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For most people “naturalness” is a highly appreciated material characteristic. For instance, a natural wooden
!oor is seen as more valuable than a fake replica, though they may be comparable in quality and durability. In
the present study we investigated how sensory input (vision and touch) contributes to the perception of
naturalness in wood. Participants rated samples of wood or imitations thereof, such as vinyl and veneers. We
"rst attempted to provide a validation of the measurement of perceived naturalness by comparing four
psychophysical measurement methods (labelled scaling, magnitude estimation, binary decision, and ranked
ordering). Second, we investigated the contribution of vision and touch by measuring the perception of
naturalness in three exploration modalities (vision only, touch only, and visuo-tactile). The results show a
high degree of consistency across measurementmethods, suggesting that wemeasured a common underlying
construct that relates to naturalness. It also suggests that this construct is represented on a metathetic
(categorical) continuum. Moreover, we found that both vision and touch are highly correlated predictors of
visuo-tactile perception of naturalness.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Most humans show a preference for natural materials over
arti"cial or synthetic replicas. Although some exceptions can surely
be found, in general, objects manufactured with natural materials are
perceived to be qualitatively better than objects made of synthetic
materials. The human preference for natural has been empirically
demonstrated for food and medicines (Rozin et al., 2004) and also for
landscapes (Purcell & Lamb, 1998), a preference which holds across
cultures (Kaplan & Herbert, 1987). This preference for natural things
possibly underlies and strongly in!uences the outcome of decisions
made in many everyday contexts, i.e. when choosing what to eat or
selecting what objects to use or buy. It is therefore remarkable that
barely any research has addressed the sensory factors that may
determine the perception of naturalness. In fact, the existence of
naturalness as a perceptual attribute has been seldom considered. In
this study, we attempt to substantiate the concept of naturalness as a
perceptual variable and to address the contribution of vision and
touch to the perceived naturalness of materials.

Although almost no research has been conducted on the
perception of naturalness in materials, some has been done in the
domain of foods, pioneered by Rozin and colleagues. According to his

work, the perception of naturalness of a particular substance depends
on the knowledge about the history of transformations that it has
undergone from its original state: contagion, chemical changes,
processing and mixing (Rozin, 2005, 2006). In Rozin's studies,
participants had to rate the degree of naturalness of a variety of
substances, mostly foodstuffs, from verbal descriptions. Amongst
other things, Rozin found that a small amount of an additive that has
some negative or non-natural characteristic produced a large drop in
perceived naturalness of the substance, even when this additive was
later taken out from the product. An interesting aspect of (Rozin et
al.'s, 2004; Rozin, 2005, 2006) "ndings is that the preference for
natural goes beyond the known objective qualities of the substances.
That is, despite the physical properties of two substances being
exactly the same, people still prefer the one that is subjectively judged
as being more natural, on the basis of knowledge about the process in
which these substances had been produced. For example, untouched
natural spring water would be preferred over physically identical
water in which (participants are told that) a certain mineral was
removed and re-introduced at a later stage (Rozin, 2005).1
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1 Although not all natural things are alive, they are by de"nition, derived from
nature. In this sense, the preference for natural versus arti"cial things, according to
some authors, may be related to an intrinsic and emotional preference which has been
named Biophilia: “the innately emotional af"liation of human beings to other living
organisms” (Frumkin, 2001; Wilson, 1984).
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A possible limitation of (Rozin et al.'s, unpublished manuscript;
Rozin, 2005, 2006) work is that sensory input was explicitly
excluded, as participants judged naturalness based on written
descriptions and could not physically explore the actual sub-
stances. Therefore, their results and conclusions are solely based
on an observer's prior knowledge provided by the descriptions.
However, in everyday life, objective knowledge about the
processes that a certain product has undergone is often unavail-
able and can only be estimated from the sensory information
extracted on the spot. In the present study, we focus on the
contributions of sensory input on the perception of naturalness;
that is, how naturalness is assessed by information gathered by
the different senses, speci"cally vision and touch.

The perception of naturalness, like perceptual representations in
general, is likely to be determined by input from different sensory
modalities, which may provide complementary aspects of material or
object properties. One could think of several different tactile
characteristics, which could be critical for the perception of
naturalness, for example thermal properties (e.g. Ho & Jones, 2006)
or softness (e.g. Srinivasan & LaMotte, 1995). Colour or gloss could be
important visual characteristics. Yet some other characteristics are
available to more than one sensory modality. For example, roughness
and texture (the feel, appearance, or consistency of a surface,
substance, or fabric; Oxford Online Dictionary, 2008) are very rich
sources of information and are perceived through more than one
modality (Bergmann Tiest & Kappers, 2007; Soto-Faraco & Deco,
2009; Whitaker, Simoes-Franklin, & Newell, 2008). In these cases, the
representation of these attributes most likely arises from the
integration of input from different senses (e.g., Ernst & Bulthoff,
2004).

1.1. Scope of the present study

The aim of the current study is to unravel the importance of
sensory input in differentmodalities for the perception of naturalness,
as opposed to the in!uence of a priori knowledge about the history of
the object as studied in the past by (Rozin, 2005, 2006; Rozin et al.,
2004). Moreover, a complementary objective of this study is to
provide grounding to the concept of naturalness as a measurable
perceptual feature. Although the concept of naturalness is widely
used, for example to qualify a material, and it seems to have a
straightforward meaning in our everyday conversations, a clear
objective de"nition is lacking. This lack of de"nition makes natural-
ness hard to address but it should not prevent its investigation
altogether, in analogy to other ill-de"ned psychological constructs
like consciousness (e.g., Crick & Koch, 2003) and attention (e.g.,
Pashler, 1994). For practical purposes we developed an operational
de"nition of “natural” as something that is “derived from nature”. This
de"nition is derived from the Oxford dictionary entry, and adjusted to
serve the purpose of this study.

