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Abstract

Considerable information about the texture of objects can be perceived remotely through a probe. It
is not clear, however, how texture perception with a probe compares with texture perception with
the bare finger. Here we investigate the perception of a variety of textured surfaces encountered daily
(e.g., corduray, paper, and rubber) using the two scanning modes—direct touch through the finger
and indirect touch through a probe held in the hand—in two tasks. In the first task, subjects rated the
overall pair-wise dissimilarity of the textures. In the second task, subjects rated each texture along
three continua, namely, perceived roughness, hardness, and stickiness of the surfaces, shown
previously as the primary dimensions of texture perception in direct touch. From the dissimilarity
judgment experiment, we found that the texture percept is similar though not identical in the two
scanning modes. From the adjective rating experiments, we found that while roughness ratings are
similar, hardness and stickiness ratings tend to differ between scanning conditions. These differences
between the two modes of scanning are apparent in perceptual space for tactile textures based on
multidimensional scaling (MDS) analysis. Finally, we demonstrate that three physical quantities,
vibratory power, compliance, and friction carry roughness, hardness, and stickiness information,
predicting perceived dissimilarity of texture pairs with indirect touch. Given that different types of
texture information are processed by separate groups of neurons across direct and indirect touch, we
propose that the neural mechanisms underlying texture perception differ between scanning modes.
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Introduction

Exploring the world with probes or tools is a ubiquitous experience in our daily life. Examples
include drawing with a pencil, using cooking utensils, or in more special cases, performing
minimally invasive surgery with laparoscopic instruments. Despite this indirect perception of
objects through a tool, people experience a rich impression of the surface, not of the tool or
the vibrations through it (Katz 1925/1989; Klatzky et al. 2003). Although much is known about
texture perception with direct touch (Johnson 2002), less is known about the texture perception
with indirect touch, and how the percepts in the two scanning modes are related.

Our motivation for performing this study is the observation that while perception of textures
appears intact through a tool, the information available to subjects about the surfaces is different
in direct and indirect touch. When exploring surfaces with the finger (i.e., direct touch), both
a crisp two-dimensional spatial image of the texture and vibratory information are available to
the receptors in the finger pad. In the probe-scanning condition, the information about the
surface must rely on transmitted vibrations that quasi-synchronously activate the
mechanoreceptors in the hand: no spatial cues are available for texture perception since the
pattern of deformation of the skin reflects the contours of the probe rather than the properties
of the scanned surface (Klatzky et al. 2003). In other words, the spatial image of the texture
that is sent to the central nervous system by the different afferent populations in the two
scanning modes is quite different.

Because of this difference in inputs to the nervous system, the neural mechanisms of texture
perception differ between directand indirect touch. In direct touch, a spatial image of the texture
is available in the population response of SA1 afferents (Connor et al. 1990; Connor and
Johnson 1992; Johnson and Yoshioka 2002). With indirect touch, vibrations must convey
texture information, and RA and PC afferents that are sensitive to vibratory stimuli are likely
to be employed when textures are scanned through a probe (Gardner and Palmer 1989a,
1989b; Kops and Gardner 1996; Craig and Rollman 1999).

The perceptual space for tactile textures during direct touch is spanned by the primary
dimensions of roughness, hardness, and stickiness, and to a lesser degree warmth (Hollins et
al. 1993, 2000). Although other putative adjectives have been used to describe textures
including “thin”, “thick”, “relief”, “harsh” (Picard et al. 2003), “blurred”, and

“clear” (Gescheider et al. 2005), exactly how these descriptors relate to the primary dimensions
isnotclear. In the present study, we concentrate on the three primary dimensions of “hardness”,
“stickiness”, and “roughness”.

In separate studies with indirect touch, texture percept is shown to vary along the rough—-smooth
(Lederman etal. 1999; Hollins et al. 2005), hard—soft (LaMotte 2000), and sticky—slippery axis
(Smith and Scott 1996). How these texture dimensions interact with each other has not been
investigated with indirect touch. Furthermore, the warm—cool dimension cannot be conveyed
by probes.

The aim of the present study is to characterize and compare texture perception between direct
and indirect touch in a set of psychophysical experiments, and determine perceptual similarities
and differences between scanning conditions from judgments of perceived “dissimilarity” of
texture pairs and magnitude estimates along the three primary texture continua, “roughness”,
“hardness”, and “stickiness” of each texture (Hollins et al. 2000). We then determine how much
roughness, hardness, and stickiness information might have contributed to the dissimilarity
ratings of texture pairs. These perceptual quantities are analyzed in the perceptual space for
tactile textures using a multidimensional scaling (MDS) algorithm (Matlab, MathWorks, Inc.,
Natick, MA, USA). We also characterize the physical quantity that underlies the perceived
roughness, hardness, and stickiness of a surface explored through a probe in a series of
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measurements of vibrations and forces produced during the scanning. In addition, we examine
the effect of scanning force and velocity on roughness perception with indirect touch, and show
that the changes in velocity and force have little effect on roughness perception. We also show
that both direct and indirect touch yield rich multidimensional textural percepts, but that there
are distinct perceptual differences across scanning modes. Because previous results suggest
that different types of texture information are used during direct touch and likely to be processed
by separate groups of neurons, we propose that the neural mechanisms underlying texture
perception differ between scanning modes.

Stimuli consisted of materials that subjectively feel very different and spanned a wide range
of texture qualities (e.g., different types of cloths and paper; see Table I). All but 3 of the 16
stimuli were mounted on 7 cm x 22 cm x 0.6 cm Plexiglas blocks using double-sided tape.
There was no need to mount the other three surfaces (glass, rubber, and wood). The thickness
of the stimuli, including the Plexiglas base plate, varied slightly from 0.6 (glass) to 0.75 cm
(foam). Corduroy was mounted so that the ridges ran perpendicular to the long axis of the plate;
that is, the direction of scanning. Wood was oriented with the grain parallel to the scanning
direction. The surfaces included three grades of water-color papers of varying coarseness and
two kinds of vinyl surfaces.

The stimuli were placed in wells milled ina 13 cm x 61 cm x 3 cm stainless steel block (Figure
1) and were fixed in the stimulus assembly by steel flaps. The edges of each aperture were
graded at a shallow angle (~10°) so that the exploring probe (or finger) moved smoothly onto
each surface. This smooth movement of the probe onto the texture surfaces minimized texture
cues related to tapping. The assembly was placed behind a curtain that hung from the bottom
of a 40-inch flat monitor (Dell Inc.). Subjects could see neither their hands nor the stimulus
assembly during the experiment. A real-scale line drawing on the monitor showed subjects the
locations of the beginning and ends of the apertures and helped subjects position their hands
while exploring the surfaces. Auditory cues were masked by headphones that provided pink
noise to the subjects.

