, p b 0.05.
The model ﬁtting results are comparable to the ﬁndings of experiment 1 in which the visual textures were presented on a monitor.
Only two out of all 18 subjects showed a better ﬁt for the linear
model in the haptic condition, with one having experienced the textures ﬁrst in the visual condition and one in the visual–haptic condition. The same two subjects also showed a better ﬁt for the linear
model in the visual–haptic condition, while the bi-exponential
model was superior for all other subjects. Only in the visual condition
the incidence of the linear model increased with seven out of 18 subjects. In line with the results of experiment 1, the highest incidence of
the linear model can be found in the group of subjects who experienced the textures ﬁrst by vision, i.e. four out of six participants,
while only one subject who experienced the textures ﬁrst by touch
and only two subjects in the visual–haptic ﬁrst condition group
showed a better ﬁt for the linear model (see Table 2).

4.3. Discussion
The ﬁndings of the second experiment using natural visual textures mainly conﬁrm the results of the ﬁrst experiment in which
the visual stimuli were presented on a monitor. Haptic and bimodal
roughness perception were well described by a bi-exponential function of inter-dot spacing peaking at about 3–4 mm, whereas the
incidence of the linear function increased for visual roughness perception, as also indicated by the interaction of modality and
inter-dot spacing in the ANOVA. This might be caused by a different
spatial resolving power of the visual and haptic system, as already
discussed in experiment 1. This distribution difference of the linear
and bi-exponential model for visual and haptic roughness perception
supports our assumption of an inﬂuence of the spatial resolution of
both senses on roughness perception of dot pattern textures. Again,
there seems to be an effect of the ﬁrst sensory experience with the

stimulus material on visual roughness perception: there is a stronger
tendency toward the bi-exponential model for visual roughness perception when subjects can refer to a haptic anchor point obtained
from previous texture exploration in the haptic or bimodal condition.
This effect of the ﬁrst modality condition on visual roughness judgments was conﬁrmed by the signiﬁcant interaction of ﬁrst condition,
modality and inter-element spacing. Hence, our interpretation that
individuals tend to calibrate their visual roughness estimates to haptic roughness perception when provided with haptic experience is
further supported.
However, the results of the second experiment did not conﬁrm the
main effect of modality on roughness perception. We cannot rule out
that this difference between the ﬁrst and second experiments is
caused by the different presentation modes of the visual stimuli, but
the signiﬁcant interaction of modality and spacing in both experiments indicates a similar trend. One possible explanation for the
non-signiﬁcant main effect of modality might be the relatively small
effect of attenuated visual roughness scores for textures with
inter-dot spacings above 3 mm. This effect might have been cancelled
out by the rather strong effect of increased visual roughness judgments for textures with smaller dot distances.
In general, the similarity of ﬁndings in experiments 1 and 2 leads to
the conclusion that the presentation mode of visual stimuli has no or
only a negligible inﬂuence on visual and bimodal roughness perception
of dot pattern stimuli. Hence, the additional visibility of the exploring
hand in the bimodal condition, as compared to the ﬁrst experiment,
did not change the overall results. This is in contrast to the ﬁndings of
Heller (1982) who showed that the visibility of the exploring hand
and not the visual texture information per se was crucial for a performance improvement in a bimodal as compared to a haptic texture discrimination task. He also reported that subjects showed a preference for
haptic texture cues when visual information was available. This stronger weight of haptic information for bimodal judgments was conﬁrmed
in the present study for both virtual and natural visual presentation
conditions. We did not ﬁnd a change in bimodal perception between
the virtual and the natural setting possibly because of the nature of
the experimental task. Visual guidance of hand movements might be
particularly beneﬁcial when ﬁne discriminations between textures are
required, as in Heller's experiment for abrasive papers. Such ﬁne relative
judgments were not required from the participants in our experiment;
hence no added value by visual guidance of the hand movements and
therefore no change in the bimodal results are expected.
The similarity of ﬁndings in experiments 1 and 2 opens the possibility to translate the behavioral experimental design to virtual environments or to a setup with restricted viewing conditions, i.e. for
future comparative neuroimaging studies. Such an approach might
broaden our understanding of the neural correlates of visual–haptic
bimodal roughness perception.