Since the physical properties that are relevant to naturalness are in
principle unknown, it is not possible to describe the relationship
between physical parameters of the stimuli and their subjective
correlate, perceived naturalness, as it would be done in the classical
psychophysical approach (Gescheider, 1997). However, the attempt
to use psychophysical methods to address ill-de"ned psychological
constructs, such as the aesthetics of abstract forms (Fechner, 1876) or
the seriousness of a criminal offence (Thurstone, 1927) is almost as
old as modern psychophysics itself. In order to measure this type of
properties, one must agree on the type of psychological scale
emerging from the data, and it is generally accepted that a powerful
type of validation is to show consistency of the measured property
across differentmeasurementmethods. Moreover, the type of relation
between the results of different measurement methods informs us on
the type of data we are measuring. If the relation is linear, the data are
represented on a metathetic continuum (qualitative; categorical).

However, if the relation is nonlinear the data are represented on a
prothetic continuum (quantitative; how much) (Gescheider, 1997,
Chapter 14). In the present study, we evaluated the measurability of
naturalness by using four different methods: labelled scaling, binary
decision, free-modulus magnitude estimation and ranked ordering
(see Method section for a description of each).

Another point of consideration is that the sensory correlates of
naturalness might in principle vary quite a lot from one category
of materials to another (e.g. wood vs. stone vs. fabric). This problem of
variation, which is possibly related to the multidimensional nature of
the concept of naturalness (and the dif"culties in de"ning it), makes it
important to study each category of objects individually. Although
outside of the scope of this study, we should expect variations in the
degree in which different sensory properties contribute to the
perception of naturalness across different materials. For introducing
the study of the perception of naturalness ofmaterials, and as a proof of
principle, in the current studywe decided to focus on the perception of
naturalness in wood and arti"cial replicas thereof. We chose wood
since this is a material that most people are familiar with and it comes
in various forms and imitations.

The "rst goal of the current study is to obtain a validation of
perceived naturalness measurements by cross-correlating four dif-
ferent methods. The second goal is to address the multisensory
contributions to the perception of naturalness by evaluating the
observer's performance through vision and touch separately and in
combination.

2. Experiment 1

2.1. Method

2.1.1. Participants
Thirty-two participants (24 females; 29 right-handed; mean age

23.6, range 17–37) took part in this study. Sixteen of them
participated in both labelled scaling and magnitude estimation, and
the other 16 participated in the binary decision task and the ranked
ordering task. All participants had normal or corrected to normal
vision, normal touch, and had no professional expertise concerning
wood or imitation wood.

2.1.2. Wood samples
Thirty different pieces of wood (14) and imitations thereof (16)

were selected for this experiment. The samples were either made of
real oak, varying in the treatments they underwent, or imitations of
oak, varying in the materials they were made of (see Table 1 for a
short description of each sample, and Table A1 for several physical
measurements on these samples). We classi"ed a sample as natural
when the largest part of the sample consisted of real wood. When the
sample consisted of only a small proportion of real wood (like the
veneers) we categorized them as arti"cial. However, this classi"cation
is relatively unimportant, because our analysis is based on the
probability of a sample being classi"ed as natural acrossmeasurement
methods and modalities.

The samples were mounted in 12 by 12 by 5.5 cm grey plastic
boxes, so that only the top surface of the sample could be explored
through a window of 8 by 8 cm. When presented to the observer, the
samples were all shownwith the grain aligned with viewing direction
(vertically; see the inset in Fig. 1).

2.1.3. Design and procedure
The participants sat behind a table in front of an

80!80!80 cm photographic daylight tent, which was illuminated
by six 50 W white daylight 5000 K light bulbs. In this way the
samples were illuminated under constant lighting conditions with
scattered light, which is important since the direction of the light
can in!uence the perception of certain features of wood (Brown,
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1960). In the tactile only exploration the front of the light tent
was covered with a white cloth to prevent the participants from
seeing the sample. The temperature in the experimental room was
kept at about 20 °C. To exclude the possible in!uence of acoustic
cues while exploring the samples, the participants were wearing
headphones, which played white noise at a sound pressure level
suf"cient to mask the sounds produced by the tactile exploration
of the samples. A photograph of the setup is shown in Fig. 1.
Before starting the trials we gave the participants a de"nition of
natural as “derived from nature”.

Each trial started by the experimenter placing a sample in the
middle of the bottom of the daylight tent, from an opening at the back.
If visual input was allowed, the participant viewed the sample at a
distance of approximately 50 cm, at an angle of about 45° (partici-
pants were asked to maintain head posture stable, but their heads
were not restrained). The participant had then to explore the sample,
either by using vision only, touch only or by using both for 3 s. In the
visual exploration condition, participants could see but not touch the
sample, and could freely explore it (their exploration strategy was not
restricted to a certain pattern). In the tactile exploration condition
they were asked to make circular movements with the "nger pad of
the index "nger of their dominant hand, so that the participants
would actively touch the samples in all possible directions. Finally, in
the visuo-tactile condition participants used both exploration modal-
ities. After the 3 second exploration phase the experimenter removed
the sample and the participant had to rate its naturalness according to
one of three measurement methods: labelled scaling, magnitude
estimation or a binary decision task. In the ranked ordering method,
the participant was handed the samples in a random order (one by
one) and was asked to put them in order of naturalness, frommost to
least natural, on top of a large table (75!200 cm). Also in this method
vision only, tactile only (subjects blindfolded), and visuo-tactile
exploration conditions were performed. (See next section for a more

detailed description of the methods). Each participant was asked to
rate naturalness for each sample in two measurement methods and
using all three modalities. The order of the trials was randomised and
the experimental conditions were counterbalanced over the
participants.

2.1.4. Measurement methods and analysis

2.1.4.1. Labelled category scaling. Category scaling is a partition
scaling method, which assumes that observers will keep the
intervals between categories psychologically equal. Under this
assumption, the category values are then treated as interval scale
values. According to some authors, using a labelled scale (instead
of non-labelled numbers) makes it less likely that participants
adopt a strategy that just equalizes response frequency for each
category thereby biasing the judgements (Gescheider, 1997). In
the present study, participants were asked to classify each
stimulus according to a 7-point scale with labelled categories.
We translated Rozin's (2005) scale for the perception of
naturalness (of foods) to Spanish. The original (English) version
is as follows: 0 = not natural at all; 1 = very slightly natural; 2 =
slightly natural; 3 = moderately natural; 4 = very natural; 5 =
extremely natural; and 6 = completely natural. We linearly
rescaled the results to a 0 to 1 scale to make them readily
comparable to the other measurement methods.