A total of nine subjects participated in the experiments. Eight subjects (7 females and 1 male)
participated in the dissimilarity rating and adjective scaling tasks (see below). Two of those
subjects and one additional subject participated in the measurements of scanning force and
velocity. All subjects except one were students of the Johns Hopkins University (JHU) and
ranged in age from 18 to 22. The other subject was a 34-year-old JHU employee. All subjects
were right-handed and reported no neurological problems. All of the procedures were approved
by the Johns Hopkins University Human Institutional Review Board.

Dissimilarity ratings—In this task subjects scanned two textured surfaces successively and
then produced free magnitude estimations of dissimilarity (cf., Bensmaia and Hollins 2005).
Subjects were instructed to report a number proportional to the overall perceived dissimilarity
of the two surfaces. If the pair was perceived as identical, subjects reported the number zero.
They were told that the number they assigned to the first pair was arbitrary (unless the textures
were perceived as identical). For subsequent pairs, they reported numbers using a ratio scale.
For example, if the second pair of textures was twice as dissimilar as the first, they were to
assign it a number twice as large. They were encouraged to use any range of numbers that they
desired. Each of the 16 textured stimuli was paired with each other, for a total of 120 pairs.
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Stimuli were presented in a pseudo-random order with each stimulus equally likely to occur
in the first or second aperture. There were six experimental runs per subject per scanning
condition (probe or finger). The first set of ratings was for practice and was not included in the
analysis. Half of the subjects (i.e., four out of eight subjects) began with the finger-scanning
condition, and the other half with the probe-scanning condition.

On each trial, two textured surfaces were placed in the stimulus assembly (see Figure 1). The
beginning of the trial was signaled to the subject by a green circle that appeared on the screen.
The subject then placed their finger or the probe on the leftmost platform of the stimulus
assembly and waited for the circle to green appear. The subject then moved their finger or the
probe to their right, until they reached the first aperture (i.e., the first stimulus). The subjects
explored this stimulus using a back and forth motion for as long as they wished. The subjects
then moved their hand to the start of the second aperture and explored the second stimulus.
The subjects reported a number which represented the magnitude of dissimilarity for the texture
pair. The experimenter then changed the texture pair and the next trial was begun. Each subject
was tested over 9-15 sessions.

Adjective ratings—After completing the six runs of dissimilarity ratings, subjects rated each
of the textures along three textural continua of rough/smooth, sticky/slippery, and hard/soft.
Subjects followed the same scanning procedure as described above but scanned only the texture
located in the first aperture. Experiments were run in blocks in which subjects were asked to
make free magnitude estimations along one of the continua. For rough/smooth and sticky/
slippery, a perfectly smooth or perfectly slippery surface was to be assigned the number zero.
Because there is no absolute zero along the hard/soft dimension, subjects were told simply to
assign higher numbers to harder surfaces and to use a consistent scale. Each subject rated each
surface six times along each textural continuum in the two scanning conditions. The first set
of ratings was for practice and was not included in the analysis. Roughness, hardness, and
stickiness blocks were ordered pseudo-randomly.

Scanning—Subjects explored the textures with either their bare index finger or with a 10-
cm-long Delrin probe (body diameter = 1 cm), with a rounded tip (diameter = 3 mm) that they
held in their hand using a pencil grip. Subjects grasped the probe about midway along the axis
of the probe and were asked to hold the probe as vertical as possible. The subjects scanned
back and forth along the length of the surface with scanning force and velocity of their choice.
The scanning duration for both scanning conditions was typically about 3-5 s and included
about five sweeps (i.e., three left-to-right and two right-to-left scanning movements). Some
subjects used a single sweep as they became accustomed to the procedure.

In a separate experiment, scanning force and velocity in the probe-scanning condition were
measured in three subjects while performing a subjective roughness rating task. Scanning force
was measured using four force transducers placed at the four corners of the texture apparatus
(Figure 1). The outputs from the force transducers were sampled at a rate of 5000 Hz, and were
then averaged. Scanning velocity was computed from the output of an accelerometer attached
to the end of the probe, by taking the Fourier transform of the acceleration and converting it
to velocity in the frequency domain, and then taking the inverse Fourier transform to obtain
velocity in the time domain. Scanning velocities were obtained only in the probe-scanning
condition.

The average scanning force used in the probe-scanning mode was 134 g (og = 5.5 g, SEM) for
subject S3, 169 g (o = 5.1 g) for subject S2, and 282 g (og = 7.8 g) for subject S1 with the
overall mean of 195 g (og = 6 g). The average scanning force in this condition was about three
times as high as that in the finger-scanning condition (64 g, og = 12 g) with the individual
subjects using 83 g (S1, og =2.99),509 (S2, 6g =1.7 g), or 59 g (S3, og = 3.3 g). The average
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scanning velocity also varied from subject to subject; 17 mm/s for subject S3, 35 mm/s for
subject S2, and 74 mm/s for subject S3, yielding a mean of 42 mm/s (cg = 3 mm/s).

Physical measurements

We measured three physical quantities during the probe scans, namely, vibratory power,
compliance, and coefficient of friction, and determined the extent to which adjective ratings
along the three textural continua were correlated with these quantities.

To measure the vibrations, we attached a tri-axial accelerometer (Kistler Inc., model 8692B5,
+5 g range) to the top end of the probe. To reduce the effects of physiological hand tremors
during active scanning, textures were passively scanned by placing them on a conveyor belt
(courtesy of Dr Mark Hollins) moving at 40 mm/s while holding the probe against the texture
(Figure 2 and Figure 3). The velocity, 40 mm/s, was chosen because it is about the average
velocity used by subjects in the roughness task (see earlier). We amplified and stored the
resulting acceleration signals along x- (scanning direction), y- (transverse to the scanning
direction), and z- (vertical direction) axes. We computed vibratory power along each of the
three axes using the following formula:

2

a,f
r=3(F)
7 (1)

where Py is the vibratory power of texture t and a; is the Fourier component of the acceleration
signal produced by texture t at frequency f. We present results obtained using acceleration
signals recorded along the scanning direction (x-axis), as vibrations were highest in amplitude
along this axis (Figure 2).

Compliance (cm/g) is defined in these studies by the distance a probe indents into a surface
for a given force. To determine compliance, we measured the vertical displacement of a 3-mm
diameter tip Delrin probe for three different forces (30, 120, and 150 g; i.e., approximately 0.3,
1.2, and 1.5 N). The probe positions were measured using a laser position meter with 2-nm
resolution (model LDS-1000 Laser Doppler Scale, Optodyne Inc., Compton, CA, USA).