Table 2
Summary of the model comparisons of the linear and bi-exponential model for all subjects and conditions (Experiment 2).

Visual condition

Haptic condition

Visual–haptic condition

First
condition

Linear model selected
No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

No. of
subjectsa

Bi-exponential model selected
Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

v
h
vh
v
h
vh
v
h
vh

4
1
2
1
0
1
1
0
1

0.88–0.94
0.95
0.92–0.95
0.94
–
0.77
0.91
–
0.83

0.88–0.90
0.88
0.85–0.88
0.92
–
0.73
0.86
–
0.76

0–23%
0%
0%
0%
–
1%
100%
–
100%

2
5
4
5
6
5
5
6
5

0.92–0.95
0.08–0.95
0.01–0.28
0.01–0.43
0.06–0.55
0.00–0.64
0.02–0.28
0.03–0.67
0.00–0.47

0.97
0.68–0.95
0.82–0.93
0.78–0.91
0.65–0.92
0.74–0.92
0.73–0.87
0.74–0.91
0.77–0.87

99–100%
77–100%
100%
100%
100%
84–100%
100%
100%
100%

Note. Model decision was based on wi (AICc). v = visual, h= haptic, vh = visual–haptic.
a
There is a total of 6 subjects in each ﬁrst condition group.
b
R2 coefﬁcient of determination.
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5. Experiment 3
The effect of the ﬁrst sensory experience with unfamiliar textures
on visual roughness perception reported in the ﬁrst and second experiments is tested here in a setting in which participants are not
forced to integrate visual and haptic roughness information. This is
different from individuals who performed the bimodal condition
last in experiments 1 and 2, in the sense that subjects in the former
experiments knew that a combination of visual and haptic texture information in a single bimodal judgment was required. We propose
that the order effect of modality conditions on visual roughness perception is primarily expected when subjects are required to combine
both kinds of unimodal information to a bimodal judgment, increasing the chance of using haptic imagery for visual roughness estimation. In a setting in which haptic and visual information is processed
separately only, we hypothesize that subjects will utilize the higher
visual spatial resolution to judge visual roughness.
5.1. Method
5.1.1. Participants
Twenty-two paid volunteers, four males and 18 females, mean age
23.1 years, participated in this study. Twenty subjects were right
handed.
5.1.2. Stimuli and apparatus
The set of stimuli consisted of ﬁfteen textures, ranging from 1.50
to 8.50 mm inter-dot spacing, increasing in steps of 0.50 mm. Visual
stimuli were again computer-rendered images of the real textures,
presented on a monitor.
5.1.3. Procedure
Subjects performed the same roughness estimation task as described in experiment 1 in a visual and haptic condition only. The
order of conditions was counter-balanced across subjects and all textures were presented three times in each condition. The practice trials
included three textures with an inter-dot distance of 1.50, 5.00 and
8.50 mm presented in ascending order.
5.1.4. Data analysis
Roughness scores were analyzed with a mixed-design ANOVA
with the within-subject factors modality (2) and inter-dot spacing
(15) and the between-subject factor ﬁrst modality condition (2).
The Greenhouse–Geisser correction was used where appropriate. In
addition, a linear and bi-exponential function was ﬁtted to the data
as described in experiment 1. Both models were compared for each
subject and condition with the corrected version of the Akaike Information Criterion.
5.2. Results
The plot of the mean roughness judgments averaged across both
ﬁrst condition groups (see Fig. 7(a)) indicates attenuated roughness
judgments in the visual as compared to the haptic condition. The
mixed-design ANOVA of roughness judgments conﬁrms this with signiﬁcant main effects of the within-subject factors modality, F(1,
20) = 5.18, p b 0.05, partial η 2 = 0.21 and inter-dot spacing, F(1.48,
29.63) = 9.99, p b 0.005, partial η 2 = 0.33. There is also a signiﬁcant
main effect of the between-subject factor ﬁrst condition, F(1, 20) =
4.56, p b 0.05, partial η 2 = 0.19, with subjects judging the textures on
average less rough when they experienced the stimuli ﬁrst by touch
as compared to vision (see Fig. 7(b)).
Next to the main effects both two-way interactions of First
Condition × Inter-Dot Spacing, F(1.48, 29.63)= 5.14, p b 0.05, partial
η 2 = 0.20, and Sensory Modality × Inter-Dot Spacing, F(1.96, 39.13) =
8.95, p b 0.005, partial η2 = 0.31 reached signiﬁcance. These interactions