2.1.4.2. Free-modulus magnitude estimation (based on the magnitude
estimation method as described by Stevens (1975)). Magnitude
estimation is considered a ratio scaling method, as participants are

Table 1
Descriptions and naturalness estimations for the three explorationmodalities for the 30
wood samples used in Experiment 1.

Sample
number

Type of wood Description Category Vision Touch Visuo-tactile

1 Tiger oak Raw Natural 0.80 0.82 0.87
2 Tiger oak Weathered Natural 0.88 0.92 0.90
3 Tiger oak Sanded Natural 0.71 0.73 0.74
4 Tiger oak Waxed Natural 0.78 0.64 0.75
5 Tiger oak Oiled Natural 0.65 0.66 0.66
6 Tiger oak Varnished Natural 0.74 0.52 0.61
7 Tiger oak Manufactured Natural 0.45 0.45 0.48
8 Cognac oak Raw Natural 0.81 0.84 0.88
9 Cognac oak Weathered Natural 0.82 0.92 0.89
10 Cognac oak Sanded Natural 0.64 0.65 0.66
11 Cognac oak Waxed Natural 0.78 0.63 0.75
12 Cognac oak Oiled Natural 0.66 0.61 0.65
13 Cognac oak Varnished Natural 0.55 0.41 0.40
14 Cognac oak Manufactured Natural 0.56 0.43 0.61
15 Tudor oak Laminate Arti"cial 0.44 0.50 0.45
16 Shire oak Laminate Arti"cial 0.47 0.55 0.50
17 Fake wood Laminate Arti"cial 0.44 0.46 0.43
18 Fake wood Veneer Arti"cial 0.56 0.18 0.32
19 Fake wood Soft vinyl Arti"cial 0.28 0.42 0.35
20 Fake wood Soft vinyl Arti"cial 0.47 0.61 0.56
21 Fake wood Soft vinyl Arti"cial 0.37 0.64 0.45
22 Fake wood Hard vinyl Arti"cial 0.27 0.52 0.33
23 Fake wood Hard vinyl Arti"cial 0.18 0.28 0.18
24 Fake wood Hard vinyl Arti"cial 0.33 0.29 0.30
25 Fake wood Vinyl Arti"cial 0.24 0.37 0.30
26 Fake wood Vinyl Arti"cial 0.16 0.34 0.18
27 Fake wood Vinyl Arti"cial 0.20 0.39 0.23
28 Fake wood Photocopy Arti"cial 0.23 0.06 0.08
29 Fake wood Photocopy Arti"cial 0.37 0.05 0.10
30 Fake wood Photocopy Arti"cial 0.24 0.07 0.04

Fig. 1. A participant performing the task in the visuo-tactile exploration condition. In
the tactile only condition a white sheet was attached to the front opening of the tent, so
that the participant was prevented from seeing the stimulus, but was still able to put his
hand inside the tent. In the inset one of the samples is shown.
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asked to provide a numerical estimate to correspond to the strength
of a psychological or sensory magnitude in a continuous scale, and
proportionally to the ratings of previous stimuli. The advantage with
respect to category scaling is that in magnitude estimation the
perceptual (phenomenological) experience is not constrained to a
pre-de"ned set of categories. Yet, this also leads to the disadvantage
of having a lower degree of reliability. Although the initial use of ME
involved a standard stimulus with a corresponding value (modulus),
free-modulus magnitude estimation allows for a less constrained
judgement task and, despite large individual differences, it has been
shown to lead to high inter- and intra-individual consistency
after normalisation (Gescheider, 1997). In our study, participants
were asked to assign an arbitrary numerical value to the "rst
stimulus, and then assign numbers to the following stimuli
accordingly, trying to capture the ordering and subjective distance
between stimuli for the judged property (naturalness, in this case).
They were allowed to use any number they liked. Unlike in the
labelled category scaling, we explicitly asked the participant to
compare the different stimuli to each other. The numerical scores the
participants had given were averaged by computing the geometric
mean (Gescheider, 1997, Chapter 11), and then rescaled linearly
(between 0 and 1) in order to make this measurement readily
comparable to the other methods.

2.1.4.3. Binary decision. Binary decision is a reduced version of
labelled category scaling, with the property that the probability of a
stimulus to be classi"ed into one or another perceptual category can
be assessed directly rather than derived from linear transformations
(like in the other methods). In our study, participants were asked to
judge whether they think a stimulus is natural or not by simply
responding with a “yes” or a “no”. We assigned the value 0 to the
answer “no”, and 1 to “yes” and averaged these values over all
participants for each sample.

2.1.4.4. Ranked ordering. In ranked ordering methods, participants
arrange the stimuli in a sequence of increasing (or decreasing)
perceived sensation by directly comparing the different exemplars.
The chance to examine the stimuli freely and repeatedly releases
participants from having to recall previous stimuli by memory, thus
providing more direct bases for comparison. On the down side, the
sensory input is less well controlled with this observation method.
The numerical output of ranked ordering conforms to an ordinal scale
on individual bases, but by averaging the rank orders of each stimulus
across all subjects we assumed an interval scale. In this particular
study, participants were asked to rank the samples from most to least
natural. They were handed the samples one by one in a randomised
order and were asked to place them in a line on the table. The

Fig. 2. Naturalness estimations for each sample, for each method, and for each modality. Each data point represents the average of 16 participants' estimations, the error bars are the
standard errors of these averages.

4 K.E. Overvliet, S. Soto-Faraco / Acta Psychologica xxx (2010) xxx–xxx

Please cite this article as: Overvliet, K.E., & Soto-Faraco, S., I can't believe this isn't wood! An investigation in the perception of naturalness,
Acta Psychologica (2010), doi:10.1016/j.actpsy.2010.10.007

http://dx.doi.org/10.1016/j.actpsy.2010.10.007


participants could change the order of the stimuli at any time during
the experiment. After they reached their "nal ranked order, the
samples were assigned the rank number corresponding to the
position in the line (between 1 and 30). We averaged the scores for
each sample and rescaled the results (from 0 to 1) to make the scores
comparable to the other methods.