Friction is the reaction force in the direction opposite to the pulling force needed to move an
object across a surface. There are two types of friction. Static friction increases with increases
in pulling force while the object is stationary. Kinetic friction is constant once the object starts
moving and is independent of the pulling force. We measured the coefficient of kinetic friction,
defined as the ratio of lateral force to normal force (see equation below), by measuring the
acceleration of each texture surface as it was pulled, textured side down, across a Delrin plate
(the probe material), using a mass and pulley system. The kinetic friction was measured for
each texture for a range of forces (150-350 g force = 1.5-3.5 N) and masses (300-750 g). The
large Delrin plate simulates the material interface between the Delrin probe and the texture.
The acceleration was measured by monitoring the changes of texture positions at a reflector
site with a laser position meter (Optodyne Inc.). The coefficient of kinetic friction () for each
texture was computed from these measurements as follows:

_mg— (my+my)a
mag (2)

Mk

where mq is the mass of the weight pulling the texture, m, is the mass of the loaded texture,
g is gravity (9.8 m/s?), and a is the acceleration of the plate with the stimulus surface.
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Psychophysical ratings—The individual dissimilarity ratings for the texture pairs and the
adjective ratings (rough, hard, sticky) for the 16 textures were normalized by the mean of all
of the responses produced by each subject in each experimental block. Ratings were then
averaged across subjects. To examine the relationship between adjective and dissimilarity
ratings, we first computed, for each pair of textures, the absolute difference in the normalized
adjective rating ascribed to each texture in the pair. We then carried out a multivariate
regression of these difference scores onto the dissimilarity ratings. From the regression
analysis, we could determine the degree to which difference scores were predictive of the
dissimilarity ratings, whether difference scores along a certain continuum were more predictive
than scores along other continua, and whether the regression statistics depended on the scanning
condition. The p-values in the regression or correlation analyses were obtained using t-
statistics.

Multidimensional scaling (MDS) perceptual space—The MDS algorithm (Matlab,
MathWorks Inc.) was used to find the n-dimensional texture perceptual space given a set of
distance measures. The optimization algorithm uses dissimilarity ratings between texture pairs
to place the stimuli in a hypothetical n-dimensional space such that the distances between
textures closely match the given dissimilarities. The result is a least-squares representation of
Euclidean distance between texture pairs in that space. The coefficient of determination (R?)
was measured for models of up to six dimensions. The relationship between adjective scales
(rough, hard, sticky) and MDS space was examined using a three-dimensional space by
regressing the adjective ratings into the MDS space. The algorithm uses a Vandermonde matrix
whose columns are powers of the vector in question to find the coefficients of a polynomial in
a least-squares sense. By evaluating the polynomial along the values of the adjective ratings,
we obtained the data points which formed lines for rough, hard, and sticky dimensions. Note
that the angle between these adjective axes in multidimensional space gives an indication of
the relative dependence of these continua.

Cluster analysis—We selected a wide range of textures that subjectively span typical texture
ranges we encounter in everyday life. To examine how evenly these textures are distributed in
the perceptual space, we used cluster analysis with two-dimensional hierarchical, binary cluster
trees. The computation of three-dimensional MDS perceptual space provides the spatial
coordinates of the 16 textures and the inter-texture distances based on a least-squares algorithm
for Euclidean distance (see the section above). The linkage-based cluster analysis reduces the
dimensionality of the relationship between the MDS space and adjective ratings from 3D to
2D, thereby allowing us to visualize in 2D how textures are distributed in the perceptual space.

We used the “nearest neighbor” algorithm for the linkage-based cluster analysis (also called
the “single linkage” algorithm) which uses the smallest distance between objects in the two
clusters. To test whether the choice of algorithm yields any difference, we also examined the
data with two other methods, “centroid” algorithm, which uses centroid distance between
objects, and “average” algorithm, which uses unweighted average distance between objects.

Dissimilarity ratings

The individual dissimilarity ratings for the 120 pairs of textures were normalized by calculating
the mean of all responses produced by each subject in each experimental block. The
dissimilarity rating for each texture pair, averaged across subjects, is shown in Table Il. The
table includes data from both the finger-scanning condition (upper triangular matrix; shaded)
and the probe-scanning condition (lower triangular matrix; not shaded). For both scanning
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conditions, there was a wide range of dissimilarity ratings. The correlation coefficient between
the ratings obtained in the two scanning conditions was 0.74 (p < 0.001), suggesting that the
perception of surfaces examined through a probe and with the bare finger was similar though
not identical (Figure 4).

We examined both the population means of the data and individual subject data separately.
Although the correlation coefficients for the dissimilarity ratings between direct touch and
indirect touch varied among subjects (0.52 < r < 0.84; r = 0.65 £ SEM 0.04), the correlations
were all statistically significant (p < 0.001).

Adjective scaling of individual textures

Subjective magnitude estimates of roughness, hardness, and stickiness were normalized by the
mean rating in each block and then averaged across blocks for each subject and texture. Figure
5 shows the ratings averaged across subjects for each texture along each textural continuum in
both finger- and probe-scanning conditions. Ratings spanned a wide range for all three textural
continua. Whereas many textures yielded similar ratings in the two scanning conditions (e.g.,
vinyl2), others yielded substantially different ratings (e.g., rubber). To directly compare the
ratings in the two scanning conditions, we plotted roughness, hardness, and stickiness ratings
obtained in one scanning condition against those obtained in the other. Roughness ratings
obtained in the two scanning conditions were highly correlated (r = 0.92, p < 0.001), whereas
the corresponding correlations for hardness (r = 0.70, p < 0.005) and stickiness (r = 0.58, p <
0.05) were lower (Figure 6). The high correlation between the two sets of roughness ratings
confirms previous reports that roughness perception through a probe is comparable to
roughness perception with the bare finger (Klatzky et al. 2003). In contrast, the perception of
hardness and stickiness seems to be affected more by the mode of exploration.

Roughness ratings obtained in the two scanning conditions were significantly correlated for
all eight subjects (r = 0.82 + SEM 0.03; p < 0.005), hardness and stickiness ratings were less
correlated; six out of eight subjects showed significant correlation between two modes of
scanning (hardness: r = 0.72 + SEM 0.06; 0.0001 < p <0.05; stickiness: r = 0.63 £ SEM 0.06;
0.0001 < p <0.05), while two subjects showed non-significant correlation (hardness: r = 0.10
and 0.47; p > 0.05; stickiness: r = 0.06 and —0.01; p > 0.05).