Fig. 7. Mean roughness judgments in Experiment 3, averaged across both ﬁrst condition groups (a) and averaged across both modality conditions (b). Bars represent the
standard error of the mean (SEM).

were further explored by pooling all roughness judgments of textures with inter-dot spacings ≤ 3 mm and dot distances > 3 mm.
Within these groups of inter-dot spacings post hoc contrasts compared roughness estimations of both modality conditions independent of the ﬁrst condition factor. The results of the post-hoc tests
conﬁrmed what is implied by Fig. 7(a), namely signiﬁcantly lower
visual roughness judgments for textures with big inter-dot spacings,
mean difference: − 1.25, p b 0.005 and no signiﬁcant difference for
small inter-dot spacings. The comparison of both ﬁrst condition
groups independent of the modality condition yielded a signiﬁcant
result for small inter-dot spacings, mean difference: 2.13, p b 0.01,
but not for textures with dot distances > 3 mm (Fig. 7(b)).
Only the three-way interaction of Modality× First Condition ×
Inter-Dot Spacing did not reach signiﬁcance in the mixed-design
ANOVA, F(1.96, 39.13) =1.82, p = 0.18, partial η 2 = 0.08.
In line with the roughness estimation task reported in the ﬁrst
two experiments we found the bi-exponential model to be superior
to the linear model in the haptic condition, i.e. roughness estimations
of all subjects were better characterized by a bi-exponential function
of inter-dot spacing. Subjects also reported for the haptic task that
textures with very small and very wide inter-element spacing felt
smooth while the intermediate surfaces felt rather rough. In contrast,
in the visual condition, the results indicated that in 16 out of 22
participants visually perceived roughness was linearly related to
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inter-dot spacing, while only six subjects showed a better ﬁt for the
bi-exponential model, with three having experienced the textures
ﬁrst by touch and three in the visual condition. The superiority of
the linear model for the visual condition was also reﬂected in the verbal reports of subjects. Eighteen out of the 22 participants stated that
their visual roughness perception was correlated with spatial density
or the number of elements on the stimuli. Seven of these subjects had
experienced the textures ﬁrst by touch and 11 ﬁrst by vision. The
three subjects that showed a better ﬁt for the bi-exponential model
in the visual condition and experienced the textures ﬁrst by touch
reported that they used the same rating strategy as in the haptic
task. One participant could not verbalize the roughness rating strategy used. Table 3 summarizes the results of ﬁtting both models to the
data of each subject in both conditions.
5.3. Discussion
The analysis of the perceived roughness scores shows that individuals judge textures to be less rough when there is only visual information available, conﬁrming the ﬁndings of the ﬁrst experiment.
The curve ﬁtting procedure for the haptic roughness judgments essentially replicates the results of the ﬁrst two experiments; roughness
perception of unfamiliar dot pattern stimuli can be best described as a
bi-exponential function of inter-dot distance peaking for textures
with about 3–4 mm mean center-to-center dot spacing. However, visual roughness perception was for most subjects linearly related to
inter-element spacing, regardless of the ﬁrst sensory experience
with the stimulus material. It is possible that subjects tried to imagine
how the textures would feel. However, due to their inexperience with
the dot patterns in the visual-ﬁrst group, participants might have
failed to consider the likely decrease of skin deformation (and
hence the decrease in roughness) for textures with very small dot
spacings, too small for the folds of the skin to enter and to be maximally indented. This would also explain the higher incidence of the
linear model in the visual-ﬁrst groups in experiments 1 and 2. For
subjects who experienced the textures ﬁrst by touch, the haptic imagery process would lead to a bi-exponential roughness function in the
visual condition, due to the reﬁned haptic texture concept for this
group of participants. However, the results contradict that explanation; an equally high number of subjects who ﬁrst experienced the
textures by touch also showed a better ﬁt for the linear model in
the visual condition of the current experiment. This indicates that
haptic experience with the stimulus material has only a small or
even negligible inﬂuence on visual roughness perception of unfamiliar dot pattern textures when no combination of visual and haptic information in a bimodal roughness estimate is necessary. Individuals
possibly used the high spatial resolution of the visual sense to estimate roughness of unfamiliar dot pattern surfaces irrespective of previous experience with the textures. The verbal reports of almost all
participants, stating that they used the number of elements and spatial density of the textures in the visual condition, further support this
hypothesis. However, the fact that not all subjects showed the linear
psychophysical roughness function in the visual condition implies