Except for the binary decision trials, in order to decide the category to
which the sample was assigned by the subject, we "rst transformed the
scale to a 0 to 1 scale and all samples that were rated 0.5 or below were
considered to be judged non-natural.

2.2. Results

Our central question is to address whether sensory properties
can lead to a consistent estimate about the perception of
naturalness, in principle regardless of whether that judgement is
accurate or not. However, it is important to note that the
participants' categorisation of the samples (across the four
methods used) was well above chance in all sensory modalities;
78%, 72% and 80% correct classi"cation for visual, tactile and
visuo-tactile explorations respectively. Typically misclassi"ed
samples were manufactured and varnished oak and laminate,
vinyl and veneers. They were misclassi"ed mainly by touch (88%
of the misclassi"ed samples, as compared to 25% by vision, and
38% in the bimodal condition; some of the samples were
misclassi"ed in more than one exploration modality). The mean
naturalness estimation and accompanying standard deviation for
each method - modality combination can be found in Table 3.

2.2.1. Consistency between measurement methods
The ratings of naturalness arising from the different measure-

ment methods were very highly correlated (Fig. 2; all correlations
N0.82; range 0.83–0.98; see Table 2 for all correlations). This
indicates that the results of the different measurement methods
were consistent, and provides indirect evidence that the under-
lying property being evaluated was the same across the methods.
Not only the pairs of methods that were tested in the same
participants (labelled scaling and magnitude estimation, and
binary decision and ranked ordering) were highly correlated, but
also there were high correlations between methods tested across
different individuals.

The relationships between these four measurement methods
are dependent on the type of data we collect: data on a metathetic
continuum in which qualitative rather than quantitative changes
are described (what kind, categorical, e.g. colour), or data on a
prothetic continuum: which has quantitative but not qualitative
changes (how much, magnitude, e.g. weight). In prothetic data
different methods result in different psychophysical functions, and
can therefore not be combined into a single data set. However, in
metathetic data, the methods lead to comparable psychophysical
functions: in a metathetic data set the scaling methods measure

the same aspect of the sensory response, namely discriminability of
the stimuli (Gescheider, 1997). Naturalness is most probably a
property on the metathetic continuum, as it does not constitute
one single dimension, but the result of a combination of different
perceptual dimensions, like for example colour and texture. An
indication of the metathetic nature of naturalness is that, as
operationally de"ned by Stevens, prothetic continua show a
nonlinear (curved) relation between magnitude estimates and
interval scale values of the same set of stimuli, whereas metathetic
continua show a linear relation between these scale values.
Our data shows the latter type of relationship, as shown in Table
A2, which suggests that naturalness is a metathetic continuum
(Schiavetti, Sacco, Metz, & Sitler, 1983). Thus, in order to
investigate the multisensory contributions to the perception of
naturalness, we decided to pool the data from all methods

Table 2
Correlation coef"cients: Spearman's Rho for correlations between ranked ordering and
any of the other methods, and Pearson r for all the other correlations between the
different measurement methods (LS: labelled scaling; ME: magnitude estimation; BD:
binary decision task; and RO: ranked ordering). All correlation coef"cients are
signi"cant (pb0.01).

ME BD RO

V T VT V T VT V T VT

LS 0.92 0.97 0.98 0.93 0.87 0.92 0.88 0.95 0.92
ME 0.87 0.87 0.92 0.83 0.94 0.92
BD 0.91 0.91 0.94

Fig. 3. Average naturalness estimations for each sample for each combination of the 3
exploration conditions in Experiment 1 (A: vision vs. touch, B: vision vs. visuo-tactile,
and C: tactile vs. visuo-tactile). Each data point represents the average estimation of one
of the samples; diamonds represent natural samples and circles arti"cial samples.
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(converted to a 0 to 1 scale) and obtained two measurements of
each sample in each exploration condition (vision only, touch only
and visuo-tactile) for each of the 32 participants.

2.2.2. Contribution of vision and touch
The visual, tactile and visuo-tactile estimations of naturalness for

each sample are shown in Fig. 3 (and in Table 1). Visual (V) and
tactile (T) unisensory estimations of naturalness correlated very
highly with visuo-tactile estimations (r=0.92 and r=0.93 respec-
tively, both pb0.01). Visual and tactile estimations were correlated
less strongly, yet still signi"cantly (r=0.76, pb0.01). These
correlations indicate that both V and T are very good predictors of
the "nal perception of naturalness, each of them logically being
highly correlated to VT and with each other. However, because V
and T scores are both very good predictors of VT estimations, it is
dif"cult to assess the unique contributions of V and T when judging
the naturalness of a material. A multiple linear regression combin-
ing both the visual and tactile unisensory estimations as predictors
resulted in a proportion of explained variance of 0.96, indicating a
slightly higher amount of explained variance as compared to the
unimodal estimations. Despite that these high correlations might
suggest that vision and touch do not have a large unique
contribution, it could be the case that different (unique) sensory
features contribute largely to the impression of naturalness in each
modality, but they happen to be correlated.

Visuo-tactile con!ict (i.e., samples in which large differences were
found between V and T unimodal estimations) can help to inform us
about the contribution of each separate modality to the multisensory
estimate. If both V and T would have an equal in!uence on the "nal
visuo-tactile percept in these samples, we would expect the visuo-
tactile estimations to approximate the average of the estimations of V
and T. We therefore selected the samples in which there was the
largest absolute difference between V and T estimations (N0.2;
samples 6, 8, 21, 22, and 29) and compared the average of V and T
with the VT estimation. The VT estimation was consistently (and
signi"cantly) lower than the average between V and T individual
estimations (t=!3.94, pb0.05) in this subset of samples. In two of
the selected samples V was lower than T, and in the three other
samples T was lower than V. Interestingly, this indicates that, in the
samples with different estimations of V and T, the combined percept
VT tends to revert towards the value of the lowest estimating
modality.