Relationship between overall dissimilarity rating and adjective scaling

To examine the relationship between the dissimilarity ratings and the adjective scaling results,
we investigated whether the difference in the ratings obtained for a given pair of textures along
the three adjectival dimensions was a good predictor of the overall dissimilarity rating assigned
to that pair. Furthermore, we wished to compare the relationship between adjective and

dissimilarity ratings across scanning conditions. A least-squares linear regression model was

constructed to predict dissimilarity rating ( » )using roughness (r), hardness (h), and stickiness
(s) difference scores (see Methods):

D=b,r+byh+bss 3)

where by, by, and bs are the least-squares regression coefficients (finger: by = 0.52, b, = 0.93,
and bz = 0.47; probe: by = 0.37, b, = 0.48, and b3 = 0.48). The standardized regression
coefficients, which index the relative contribution of the three independent variables to the
prediction, are B, = 0.50, B, = 0.67, and B3 = 0.47 for the finger condition, and f; =0.41, B, =
0.29, and B3 = 0.59 for the probe condition. Thus, hardness is most predictive of dissimilarity
in the finger-scanning condition whereas stickiness is the best predictor of dissimilarity in the
probe-scanning condition. The correlation coefficient between predicted and measured
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dissimilarity is 0.92 (p < 0.001) for the finger-scanning condition and 0.87 (p < 0.001) for the
probe-scanning condition (see Figure 7).

In other words, approximately 85% of the variance in the dissimilarity ratings obtained in the
finger-scanning condition is accounted for by differences in roughness, hardness, and
stickiness. In the probe-scanning condition, 76% of the variance in dissimilarity ratings is
explainable in terms of differences along the three textural continua. The explained variance
may be higher for the finger condition than for the probe condition because the dissimilarity
and adjective ratings were more variable in the probe-scanning than in the finger-scanning
condition (data not shown). Note that pairs of textures yielding substantially different ratings
along a given textural continuum in the two scanning conditions also tend to yield different
dissimilarity ratings across scanning conditions. For instance, glass is perceived as sticky with
the finger but slippery with the probe; latex is perceived as highly sticky with both finger and
probe (Figure 5). As a result, the perceived dissimilarity between glass and latex is high in the
probe-scanning condition (1.8) whereas it is low in the finger-scanning condition (0.7) (Table

).

Multidimensional scaling (MDS)

Another way to view the perceptual organization of textures in the two scanning conditions is
to use a MDS algorithm (SPSS Inc.) and view the textures in an n-dimensional space (cf.,
Hollins et al. 1993, 2000) where the distance between the stimuli in the space is proportional
to their perceived dissimilarity. Figure 8 shows the textures mapped into a three-dimensional
texture perceptual space. Ratings along the three textural continua for these 16 surfaces are
then linearly fitted with the MDS coordinates derived from the dissimilarity ratings. The
relationships among different textural continua were directly compared with each other in the
MDS space by measuring the angles between their fitted axes in the MDS space. The angles
between these axes reflect the correlations between the corresponding adjective ratings (see
Table 111). Thus, hardness and stickiness dimensions are positively correlated in the finger-
scanning condition and negatively correlated in the probe-scanning condition, a discrepancy
reflected in the angles between these two dimensions in the MDS space (47° vs. 150°, see
Figure 8). In both scanning conditions, the correlations between ratings along most pairs of
continua are not statistically significant, indicating that these texture continua are closer to
orthogonal and contribute independently to the MDS perceptual space. One exception is the
negative correlation between hardness and stickiness axes in the probe-scanning condition (r
=-0.63, p < 0.01), suggesting that these continua are not independent.

Overall, the lack of orthogonality between hardness and stickiness axes in the probe-scanning
condition suggests that the perceptual spaces in the two conditions are different. The reason
for this difference is because some textures, such as glass and rubber, are perceived very
differently in the two scanning modes. For instance, glass is perceived as sticky in the finger-
scanning condition, but it is perceived as slippery in the probe-scanning condition (Figure 5).

To obtain an understanding of how textures are distributed in perceptual space, we performed
a two-dimensional cluster analysis on the dissimilarity data. The cluster analysis uses
hierarchical, binary cluster trees to provide information about whether certain groups of
textures are perceptually similar (i.e., clustered), and how overall texture perceptual space
might differ between different scanning conditions. Figure 9 illustrates that 9 out of 16 texture
surfaces (56%) exhibited inter-texture perceptual distances within two standard deviations
from the mean distance in the finger-scanning condition, while 11 out of 16 texture surfaces
(69%) are found within a group of similar inter-texture distances in the probe-scanning
condition (Figure 9). The remaining textures had larger inter-texture distances (Figure 9).
About two-thirds of the textures that we used are at a similar inter-texture distance in perceptual
space for both scanning conditions. Two other different linkage algorithms (“centroid distance”
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algorithm and “unweighted average distance” algorithm) yielded similar results. Some textures
are perceived very differently in the two scanning conditions. For example, fleece and suede
are not in the predominant texture cluster in the finger-scanning condition, but are in the
majority group in the probe-scanning condition. The overall perceptual difference between the
two modes of scanning is thus more complex than what individual adjective scaling might
imply (Figure 5).

In the MDS analysis, the fit between model and data (dissimilarity ratings) varies with the
number of dimensions in the model. Because higher-dimensional models have more degrees
of freedom, the larger the number of dimensions used, the better the fit. Such a dependence on
dimensionality can be examined by plotting the coefficient of determination (R?) against the
dimensionality of the model. Figure 10 shows that for both finger and probe scanning, two
dimensions are necessary to achieve an R2 of at least 0.9 and that a 3D model explains 96-97%
of the variance in the finger- and probe-scanning condition.

Physical correlates of roughness, hardness, and stickiness

Next, we assessed the extent to which certain physical quantities co-varied with the adjective
ratings. Specifically, we analyzed the relationship between the three adjective ratings and the
three physical quantities which, we surmised, might be correlated with these ratings, namely,
vibratory power, compliance, and coefficient of friction.

The correlation coefficients between the log power of the texture-generated vibrations (which
was recorded at a constant velocity of 40 mm/s; see Methods) and perceived roughness,
hardness, and stickiness were 0.92, 0.04, and 0.23, when vibratory power was summed over a
frequency range of 10-500 Hz. Thus, the roughness of a texture explored through a probe
seems to be closely associated with the intensity of the vibrations it produces in the probe as
gauged by their log power (Figure 11, left panel) and is poorly correlated with hardness and
stickiness. Vibratory power was computed using vibrations elicited by the texture along the
scanning direction (i.e., x-axis; see Methods). When vibratory power was computed using
vibration data along the vertical axis (z-axis) or along the axis orthogonal to the scanning
direction (y-axis), the correlation coefficients between log(vibratory power) and perceived
roughness were 0.92 (z-axis) and 0.90 (y-axis), indicating that texture-generated vibrations
along all three axes contained enough information to account for over 80% of the explained
variance in perceived roughness (p < 0.001).