that there are also individual differences in the bias toward using
one sense or the other, as discussed by Guest and Spence (2003b)
in the context of multisensory texture processing. It is conceivable
that some subjects used haptic imagery in the visual condition to derive roughness information, resulting in a bi-exponential roughness
function of inter-dot spacing just as in the haptic condition. Nevertheless, a consistent roughness concept between modalities is not necessarily helpful in a setting which does not require the combination of
both sensory cues.
6. Experiment 4
As already discussed before, visual spatial resolution is higher than
haptic spatial resolution, possibly explaining why visual roughness
estimations still increase for small inter-dot spacings while haptic
roughness judgments decrease. This raises the question whether visual roughness estimations decrease again for textures with very
small mean center-to-center dot distances, basically representing a
similar bi-exponential roughness function of inter-element spacing
as in the haptic modality but with a shifted peak toward a smaller
spacing (see Fig. 8 for a schematic representation). Hence, in the current experiment we tested the hypothesis that visual dot pattern
stimuli with an inter-dot spacing below 1.50 mm result in a decrease
in visually perceived roughness.
6.1. Methods
6.1.1. Participants
Sixteen subjects, six males and 10 females with a mean age of 34.8
participated in the study.
6.1.2. Stimuli and apparatus
Five new stimuli were created with a mean center-to-center dot
spacing of 0.25, 0.50, 0.75, 1.00 and 1.25 mm, resulting in an overlap
of neighboring dots and hence in ﬁner textures. In total 34 dot pattern
stimuli were presented ranging from 0.25 to 8.50 mm inter-dot distance and increasing in steps of 0.25 mm.
6.1.3. Procedure
Subjects performed the same roughness estimation task as described in experiment 1 but in a visual condition only. All textures
were presented four times and the practice run consisted of ﬁve example stimuli with an inter-dot spacing of 0.25, 2.25, 4.25, 6.25 and
8.50 mm.
6.1.4. Data analysis
A linear and bi-exponential function was ﬁtted to the data and
both models were compared with AICc as described in experiment 1.
6.2. Results
Visually perceived roughness averaged over all participants follows an almost identical bi-exponential function as depicted for

Table 3
Summary of the model comparisons of the linear and bi-exponential model for all subjects and conditions (Experiment 3).