2.2.3. Physical characteristics
We calculated the correlations between the estimations of

naturalness (for the three modalities) and 34 physical character-
istics of the samples including hardness, glossiness, thermal
properties and texture properties (see Table A1 for a complete
list and an overview of the characteristics for each sample and the
corresponding correlations). Because the number of physical
properties that has been measured is limited, we can only talk
with some certainty about which of these properties might have
in!uenced the estimation of naturalness, and there are probably
other physical properties that in!uence the decision as well. As

expected, several characteristics that describe texture correlated
with both T and VT estimations. Surprisingly, a typical visual
characteristic, glossiness, correlates also with T and VT estimations
and typically tactile characteristics, friction and also thermal
properties, correlated not only with T and VT estimations but
also with V estimations. However, there is no clear one to one
relationship with just one or a few characteristics (no signi"cant
correlation larger than r=0.73), so we can assume that partici-
pants did not just base their ratings on one property – for
example – colour of the samples as a measure for naturalness. The
estimations for naturalness are most likely based on a combination
of several physical characteristics. However, we cannot exclude
that the judgements are merely based on other perceptual
properties, like for example pleasantness or roughness, which
perception is – like naturalness – built up from a combination of
physical properties.

3. Experiment 2

To investigate whether the results of Experiment 1 can be
extrapolated to other types of wood, and other types of imitations, a
new set of 20 wood samples was selected and used as stimuli in a
second experiment. In this experiment we used only two methods:
labelled scaling and magnitude estimation.

3.1. Participants

Thirty-two new participants (27 females; 31 right-handed; mean
age 23.2, range 18–36) took part in this study. Sixteen of them

Table 3
Means and standard deviations of the different measurement methods for each of the three exploration modalities in Experiment 1.

Vision Touch Visuo-tactile

Mean Standard deviation Mean Standard deviation Mean Standard deviation

Labelled scaling 0.48 0.16 0.48 0.21 0.49 0.22
Magnitude estimation 0.50 0.17 0.51 0.23 0.46 0.23
Ranked ordering 0.52 0.25 0.52 0.25 0.52 0.25
Binary decision 0.49 0.34 0.48 0.30 0.48 0.34

Table 4
Descriptions and naturalness estimations for the three exploration modalities for the 20
wood samples used in Experiment 2.

Sample number Description Category Vision Touch Visuo-tactile

31 White oak Natural 0.47 0.18 0.28
32 Bamboo Natural 0.35 0.19 0.29
33 Oak (sanded) Natural 0.57 0.58 0.66
34 White oak Natural 0.52 0.46 0.55
35 Highland walnut Natural 0.58 0.18 0.42
36 Oak (varnished) Natural 0.46 0.50 0.45
37 Cognac oak Natural 0.76 0.55 0.72
38 Soft vinyl Arti"cial 0.56 0.52 0.54
39 Soft vinyl Arti"cial 0.44 0.54 0.51
40 Soft vinyl Arti"cial 0.29 0.56 0.36
41 Laminate Arti"cial 0.58 0.49 0.54
42 Laminate Arti"cial 0.52 0.47 0.60
43 Laminate Arti"cial 0.43 0.47 0.42
44 Laminate Arti"cial 0.28 0.24 0.29
45 Laminate Arti"cial 0.44 0.54 0.51
46 Laminate Arti"cial 0.31 0.16 0.25
47 Veneer walnut Arti"cial 0.56 0.22 0.42
48 Veneer pale Arti"cial 0.50 0.23 0.38
49 Photocopy Arti"cial 0.28 0.42 0.35
50 Photocopy Arti"cial 0.24 0.07 0.04
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participated in labelled scaling and the other 16 in magnitude
estimation. All participants had normal or corrected to normal vision,
normal touch, and had no expertise concerning wood or imitation
wood.

3.2. Wood samples

Twenty new samples (wood, 7; and imitations thereof, 13) were
selected for this experiment. The variability in physical properties
between these new samples was considerably higher than in Experi-

ment 1 (see Table 4 for a short description of each sample, and see Table
A3 for several physical measurements on these samples).

3.3. Design and procedure

The design and the experimental setup were exactly the same as in
Experiment 1. However, in this experiment we used either labelled
scaling or magnitude estimation as measurement methods for the
estimations of naturalness, and each sample had to be rated twice
within each modality.

Fig. 4. Naturalness estimations for each sample, for each method, and for each modality. Each data point represents the average of 16 participants' estimations, the error bars are the
standard errors of these averages.

Table 5
Means and standard deviations of the different measurement methods for each of the three exploration modalities in Experiment 2.

Vision Touch Visuo-tactile

Mean Standard deviation Mean Standard deviation Mean Standard deviation

Labelled scaling 0.41 0.14 0.35 0.20 0.38 0.19
Magnitude estimation 0.47 0.16 0.32 0.15 0.42 0.15
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3.4. Results and discussion

The classi"cation accuracy was lower in this new set of samples as
compared to Experiment 1, with 61%, 59% and 57% correct for V, T and
VT respectively, though all the values were above chance level
(t=5.37. t=4.81, and t=3.77, df=31, pb0.001 for V, T and VT
respectively). Typically misclassi"ed samples were white or varn-
ished oak, walnut and bamboo, and laminate, vinyl and veneer. They
were misclassi"ed mainly by vision (72% of the misclassi"ed samples,
as compared to 64% by touch and 55% in the bimodal condition; some
of the samples were misclassi"ed in more than one exploration
modality).

3.4.1. Consistency between measurement methods
The mean estimation values of both methods for each sample

and exploration modality are shown in Fig. 4. As can be seen in this
"gure, the estimations of both methods follow the same trend as in
Experiment 1. Again the outputs of different methods were very
highly correlated: r=0.86 overall (r=0.83, r=0.96 and r=0.87
for V, T and VT respectively (all pb0.001)). Note that different
participants took part in labelled scaling than in magnitude
estimation in this experiment (as opposed to Experiment 1,
where the same participants took part in both methods). The
mean naturalness estimation and accompanying standard devia-
tion for each method - modality combination can be found in
Table 5.