One would expect the perceived hardness of a surface to be negatively correlated with its
compliance (LaMotte 2000).1 Indeed, the logarithm of relative compliance was highly
predictive of hardness (r = —0.93; Figure 11 center panel), less so of stickiness (r = 0.59, p <
0.05), but not predictive of roughness (r = 0.43, p > 0.05). Similarly, stickiness is a sensory
attribute that is associated with the friction between the finger or probe and the surface
contacted (Smith and Scott 1996; Hollins et al. 2005). Indeed, the coefficient of kinetic friction
was predictive of stickiness (r = 0.82, p < 0.001, Figure 11 right panel), less so of the other
two dimensions (r = 0.57 and —0.54, for roughness and hardness, respectively, p <0.05 for
both).

Of the three physical quantities that we measured, only compliance and friction were
significantly but weakly correlated (r = 0.59, p < 0.05). Correlations between physical
properties in a given stimulus set may underlie the correlations between adjective ratings
observed in this and previous psychophysical studies. For instance, the ratings of stickiness
and hardness obtained in the probe-scanning condition were significantly, but negatively

Note 1. In fact, LaMotte studied the perception of softness, which marks the other extreme on the hardness continuum.
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correlated (r =—0.63, p < 0.01), reflecting the special relationship between the two underlying
physical quantities.

In summary, when textures are explored with a probe, roughness seems to be correlated with
the power of the texture-evoked vibrations, hardness increases as compliance decreases, and
stickiness seems to increase as the coefficient of friction increases.

Discussion

We compared directly the textural percepts elicited when scanning natural textures with a probe
to those evoked when the same textures are scanned with the bare finger. Subjects rated the
surfaces along three well-established textural continua—roughness, hardness, and stickiness
—and judged the overall dissimilarity of texture pairs.

Roughness judgments were similar in the probe-scanning and finger-scanning conditions,
whereas judgments of hardness and stickiness differed to some extent across the two scanning
conditions; judgments of textural dissimilarity obtained in the two conditions were also
correlated but not identical. In both scanning conditions, pair-wise differences in adjectival
ratings were highly predictive of the dissimilarity ratings. We also found that three physical
quantities are highly predictive of the perceptual quality of the surfaces when they are scanned
by a probe: (1) perceived roughness increased as the power of the vibrations elicited in the
probe increased, (2) perceived hardness of a surface decreased as its compliance increased,
and (3) perceived stickiness increased as the friction between the probe and texture increased.

Overall, perception in the two scanning conditions was similar, though not identical. The
similarity in the properties of texture perception with direct and indirect touch is surprising
because the information available to the subjects in the two modes is very different, and
dissimilarity judgments can be based on any aspect of the neural discharge evoked by the
stimuli. In one condition (bare finger), the observer has direct information about the intrinsic
properties of the surface including its two-dimensional spatial structure, compliance, friction,
and thermal properties. In the other condition (indirect touch), all of the information about the
surface must be inferred from the vibrations, reaction forces, and displacements that are
transmitted from the working end of the probe to the hand (Johnson and Hsiao 1992; Johnson
and Yoshioka 2002).

Multidimensionality of texture perception

We found that the perceptual organization of textures as perceived through probes was similar
to that with direct touch. Most of the variance in the dissimilarity ratings in both scanning
conditions could be accounted for using a three-dimensional Cartesian model (Figure 8 and
Figure 10). Furthermore, in both scanning conditions, the dissimilarity ratings could be
predicted from the weighted sum of pairwise differences along the three continua: in the finger-
scanning condition, 85% of the variance in the dissimilarity ratings could be explained from
the adjectival difference scores; in the probe-scanning condition, the linear model accounted
for 76% of the variance in the dissimilarity judgments (Figure 7). The weights (standardized
coefficients) were somewhat different in the two scanning modes, suggesting that the salience
of these textural properties may differ across conditions. For instance, dissimilarity was best
predicted by differences in perceived hardness (followed by differences in roughness) in the
finger condition, whereas stickiness (followed by roughness) was the best predictor of
dissimilarity in the probe-scanning condition.

Results obtained in the finger-scanning condition are compatible with those obtained in
previous studies, in which roughness, hardness, and stickiness were found to be closely
associated with overall textural dissimilarity (Hollins etal. 1993, 2000). However, those studies
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found that roughness is typically the best predictor of dissimilarity. Why this is not the case
here is unclear, but may be due to the range and type of textures that were used in this study.
However, our textures do not appear clustered along a particular textural dimension or in a
particular region in the texture perceptual space (Figure 8). This is supported by the cluster
analysis which shows that the textures we used are relatively evenly distributed in the texture
perceptual space with similar inter-texture perceptual distances within and across the two
scanning conditions (Figure 8 and Figure 9).

The observed difference in the salience of hardness between the two scanning conditions may
be because subjects were not allowed to tap the surfaces with the probe (in the indirect touch
condition), an exploratory strategy that yields considerable information about surface
compliance (LaMotte 2000). Adjective texture dimensions other than roughness, hardness, and
stickiness have been examined by other researchers, and these dimensions include soft/harsh,
thin/thick, and relief and hardness (Picard et al. 2003) or blur and clarity (Gescheider et al.
2005). The relationship between the texture perceptual space, on the one hand, and roughness,
hardness, and stickiness, on the other, is different in direct touch and indirect touch. This
difference stems from the fact that the correlation between perceived hardness and perceived
stickiness is positive in the finger-scanning condition and negative in the probe-scanning
condition (Table I11).

Effects of scanning force and velocity on texture perception

We allowed subjects to scan the textures freely back and forth with instructions to use forces
and velocities they desired. This free scanning method was used because it allowed subjects
to maximize texture information about the surfaces. With indirect touch we found that
perceived roughness is closely correlated with vibratory intensity (Figure 11A). Thus the force
and velocity one employs to scan the texture are likely to influence the perception of its
roughness since they may alter the intensity and frequency content of the vibrations it elicits
in the skin. The relationship between perceived roughness and vibratory power was
characterized by using vibration data obtained when textures were scanned at a constant
velocity of 40 mm/s. The belt apparatus was used to minimize the effect of hand tremor and
other physiological and mechanical noise. However, the actual scanning velocities and forces,
which the subjects used, could be quite different from those used with the belt apparatus. We
thus wished to determine the range of scanning forces and velocities used by the subjects, and
whether the actual scanning forces and velocities influenced their roughness judgments.