Visual condition
Haptic condition

First
condition

Linear model selected
No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

No. of
subjectsa

Bi-exponential model selected
Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

v
h
v
h

8
8
0
0

0.84–0.96
0.86–0.97
–
–

0.80–0.96
0.84–0.97
–
–

0–46%
0–17%
–
–

3
3
11
11

0.07–0.92
0.03–0.37
0.00–0.73
0.00–0.92

0.51–0.96
0.52–0.89
0.67–0.99
0.51–0.97

61–93%
74–100%
80–100%
60–100%

Note. Model decision was based on wi (AICc). v = visual, h= haptic.
a
There is a total of 11 subjects in each ﬁrst condition group.
b
R2 coefﬁcient of determination.
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Table 4
Summary of the model comparisons of the linear and bi-exponential model for visually
perceived roughness of all subjects (Experiment 4).
Model
selected

No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

Linear
Bi-exponential

1
15

0.98
0.00–0.91

0.98
0.59–0.99

31%
100%

Note. Model decision was based on wi (AICc).
a
There is a total of 16 subjects.
b
R2 coefﬁcient of determination.

7. Experiment 5
Fig. 8. Model of the psychophysical function representing visual compared to haptic
roughness perception.

roughness experienced by touch in the previous experiments (see
Fig. 9). The only difference to the haptic function is an earlier peak
for textures with an inter-dot spacing of about 1.25–1.75 mm.
The superiority of the bi-exponential model for this set of visual
textures was conﬁrmed by the number of subjects who showed a better ﬁt for the bi-exponential compared to the linear curve, i.e. 15 versus 1 (see Table 4).

Note that there is another explanation for the results in experiment 4; due to a missing scale reference for size comparison of the
visual stimuli, subjects might have judged the size of the textures
differently than they would have in a natural haptic roughness exploration condition, resulting in a different peak location of the visual
roughness function. Therefore, we presented the same textures
again to a new group of observers, but this time in four different
scale reference conditions, in order to test the alternative hypothesis
that visual roughness perception of dot pattern textures is inﬂuenced
by the scale context when stimuli are presented on a monitor.
7.1. Methods

6.3. Discussion
The results of this experiment show that visual roughness perception of unfamiliar dot pattern stimuli ranging from 0.25 to 8.50 mm
inter-element spacing is well characterized by a bi-exponential function peaking for textures with an inter-dot spacing of about 1.25–
1.75 mm. This indicates that the haptic and visual psychophysical
function for roughness perception of unfamiliar dot patterns can be
characterized by the same curve but differs in the location of the maximum, likely due to a difference in the spatial resolving power between both modalities. We do not claim that spatial resolution is
the only factor limiting visual roughness perception of these textures.
Certainly, contrast sensitivity also contributes to a decline in roughness perception, especially for textures below 0.75 mm inter-dot
spacing for which a big overlap between texture elements is present
and hence a decrease in local contrast. However, visual roughness
perception seems to decrease already for textures with an inter-dot
spacing of 0.75 and 1.00 mm for which contrast sensitivity as the
limiting factor seems rather unlikely.

7.1.1. Participants
Twelve subjects, ﬁve males and seven females with a mean age
of 21.5 participated in the study.
7.1.2. Stimuli and apparatus
The stimulus set was the same as in experiment 4. However, in
addition to a no-reference condition in which no scale reference
was presented, there were three other conditions showing a picture
of a hand next to the textures in varying sizes, i.e. with a natural
size ratio of hand and stimulus, a hand with 50% and a hand with
150% of the natural size ratio (see Fig. 10).
7.1.3. Procedure
Subjects performed the same visual roughness estimation task as
described in experiment 4. Participants were informed that they
would be presented with one texture at a time and were asked to
evaluate the roughness of this texture. No speciﬁc instruction on
how to use the reference picture next to the texture was provided.
The order of conditions was counter-balanced across subjects and
all textures were presented randomly, three times in each condition.
The practice run, in the beginning of the experiment, consisted of ﬁve
example stimuli with an inter-dot spacing of 0.25, 2.25, 4.25, 6.25 and
8.50 mm and no scale reference.
7.1.4. Data analysis
Roughness scores were analyzed with a repeated measures
ANOVA with the within-subject factors scale reference condition (4)
and inter-dot spacing (34). The Greenhouse–Geisser adjustment for
degrees of freedom was used when the sphericity assumption was
violated. Additionally, a linear and bi-exponential function was ﬁtted
to the data and both models were compared separately for all four
scale reference conditions with AICc.
7.2. Results