3.4.2. Contribution of vision and touch
The visual, tactile and visuo-tactile estimations of naturalness

for each sample are shown in Fig. 5 (and in Table 4). Visual (V)
and tactile (T) unisensory estimations of naturalness correlated
highly with visuo-tactile estimations (r=0.84 and r=0.84
respectively, both pb0.001). Visual and tactile unimodal estima-
tions were correlated less strongly, yet still signi"cantly
(r=0.49, pb0.05). Like in Experiment 1 both unimodal V and
T estimates correlate very highly with VT. We predicted VT using
both V and T by using a linear regression and we found that the
model explained 0.95 of the variance. These results are
comparable to Experiment 1.

The results of Experiment 2 con"rm the conclusions of
Experiment 1: the measurement methods we used generated
similar results and both vision and touch can predict visuo-tactile
estimations of naturalness well. However, in this experiment we
found a much lower proportion correct for categorisation. This is
probably caused by the fact that this sample set was more
heterogeneous than the "rst sample set of Experiment 1. We
explore this further in Experiment 3.

3.4.3. Physical characteristics
Correlations between the estimations of naturalness (for the

three modalities) and various physical characteristics measured in
the samples are shown in Table A1 (together with an overview of
the physical characteristics for each sample). Again, several
characteristics that describe texture correlate with T estimations,
but unlike in Experiment 1 not so much with VT estimations. Again,
glossiness, correlates quite highly with T estimations. This can
probably be explained by the fact that glossy surfaces are usually
smooth and therefore correlate with surface friction, an important
tactile cue.

Exactly like in Experiment 1, there is no clear one to one
relationship between naturalness judgements and any one (or any
group of) physical characteristic (no signi"cant correlation larger than
r=0.65), so we can assume that participants did not just rate – for
example – roughness of the samples as a proxy for naturalness. The
estimations for naturalness are most likely based on a combination of
several physical characteristics.

4. Experiment 3

The relatively low discrimination accuracy obtained in
Experiment 2, as compared to Experiment 1, could be explained
by the fact that there is more variability in the physical
properties within the sample set of Experiment 2 than within
the set of Experiment 1. This could have made it harder for
participants to concentrate on the relevant attributes for their
evaluation of naturalness. To test this hypothesis we conducted
another experiment in which we showed the samples of
Experiments 1 and 2 mixed together, which resulted in an
extended sample set. For this control study we only measured
the VT modality and used only labelled scaling as a method. We
reasoned that, if the drop in accuracy is related to participants

Fig. 5. Average naturalness estimations for each sample for each combination of the
3 exploration conditions in Experiment 2 (A: vision vs. touch, B: vision vs. visuo-
tactile, and C: tactile vs. visuo-tactile). Each data point represents the average
estimation of one of the samples; diamonds represent natural samples and circles
arti"cial samples.
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being less able to focus on the relevant properties of the samples,
then even for the subgroup of samples used in Experiment 1,
accuracy in the context of this experiment should be low (lower
than the same samples in Experiment 1, and comparable to the
extended set of samples used in Experiment 2).

4.1. Participants

Sixteen new participants (13 females; all right-handed; mean age
24.2, range 19–48) took part in this study. All participants had normal
or corrected to normal vision, normal touch, and had no expertise
concerning wood or imitation wood.

4.2. Wood samples

All "fty samples of wood and imitations thereof of Experiments
1 and 2 were used for this experiment (see Tables 1 and 4 for a
short description of each sample, and see Tables A1 and A3 for several
physical measurements on these samples). Other than that there were
no differences with Experiments 1 and 2 in the way of presenting the
wood samples to the participants.

4.3. Design and procedure

The design and the experimental setupwere exactly the same as in
Experiments 1 and 2. However, in this experiment we used only
labelled scaling as a method and only VT as an exploration modality.
Each sample was presented twice.

4.4. Results and discussion

The mean percentage correct classi"cation in the current exper-
iment was 52% (for the 30 samples of Experiment 1, 45%, and for the
20 samples of Experiment 2, 58%), which was not signi"cantly
different from chance (t=1.17, p=0.26). As expected, the accuracy
of the current study is even lower than in Experiment 2. Thus, wemay
say that the more homogeneous the sample set is, the easier it is for
the participant to correctly classify the samples for naturalness. The
considerable drop in accuracy for the same exact samples in the
context of Experiment 3, as compared to Experiment 1, is an
interesting "nding in itself, indicating that the estimations of
naturalness are heavily dependent on the context where thematerials
are shown.

5. Discussion

In this study we investigated whether it is possible to provide a
measure regarding the construct “naturalness” by cross-correlating
several psychophysical measurement methods. As discussed in the
introduction, previous studies addressing the perception of
naturalness are scarce, especially in the domain of materials.
Previous work in the domain of foods (i.e., Rozin, 2005; Rozin et al.,
2004) has mainly highlighted the relevance of prior conceptions in
the cognitive process of estimating naturalness. The overall
conclusion of that work was that the past history of transforma-
tions of foodstuffs from their raw state is critical as to the perceived
naturalness, with some kinds of transformations being more
damaging to naturalness than others. Here we have extended
this research into the sensory-perceptual domain by asking
observers to base their estimates on the immediate sensory
experience rather than verbal descriptions of past history. In
particular, we have addressed two aspects of naturalness: "rst, the
possibility of measuring it as a perceptual attribute in itself, and
second the contributions of different sensory channels (vision and
touch). Next, we discuss these two points in the light of the present
results.