To address these questions, we examined the scanning force and velocity during the roughness
judgment task through a probe. We tested only roughness perception with indirect touch since
roughness is correlated with vibratory power with indirect touch (Figure 11A), and the
vibratory information is most likely to be affected by scanning force and velocity. Three
subjects were tested. The results revealed that these subjects used different ranges of scanning
forces and velocities with the mean scanning force varying from 134 to 282 g (overall average
195 g), and the average scanning velocity varying from 17 to 74 mm/s (overall average 42 mm/
s). Despite these differences in force and velocity employed by these subjects, perceived
roughness ratings were highly correlated with each other (r = 0.86-0.95), suggesting that the
ranges of mean force, mean velocity, and their fluctuations did not alter roughness judgments.

Several other studies have also shown that the variations in scanning velocity and force have
little effect, over a range normally used, on the roughness perception with direct touch
(Lederman and Taylor 1972; Lederman 1974; Lamb 1983; Morley et al. 1983; Lederman et
al. 1999; Lederman and Klatzky 2004). With indirect touch, perceived roughness also does not
change significantly even when scanning velocity is increased fourfold (Lederman et al.
1999). These observations combined with our findings suggest that the relationship between
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the neural discharge upon which the behavior is based and the texture-related vibratory
information via a probe is not simply related to vibratory power.

What are roughness, hardness, and stickiness?

Although spatial variability in the SAL response is linear with roughness (Connor et al.
1990; Connor and Johnson 1992; Blake et al. 1997; Yoshioka et al. 2001), the physical quantity
underlying perceived roughness is unclear. For example, with direct touch, the perceived
roughness of gratings has been found to increase as groove width increases and to decrease as
ridge width increases (Lederman and Taylor 1972; Sathian et al. 1989; Yoshioka et al. 2001),
and the perceived roughness of sandpapers is a power function of particle size (Ekman et al.
1965; Hollins and Risner 2000). In other studies using embossed dot patterns, the relationship
between perceived roughness and dot size, height, and spacing has been shown to be complex.
Connor etal. (1990) found that roughness was an inverted “U” shaped function of dot spacing;
Blake et al. (1997) found that, for constant dot spacing, roughness increased with dot height
and Meftah etal. (2000) found that the relationship between perceived roughess and dot spacing
is linear for patterns with large dot heights. As in probe scanning, however, it is possible that
the relationship between dot spacing and perceived roughness is monotonic as long as the finger
does not reach the “drop point”, that is, the inter-element spacing at which the finger or probe
touches the bottom of a surface (Klatzky et al. 2003). In any case, the physical determinant of
perceived roughness with direct touch is not clear. Roughness seems to be associated with the
spatial modulation in the surface, something that can be termed “surface coarseness”.

In studies using probes, Klatzky et al. (2003) found that perceived roughness was an inverted
“U” shaped function of dot spacing—as has been found with direct touch. As discussed above,
however, the stimulus that impinges on the skin is very different. One quantity that influences
perceived roughness through indirect touch is vibratory power: as the probe is scanned across
a textured surface, the probe interacts with the surface in such a way as to produce vibrations.
One difference between the power measure used by Bensmaia and Hollins and the one adopted
here is that their vibrations were filtered using the inverted Pacinian threshold power as a
function of frequency (following Makous et al. 1995). In the present study, raw power was as
good a predictor of perceived roughness as was Pacinian-filtered power (the correlation
between roughness and power was 0.92 for raw power and 0.89 for PC-weighted power).

Based on the results presented above, we propose that the three quantities, vibratory power,
compliance, and friction parameterize the physical space within which textures vary when these
are explored through a probe (Figure 11). We propose that using these qualities one should be
able to accurately simulate texture perception with a probe.

One component of perceived texture is not, however, captured in this dimensional scheme:
some textures consist of structured or patterned elements. The structure in these surface textures
can be represented as a structured spatial pattern of activity, or, for fine textures or indirect
touch, as a structured temporal pattern of activity. For instance, the periodic structure of
corduroy can be readily perceived and is a property that is not captured by its roughness,
hardness, or stickiness. When scanning corduroy (a grating) with the bare finger, the response
evoked in mechanoreceptive afferents has a strong periodic component, both in the temporal
and in the spatial domain (Phillips and Johnson 1981; Goodwin and Morley 1987; Morley and
Goodwin 1987; Bensmaia et al. 2006). When scanned with a probe, the vibrations produced
by corduroy have a strong periodic component (Figure 2). This periodic property of the textural
percept, when represented temporally, has been termed “textural timbre” (Bensmaia and
Hollins 2005).

As for the physical determinants underlying hardness and softness, the perceived hardness of
a surface has been associated with its compliance, both with direct and indirect touch
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(Srinivasan and LaMotte 1995; LaMotte 2000), whereas the perceived stickiness of a texture
is attributed to the coefficient of friction between finger and surface (Smith and Scott 1996).
Hollins et al. (2004, 2005) varied the perceived stickiness of a virtual texture generated using
a force-feedback device by manipulating the resistance force applied on the probe as it is
scanned across the texture. Thus, the notion that compliance and friction are associated with
hardness and stickiness, respectively, is consistent with reports from previous studies.

Neural mechanisms of texture perception

Much of the research on texture perception, both with direct and indirect touch, has focused
on the perception of roughness. One of the important questions addressed in this line of inquiry
is: are the neural codes underlying roughness perception through direct and indirect touch
different? With direct touch, the perceived roughness of a coarse surface has been shown by
Johnson and Hsiao and their colleagues to be a function of the spatial variability in the activity
itelicits in SAl afferents over a wide range of textures (Connor et al. 1990; Connor and Johnson
1992; Blake et al. 1997; Yoshioka et al. 2001). After testing a wide range of potential neural
codes, they concluded that all codes based on PC, RA, and SA2 responses, mean rate codes,
and temporal codes could be rejected (see Johnson and Yoshioka 2002 for a review). Hollins
and colleagues have posed a hypothesis that the perception of roughness for fine textures use
high frequency vibratory cues (Hollins et al. 1998, 2001; Hollins and Risner 2000), and that
direct touch and indirect touch may use different neural mechanisms (Hollins et al. 2006). In
the present study, we provide evidence that vibratory cues play a major role in roughness
perception with indirect touch.