Fig. 9. Mean visual roughness judgments in Experiment 4. Bars represent the standard
error of the mean (SEM).

The repeated measures ANOVA showed only a main effect of
the within-subject factor inter-dot spacing F(1.74, 19.16) = 14.36,
p b 0.001, partial η 2 = 0.57. Neither the main effect of the factor scale
reference nor the Scale Reference × Inter-Dot Spacing interaction
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Fig. 10. Examples of the four different scale reference conditions in Experiment 5. Top right: no scale reference, bottom right: natural size ratio, top left: 50% of natural size ratio,
bottom left: 150% of natural size ratio.

reached signiﬁcance, F(2.35, 25.87) = 0.61, p = 0.58, partial η 2 = 0.05
and F(4.79, 52.71) = 1.03, p = 0.41, partial η 2 = 0.09, respectively.
The model ﬁtting conﬁrms the results of the ANOVA showing that
there is no effect of scale context on visual roughness perception in
that experiment (see Fig. 11). All 12 subjects showed a better ﬁt for
the bi-exponential as compared to the linear model in all four scale
reference conditions (see Table 5).

textures might have resulted in the change of the maximum of the visual roughness function toward smaller inter-dot spacings in experiment 4. By testing these naturalistic size differences between the
textures and the hand, we believe we were able to show that this alternative explanation is rather unlikely. Therefore, our initial interpretation of the ﬁndings seems to hold, i.e. the difference in the
peak location of the visual and haptic roughness function of dot pattern textures can be well explained by the better spatial resolution
of the visual system.

7.3. Discussion
The results of the ﬁfth experiment indicate that visual roughness
perception of dot pattern textures is invariant to changes in scale context when stimuli are presented on a monitor. Visual roughness perception of these unfamiliar textures was well described by a
bi-exponential function peaking at about 1.25–1.75 mm inter-dot
spacing regardless of the scale context in which the textures were
presented. We are aware that we tested only a limited subset of
scale contexts and that by choosing more extreme size differences between textures and the hand, the results might have been different.
However, this experiment aimed at investigating whether size miscalculations of the virtual visual stimuli in comparison to the real

Fig. 11. Mean visual roughness judgments for all four scale reference conditions in
Experiment 5. Bars represent the standard error of the mean (SEM).

8. General discussion
In the experiments reported in this paper we tested whether roughness perception shows a linear or an inverted U-shape relationship
with inter-element spacing of dot patterns, and whether this relationship is different for haptic, visual or combined visual–haptic input. We
found an effect of sensory modality on roughness perception. The relationship of inter-element spacing and roughness perceived by touch,
by vision as well as by vision and touch combined was best described
by a bi-exponential psychophysical function. Haptic and visual–haptic
roughness perception peaked between 3 and 4 mm and were in the
same order of magnitude. In contrast, visual roughness peaked already
at about 1.25 mm inter-element spacing when tested in isolation, and
this effect was invariant to differences in the scale context. Moreover,
lower visual than haptic and bimodal roughness scores were found,
primarily for textures with inter-dot spacings above 3 mm. Furthermore, the order of modality conditions affected the visual roughness
function in a setting in which subjects were asked to combine both visual and haptic information in a single bimodal judgment. There was a
trend towards greater similarity between visual and haptic and visual–
haptic roughness perception in terms of peak location when haptic
preceded visual experience with the dot pattern textures. This inﬂuence of sensory familiarity on visual roughness scores was not replicated in a context where subjects were merely asked to perform unimodal
visual and haptic roughness estimations. By comparing results
obtained by using real and virtual visual textures, we were able to
show that the main ﬁndings do not change in an experimental context
with restricted viewing conditions.
In the ﬁrst three experiments haptically perceived roughness was
characterized by an increase up to an inter-dot spacing of about
3 mm, decreasing again after a short plateau. We speculate that the
number of indentations of the skin as well as the local spatial
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Table 5
Summary of the model comparisons of the linear and bi-exponential model for all subjects and conditions (Experiment 5).
Linear model selected