5.1. Measurement of naturalness

Naturalness is an ill-de"ned concept both in terms of its
objective de"nition as well as in terms of subjective sensation.
With respect to measuring the latter, one potential strategy, which
has been used in previous psychophysical research, is to try and
attempt to explore the relative stability of the estimates across
different measurement methods. We used labelled scaling, free-
modulus magnitude estimation, a binary decision task, and a
ranked ordering task (see Method section for descriptions) and we
found very high correlations between the different measurement
methods both within and across individuals. This suggests that the
present measurements are tapping into a common underlying
construct. Moreover, this underlying construct is represented on a
metathetic continuum, indicating that it is categorical, instead of
quantitative as one could intuitively think. However, the current
result does not allow one to label this underlying factor as
naturalness in a conclusive manner, because the responses may in
principle be caused by another attribute (sensory or more
abstract), which happened to be present in our samples. There
are two potential pieces of data that provide support to the idea
that naturalness is in fact the factor underlying the estimates. First,
we obtained a range of physical parameters (optical and material,
see Tables A1 and A3) of the samples and correlated those to the
perceptual estimates. If there happened to be a particular material
characteristic that correlates very highly with the naturalness
judgements, then the concern would be that this was the key
factor in!uencing the participant responses. However, the corre-
lation analyses did not point to that conclusion. Although some
physical properties did correlate with the estimates of naturalness,
there does not seem to be a one to one relationship with just one
of the material characteristics. We suspect that the naturalness
concept is multidimensional and therefore estimations are based
on a combination of several material characteristics (see also
preliminary modelling results arising from these same material
measurements, Bialek et al., 2009). Second, the participants'
accuracy in classifying natural vs. synthetic materials was usually
above chance (high in Experiment 1, moderate in Experiment 2),
indicating again that participants were at least focusing on a set of
properties leading to successful estimations of naturalness.
However, from Experiment 3 we have to conclude that when
participants rate naturalness of a certain sample within a highly
variable sample set, this leads to a drop in accuracy. Thus, the task
of estimating naturalness is more dif"cult within a larger, more
heterogeneous sample set. Because the data set leading to high
accuracy in Experiment 1 (with less overall physical variability)
led to poor accuracy in Experiment 3 (in the context of higher
overall physical variability), we believe that this accuracy changes
are partly caused by the participants being unable to focus upon
the relevant features leading to successful naturalness estimations
in highly variable contexts. The fact that context variability has
in!uence on judgements of certain characteristics of a stimulus is
far from new. For example, there are reasons to believe that colour
is a well de"ned perceptual quality, and in the speeded
classi"cation literature it is well known that colour classi"cation
becomes slower (in RTs) in the context of variable hue (hue varies
from trial to trial in the block) compared to when hue is held
constant throughout a block of trials (Garner, 1974; Maddox,
1992; see also Marks, 2004 for cross-modal variability). This
principle may also apply to the case of naturalness.

Our results indicate that participants were quite good at deciding
whether or not a certain sample was natural or not. Sharan,
Rosenholtz and Adelson (Sharan, 2009) showed that visual discrim-
ination of real and fake objects (desserts, !owers and fruit) could be
quite accurately done even in presentation times as little as 40 ms
(89%, 85%, 72% correct for 2.56 s, 320 ms, 40 ms presentation times
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respectively). Our estimations were made with a 3 second presenta-
tion time, but are still somewhat lower than the results of Sharan et al.
This is possibly due to the fact that Sharan et al. used pictures of real
objects and we used pieces of materials that were not part of an
object.

As discussed earlier (and in the introduction) prior knowledge
about the history of transformations can in!uence perceived
naturalness in several ways (as shown by Rozin (2005, 2006) and
Rozin et al. (2004) for the case of foodstuffs). In our paradigm, we
removed any explicit reference to the history or origin of the
samples in order to factor out this variable. However, we believe
that in a real world setting, it is quite likely that naturalness
judgements are similar to a type of estimation where knowledge
of previous history acts as a prior. In our case, a potential way in
which the estimations of naturalness could be produced is that
the observer performs a match between the sensory (visual and
tactile) properties that are extracted online during exploration
against prototypes of naturalness being held in memory. Thus, a
viable hypothesis then is that sensory estimations would have
been used to evaluate the degree in which the material had been
transformed from its original status. This hypothesis could provide
a link between the present data and those obtained when using
verbal descriptions of food, as well as with future investigations of
naturalness using other materials.

Another point of interest regarding the measurement of
naturalness is whether there is a relationship between ratings of
naturalness and other perceptual components. For example, as
mentioned in the introduction, naturalness is generally associated
with positive qualities (Rozin et al., unpublished manuscript), and
natural food or landscapes are generally preferred over modi"ed
ones (Purcell & Lamb, 1998; Rozin et al., 2004). A study recently
conducted by the current authors, in which hedonic values of the
same wood samples have been measured, indeed indicates some
degree of relationship, yet not complete overlap between the two
variables. We asked 16 participants, under the same conditions as
in the current study, to rate the 30 wood samples of Experiment 1
of the current study on the question “How much do you like this
sample”. We found signi"cant moderate correlations between
naturalness and hedonics for V and VT (r=0.40, pb0.05 and
r=0.39, pb0.05 for V and VT respectively), but not for T (r=0.09,
p=0.63).

5.2. Contributions of vision and touch

Our results indicated that both touch and vision alone are
good predictors of the estimations from simultaneous visuo-
tactile exploration. This means that the physical properties that
in!uence the estimation of naturalness are mostly of a
multisensory nature, that is, they can be extracted by both
vision and touch. As a consequence of this strong cross-modal
correlation, it is dif"cult to assign weights to each modality in
order to evaluate their relative importance. This result is not in
line with claims of modality dominance, in that vision always
dominates over touch (e.g. Rock & Harris, 1967; Rock & Victor,
1964), or that touch dominates always over vision (e.g.
Hershberger & Misceo, 1996). However, more recent studies
suggest that dominance depends for example on the particular
properties that are being judged (Guest & Spence, 2003), or in
which modality participants need to respond (Heller, Calcaterra,
Green, & Brown, 1999). Since on average vision and touch seem
to be equally good in predicting the visuo-tactile estimation of
naturalness in the current study, we cannot conclude on
modality dominance in estimating naturalness. However, a
possibility is that the key sensory features for naturalness
estimation are most likely multisensory: these material char-
acteristics can be assessed by both touch and vision, (i.e.,

texture). Yet, another remaining possibility is that some of the
key features to naturalness could be unisensory, but highly
correlated across vision and touch (e.g. glossiness and smooth-
ness are most likely highly correlated), rather than completely
independent (i.e., colour or thermal properties).