When scanning a texture with a probe, the perception of the contour of the probe, which is in
direct contact with the fingers, is likely mediated peripherally by SA1 afferents (Goodwin et
al. 1995; LaMotte et al. 1998). The roughness of the scanned surface, however, seems to be a
function of the vibrations elicited in the probe as it is scanned across the surface (see Figure
6, left panel and Figure 11A). The perception of these texture-elicited vibrations is likely
mediated peripherally by PC afferents. Both SA1 and RA afferents are far more sensitive to
punctate stimuli, corners, and edges than they are to flat or gently graded surfaces. So, although
SAL afferents encode the curvature of the probe as a spatially graded pattern of activity, this
pattern is probably not substantially modulated by the texture-elicited vibrations. When a
vibratory stimulus is presented to the skin through a cylindrical stimulator, and hence the area
over which the stimulator contacts skin is large, SA1 afferents become unresponsive to the
vibrations and RA thresholds increase substantially. In contrast, PC thresholds decrease
considerably as the area of skin contact increases, as shown in both psychophysical (Verrillo
1963; Brisben et al. 1999; Morioka and Griffin 2005a, 2005b) and neurophysiological
(‘Yoshioka et al. manuscript in preparation) experiments. Thus, PC fibers are exquisitely
sensitive to vibrations transmitted through a probe, whereas RA fibers are far less so (and SA1
fibers are almost completely insensitive) when the contactor area is large (as is the case with
a probe held in the hand).

While scanning a surface with a probe, then, there is a duality of percepts: the contour of the
probe is represented as patterned activity in a population of SA1 afferents while the roughness
of the texture is represented in the activity of PC (and possibly RA) afferents. In fact, attention
can be focused on the contour of the probe, a percept that is projected to the point of contact
between hand and probe, or it can be focused on the texture of the surface, a percept that is
projected to the point of contact of the probe with the surface. This ability to switch one’s focus
of attention from the probe to the surface is compatible with the hypothesis that two distinct
neural signals mediate these two tactile percepts.

Little is known about the neural mechanisms underlying the tactile perception of hardness.
With direct touch, the perception of softness/hardness may be mediated by the spatio-temporal
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pattern of activity evoked in SA1 afferents, itself determined by the pressure distribution over
the contact area (Srinivasan and LaMotte 1995). However, proprioceptive information may
play a role in the perception of softness/hardness through a probe: if the velocity with which
a surface is tapped against the probe varies, subjects’ ability to judge its hardness is impaired
(LaMotte 2000). Thus, information about the probe’s motion relative to the object seems to be
necessary to judge its hardness, a requirement that seems to implicate SA2 input (Edin and
Johansson 1995). In the present study hardness information was not obtained by tapping the
probe against the surface as this was not permitted. Rather, the subjects likely obtained hardness
information by applying a force against the texture and observing the degree to which the probe
indented it. Thus, proprioceptive information about the applied forces and small displacements
along the axis of the probe may play an important role in hardness perception.

With direct touch, perceived stickiness has been shown to be closely related to the kinetic
friction between skin and surface, that is, the ratio between the force exerted normal to the
surface to that exerted parallel to the plane of the surface (Smith and Scott 1996; Hollins et al.
2004). Furthermore, when judging stickiness, subjects do not substantially vary the normal
forces they apply on the surface, but the applied tangential forces tend to vary across surfaces,
suggesting that tangential forces are critical in the perception of stickiness (Smith and Scott
1996). As SA2 fibers are sensitive to skin stretch (Witt and Hensel 1959; Iggo 1966; Knibestol
1975), this population of mechanoreceptive afferent fibers may provide the peripheral signals
underlying stickiness perception, although recent evidence suggests that other
mechanoreceptive afferents also convey information about forces exerted on the skin
(Birznieks et al. 2001). Vibratory cues may also be a factor in the perception of stickiness: as
the skin skitters across a sticky surface, vibrations are produced in the skin (likely transduced
and processed within the Pacinian system) which may contribute to the perception of stickiness
(Bensmaia and Hollins 2005). With indirect touch, stickiness perception may rely on
proprioceptive information about the normal and lateral (= tangential) forces exerted on the
probe while dragging it across the surface. Indeed, the perceived stickiness of a surface scanned
with a probe is determined by the coefficient of friction, that is, the ratio between tangential
and normal forces exerted on the surface (Figure 11). Vibratory cues may also factor into the
perception of stickiness through a probe.

The major difference between direct touch and indirect touch is that a spatial image of the
texture is available at the finger pad in direct touch, whereas the spatial image at the finger
pads is a contour of the probe with indirect touch (Klatzky et al. 2003). The temporal
representation of the textures with indirect touch becomes an important factor in providing
texture information. Thus, the neural mechanisms involved in probe-based texture perception
are likely to be different from those in a direct touch. The neural coding of texture perception
ultimately relies on understanding the relationship between the neural responses and behavior.
To elucidate these neural mechanisms, the peripheral neural image evoked by surfaces differing
along multiple textural continua and explored in the two scanning modes needs to be
characterized and linked to behavioral results, as has been done in the study of roughness
perception.
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Figure 1.

Subject’s (left) and experimenter’s (right) view of the experimental setup. The green circle
signaled the beginning of the trial. The subject placed the finger or probe on the leftmost
platform of the stimulus assembly and waited for the circle to disappear, at which time the
subject began moving the finger or probe to their right. As the subjects scanned the finger/
probe to the right, they reached the first aperture (i.e., the first stimulus). The subjects explored
the first stimulus by scanning it in a back and forth motion with the finger/probe for as long as
they wished. The subjects then slid the finger/probe up the rightmost edge of the aperture,
across a short platform on the stimulus assembly, to the second aperture. Again, the subjects
explored the stimulus by scanning back and forth until they were satisfied, and then slid the
finger/probe out of the second aperture. When the finger/probe was on the rightmost platform,
the subjects removed the finger/probe from the assembly and provided the experimenter with
their dissimilarity rating. In the adjective rating task, subjects explored only the first texture,
then produced their rating.
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Figure 2.

Vibrations recorded from scanning corduroy when the texture surface was moved at 40 mm/s
against a Delrin probe (diameter = 3mm) held by a stationary hand. A tri-axial accelerometer
attached to the top of the probe monitored accelerations along the x- (scanning direction), y-
(orthogonal to x in the horizontal plane), and z-(vertical) axes. The corresponding Fourier
spectra are shown on the right. Notice that the amplitudes of Fourier components along the
scanning direction (x) are the largest, and that the same frequency peaks (13.5, 27, 40 Hz) are
present in the y- and z-axes.
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Vibration (acceleration) signals recorded in the scanning direction (left panels) and their
corresponding Fourier spectra (right panels; logarithmic) for five sample textures. (See figure

2 for details).
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Figure 4.