No scale reference
Natural size ratio
150 % of natural size ratio
50 % of natural size ratio

Bi-exponential model selected

No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

No. of
subjectsa

Range of R2
linearb

Range of R2
bi-exponentialb

Range of wi (AICc)
bi-exponential

0
0
0
0

–
–
–
–

–
–
–
–

–
–
–
–

12
12
12
12

0.01–0.83
0.00–0.76
0.04–0.88
0.00–0.76

0.42–0.95
0.51–0.97
0.76–0.96
0.62–0.97

100%
100%
100%
100%

Note. Model decision was based on wi (AICc).
a
There is a total of 12 subjects.
b
R2 coefﬁcient of determination.

displacement (i.e., the depth of indentations) caused by the single dots
inﬂuence the haptic roughness function. More speciﬁcally, for widely
spaced textures the number of indentations is low while the local spatial displacement is maximal. If dots are added to the texture, the
number of indentations will increase, thus increasing the perceived
roughness. Below a certain dot distance, the local spatial displacement
of the skin as well as the ability to resolve the single texture elements
will be increasingly restricted by the skin's (lack of) compliance, thus
the resulting roughness percept will decrease again.
In the ﬁrst and third experiments we found attenuated roughness
scores in the visual compared to the haptic and bimodal condition,
which was not reported in a study conducted by Lederman and
Abbott (1981) and which we also failed to ﬁnd in our second study
with a natural visual condition. There are several explanations for
the difference in the results. One explanation might be the differences
in presentation mode of the stimuli. Lederman and Abbott (1981)
presented the textures in their natural form in the visual and bimodal
condition, as we did in our second experiment, while we presented
the textures on a monitor for visual exploration in experiments 1
and 3. This change of presentation mode between the haptic and visual condition in our experiments 1 and 3 might have induced or enhanced differences in roughness estimations between the conditions.
However, the different ﬁndings in both studies can also be explained
by the macrospatial structure of the textures that we used. The difference in perceived roughness magnitude between the visual condition
and settings in which also haptic information was available is a logical
ﬁnding for unfamiliar dot pattern stimuli when taking the results of
experiments 3–5 into account. Our results suggest that visual
and haptic roughness perception are both well described by a
bi-exponential function of inter-dot spacing, shifted toward smaller
spacings for visual exploration probably due to the higher visual spatial resolution. This shift results in attenuated visual roughness scores
for textures above approximately 3 mm dot distance, textures that
were overrepresented in our set of stimuli, and in higher visual
roughness scores for textures with smaller inter-dot spacings. The interaction of modality and spacing was found in all 3 of our experiments containing haptic roughness estimation conditions. One
explanation for the missing main effect of modality in the second experiment is the rather small effect of attenuated visual roughness
scores for inter-element spacings above 3 mm. This attenuation
might have been cancelled out by the rather strong difference between visual and haptic roughness judgments for smaller inter-dot
spacings. Finally, another explanation could be the inﬂuence of the
task demands and haptic stimulus familiarity, which are found to affect visual roughness estimation strategies in the current study. The
signiﬁcant interaction of sensory modality, ﬁrst condition and
inter-dot distance in both experiments containing bimodal conditions
indicates that the relationship of dot spacing and roughness estimation differs not only with the kind of sensory information available
but it is also modulated by the kind of previous experience with the
stimuli. An alternative explanation for the conﬂicting ﬁndings might
therefore be a difference in the familiarity with the stimulus material.
Lederman and Abbott (1981) used abrasive paper which is familiar to