Normalized dissimilarity ratings for the 120 texture pairs obtained in the finger-scanning
condition vs. ratings obtained in the probe-scanning condition. Dissimilarity ratings were first
normalized within block by dividing each dissimilarity rating by the mean rating for that block.
Ratings were then averaged over eight subjects and five repeats. The solid line is the least-
squares regression line, and error bars show the standard error of the mean. The perceived
dissimilarity of textures was similar but not identical in the two scanning conditions.
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Figure 5.

Results from the adjective scaling experiment. Perceived roughness (top panel), hardness
(middle panel), and stickiness (bottom panel), normalized within block then averaged over
eight subjects. Solid bars show the results obtained in the finger-scanning condition, and open
bars represent the results obtained in the probe-scanning condition. For many textures, ratings
are similar between finger- and probe-scanning conditions. Some textures, however, yielded
considerably different ratings in the two conditions along some textural continua (e.g., the
perceived stickiness of glass was high in the finger-scanning condition and low in the probe-
scanning condition). Textures are ordered from the left to the right in increasing order of
perceived roughness in the finger-scanning condition. Error bars show standard error of the
mean.
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Figure 6.

Normalized perceived roughness (left panel), hardness (middle panel), and stickiness (right
panel) ratings obtained in the finger-scanning condition vs. ratings obtained in the probe-
scanning condition. Data are the same as those presented in Figure 5. Roughness ratings
obtained in the two scanning conditions are highly correlated whereas hardness and stickiness
ratings are less so. Error bars show the standard error of the mean.
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Probe scanning
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Predicted dissimilarity

Predicted vs. measured dissimilarity in the finger-scanning (left panel) and probe-scanning
(right panel) conditions. To obtain the predicted dissimilarity ratings, we first regressed pair-
wise differences in the subjects’ ratings along the three texture continua on predicted
dissimilarity, then used the resulting regression coefficients to generate the estimates (see text
for details). The match between predicted and measured dissimilarity suggests that, in both
scanning conditions, perceived dissimilarity can be reliably predicted from differences in
roughness, hardness, and stickiness.
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Figure 8.

Relative locations of 16 textures are shown in the multidimensional scaling (MDS) space model
based on perceived dissimilarity ratings (dark blue dots with vertical gray lines) and their
relation to perceived roughness (red line), hardness (green line), and stickiness (dark blue line).
Left panel shows a plot in the finger-scanning condition and right panel shows probe-scanning
condition. The radii of the spheres represent the overall mean of adjective ratings, and angle
values provide the degree of orthogonality between the two adjective axes. These angles were
measured between the high ends of the two adjective axes (where the words “Rough”, “Hard”,
or “Sticky” are placed). MDS solutions of dissimilarity ratings are based on 3D models in
which each axis (Dimensions 1-3) is chosen arbitrarily to attain best fit between the model and
normalized ratings. Averaged data over eight subjects in each scanning condition were used.
Note a large difference in angle between the hardness and stickiness axes across two modes of
scanning (47°: finger scanning, 150°: probe scanning), demonstrating that the correlations of
the ratings along these two continua are different across two modes of scanning (Table I11).
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Figure 9.

Cluster plots (dendrograms) of inter-texture distances in perceptual space based on the 3D
multidimensional scaling (MDS) models using perceived dissimilarity of texture pairs.
Different colors are used to categorize different clusters at the thresholded at, two standard
deviations above the mean perceptual distance.
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Figure 10.

Scree plots illustrating the coefficient of determination R? achieved by an n-dimensional MDS
model as a function of the dimensionality of the model for dissimilarity ratings obtained in the
finger-scanning (circles) and probe-scanning (squares) conditions. Two or more dimensions
are necessary to achieve a good fit in the finger-scanning and probe-scanning conditions at the
level above R2=10.9.
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Figure 11.

Physical quantities associated with perceived roughness, hardness, and stickiness when
exploring textures through probes. (A) Log power of texture-elicited vibrations vs. subjective
roughness magnitude. Correlation coefficients between log vibratory power and perceived
roughness, hardness, and stickiness were 0.92, 0.04, and 0.23, respectively. (B) Perceived
hardness vs. log relative compliance. Relative compliance was given by the ratio between the
displacement of a Delrin 3-mm diameter probe into a textured surface and the weight that
produced it (in cm/g). Correlation coefficients between log relative compliance and perceived
roughness, hardness, and stickiness were 0.43, —0.93, and 0.59, respectively. (C) Perceived
stickiness vs. the log coefficient of friction. Correlation coefficients between log coefficient of
friction and perceived roughness, hardness, and stickiness were 0.57, —0.54, and 0.82,
respectively. Thus, perceived roughness is associated with vibratory information, perceived
hardness with relative compliance, and perceived stickiness with friction.
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Summary of stimuli used in the study. We refer to the textured surfaces using common names in the text (left column).

Descriptions (right column) are those used by the manufacturer or the store where they were purchased.

Name Description

Corduroy PPKS5 corduroy (100% cotton)

Denim Non-stitch DKWSH (100% cotton)

Fleece PPKG® suiting (100% polyester)

Foam 100% nylon headliner/black Donna foam
Glass 6 mm thick

Latex 0.5 mm thick (McMaster—Carr, 8611 K164)
Nylon Sport nylon (100% nylon)

Organza Bridal organza (100% nylon)

Paperl Water-color paper (90 Ib hot press)

Paper2 Water-color paper (140 Ib cold press)
Paper3 Water-color paper (300 Ib rough)

Rubber 6.5 mm thick (McMaster—Carr, 8635 K646)
Suede Alova suede (100% polyester)

Vinyll Poly-vinyl chloride, silver surface color
Vinyl2 Poly-vinyl chloride, brown surface color
Wood Poplar
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Table IIl.

Correlation coefficients between the roughness, hardness, and stickiness ratings along with angle (in parentheses)
between textural axes in MDS space. The upper triangular matrix (shaded) shows results obtained in the finger-scanning
condition; the lower triangular matrix (un-shaded) shows results obtained in the probe scanning condition. As the
correlation nears zero, the axes become closer to orthogonal (90°). An angle greater than 90° indicates a negative
correlation between the adjective ratings along the corresponding textural continua. Note that hardness and stickiness
are positively but not significantly correlated in the finger-scanning condition, but negatively and significantly (p <
0.01) correlated in the probe-scanning condition (see the text). All other correlations are not statistically significant.

Probe\finger Roughness Hardness Stickiness
Roughness - -0.17 (103°) 0.11 (76°)
Hardness —0.16 (77°) — 0.25 (47°)
Stickiness 0.45 (67°) —0.63 (150°) -
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