most people and therefore the visual judgments might have been already inﬂuenced by the haptic experience with those textures,
diminishing the difference between visual and haptic magnitude estimates. Furthermore, subjects were allowed to practice for one day
and therefore to become well acquainted with all stimuli. In contrast,
in our experiment subjects had only few practice trials before each
condition started. Hence, the factor haptic familiarity might have
inﬂuenced roughness perception. This hypothesis is further supported
by the results of the curve ﬁtting procedure in the ﬁrst and second experiment. The relationship of roughness perception and inter-dot
spacing in experiments 1 and 2 is clearly inﬂuenced by the sensory information available for the judgments but also by previous experience
with the stimulus material. When combined visual–haptic roughness
judgments are required people appear to use preferably haptic imagery strategies to estimate visual roughness and therefore to calibrate
the visual estimates to haptic roughness perception. In a setting in
which extensive haptic experience with the stimulus material is available, this might result in a complete elimination of visual and haptic
differences, which would be consistent with the ﬁndings from
Lederman and Abbott (1981) for ﬁner textures.
Several individuals reported that they used haptic imagery for visual
roughness estimation when bimodal judgments were required and
others utilized the high spatial resolution of the visual sense for roughness estimation when a combination of the unimodal information was
not necessary. Still, some variation in the applied strategies and hence
in the psychophysical roughness functions remained. This indicates an
effect of individual biases toward the use of haptic or visual information
in texture perception, as discussed by Guest and Spence (2003b) in the
context of a multisensory task. Nevertheless, the results of our ﬁrst and
second experiments clearly indicate that bimodal roughness perception
of unfamiliar dot pattern stimuli is more inﬂuenced by haptic than by
visual information, in line with previous ﬁndings (Heller, 1982;
Lederman et al., 1986). It is noteworthy, however, that there are also
alternative explanations for the close resemblance of the bimodal and
haptic roughness judgments in the work presented here. Although the
experimenter monitored the performance of the participants in all conditions, it is possible that subjects focused their attention mainly on the
haptic exploration in the bimodal condition and neglected the visual exploration of the textures. This would result necessarily in very similar
haptic and bimodal roughness estimates. However, when asked to describe their rating strategies in the debrieﬁng phase, none of our participants reported to have completely neglected the visual information in
the visual–haptic condition. There is, therefore, every indication that
subjects indeed performed the visual exploration as instructed. The
use of an eyetracker system in future studies might be valuable for controlling the visual exploration behavior in the bimodal condition, although one can still not be certain whether the visual information is
actually taken into account for bimodal judgments.
9. Conclusions
We reported the ﬁndings of a series of ﬁve experiments investigating the effect of sensory modality and familiarity on perceived
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roughness of unfamiliar textures. Visual, haptic and bimodal visual–
haptic roughness perception of unfamiliar dot pattern stimuli is best
characterized by a bi-exponential function of inter-dot spacing. However, the sensory modality used to explore the textures has an effect
on the perceived magnitude of roughness. This is likely due to the difference in spatial resolution between the haptic and visual modality,
resulting in a shift of the peak of the bi-exponential visual roughness
function toward higher spatial resolution textures. Moreover, individuals appear to adapt their visual roughness estimation strategies
based on the task demands, namely whether bimodal or only
unimodal evaluations are required and on the sensory familiarity
with the stimulus material. For the set of stimuli employed, a bias toward haptic information was demonstrated for bimodal visual–haptic
roughness estimations. The overall results were independent of the
presentation mode of the visual textures (virtual vs. real textures), indicating the suitability of the experimental design for neuroimaging
studies with restricted viewing conditions and allowing to establish
a more direct link between behavioral and neuroimaging results.
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