In order to overcome the limitations of high correlation
between modalities, we looked at the samples that differed
considerably between the unimodal estimations for vision and
touch. Although the data arising from this analysis are
necessarily limited because of the low number of samples that
had suf"cient cross-modal incongruence, it is interesting to note
that the visuo-tactile estimations were signi"cantly lower than
the average of the unimodal estimations. In fact, when there is
a large difference between both unimodal estimations, the
visuo-tactile estimation tends to go by the lowest estimating
modality (i.e. the modality that estimates naturalness the
lowest is thus dominant in this respect). This pattern departs
considerably from typical weighted average models of cue
combination. Instead, this suggests a kind of contagion effect
similar to the one described by Rozin (2005), whereby
naturalness is easily destroyed as soon as there is some
indication about the potential “unnaturalness” of some compo-
nent of the material. At this point however, this proposal needs
to remain as a tentative hypothesis.

5.3. Conclusions and potential implications

Naturalness is a very popular quali"er when referring to a
wide range of products, including foodstuffs but also materials
like wood, fabric or stone. It is often associated to positive
qualities (Purcell & Lamb, 1998; Rozin et al., 2004) and it
probably makes a difference in the decision processes in the
buyer and the experience of the end user of a material. Thus its
frequent use in marketing and advertisement campaigns for a
very wide range of products (from carbonated drinks to
furniture). It is therefore surprising that this perceptual property
has been largely neglected from the research literature. In the
present study, we have proposed a general approach to the study
of naturalness by means of the particular example of wood. We
have also introduced a potential hypothesis about how different
modalities might be combined when estimating naturalness.
However, an important aspect for future research should be to
address naturalness in other materials given that, as reasoned
earlier, each material characteristic probably has its own
in!uence on the perception of naturalness.

The present approach can lead to a better understanding of the
psychological processes that lead to naturalness perception,
thereby providing industries producing or re-producing natural
materials with an evaluation tool to contrast different products.
Moreover, this knowledge will also help manufacturing percep-
tually more ful"lling and environmentally friendly replacements
of rare, expensive, or dif"cult to obtain natural materials (think,
for example, of animal fur, tropical wood or even human skin for
replacement after surgery).
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Table A1

Sample Perception of naturalness Shore
hardness

Friction Gloss Mean
thermal
conductivity

Mean
thermal
diffusivity

Mean
speci"c
heat

Vision Touch Visuo- tactile X direction Y direction 20° 60° 85°

Proportion Proportion Proportion Friction
coef"cient

Friction
coef"cient

Gloss
units (GU)

Gloss
units (GU)

Gloss
units (GU)

W/(m.K) mm2/S MJ/m3 K

1 0.8 0.82 0.87 90.74 0.30 0.26 0.80 3.80 13.80 0.26 0.30 0.85
2 0.88 0.92 0.9 83.34 0.42 0.44 0.80 2.80 1.20 0.22 0.31 0.70
3 0.71 0.73 0.74 92.68 0.25 0.23 0.80 4.50 17.70 0.25 0.25 1.00
4 0.78 0.64 0.75 87.96 0.38 0.49 1.00 5.20 5.30 0.22 0.26 0.85
5 0.65 0.66 0.66 92.56 0.31 0.33 3.30 14.60 15.10 0.25 0.25 1.03
6 0.74 0.52 0.61 91.20 0.49 0.50 2.70 23.70 36.10 0.24 0.26 0.95
7 0.45 0.45 0.48 91.18 0.29 0.44 0.60 6.00 21.00 0.22 0.23 0.95
8 0.81 0.84 0.88 87.60 0.31 0.28 0.90 4.10 13.70 0.26 0.25 1.02
9 0.82 0.92 0.89 83.86 0.43 0.36 0.70 2.40 1.20 0.24 0.33 0.71
10 0.64 0.65 0.66 90.64 0.27 0.24 0.70 3.10 10.40 0.23 0.25 0.93
11 0.78 0.63 0.75 88.40 0.25 0.29 0.70 4.10 3.60 0.20 0.25 0.80
12 0.66 0.61 0.65 91.74 0.32 0.45 8.00 52.30 62.20 0.24 0.26 0.93
13 0.55 0.41 0.4 91.94 0.47 0.52 2.30 21.00 38.50 0.24 0.22 1.10
14 0.56 0.43 0.61 93.18 0.32 0.38 0.80 8.00 25.20 0.23 0.24 0.96
15 0.44 0.5 0.45 95.68 0.29 0.29 2.00 14.70 25.60 0.23 0.24 0.97
16 0.47 0.55 0.5 95.30 0.34 0.37 2.10 13.90 22.20 0.22 0.23 0.96
17 0.44 0.46 0.43 96.02 0.32 0.36 1.90 15.20 23.30 0.23 0.25 0.92
18 0.56 0.18 0.32 90.48 0.34 0.44 2.90 25.90 32.10 0.18 0.18 0.97
19 0.28 0.42 0.35 36.86 0.51 0.75 1.00 8.90 20.70 0.16 0.35 0.45
20 0.47 0.61 0.56 28.94 0.35 0.36 0.90 5.50 20.00 0.14 0.38 0.35
21 0.37 0.64 0.45 73.94 0.41 0.45 0.50 3.20 3.20 0.22 0.16 1.35
22 0.27 0.52 0.33 84.56 0.45 0.52 1.10 8.00 12.00 0.30 0.15 1.98
23 0.18 0.28 0.18 90.46 0.63 0.84 2.10 20.00 50.70 0.30 0.16 1.87
24 0.33 0.29 0.3 83.52 0.52 0.67 1.30 13.30 39.50 0.32 0.18 1.74
25 0.24 0.37 0.3 90.04 0.44 0.42 5.20 24.60 30.00 0.33 0.16 2.01
26 0.16 0.34 0.18 93.18 0.32 0.36 12.10 30.70 12.00 0.34 0.19 1.83
27 0.2 0.39 0.23 91.42 0.29 0.37 4.10 17.00 7.90 0.34 0.23 1.50
28 0.23 0.06 0.08 90.42 0.75 0.98 3.50 25.90 71.50 0.21 0.11 1.85
29 0.37 0.05 0.1 90.56 0.67 0.79 1.70 9.90 51.20 0.21 0.11 1.85
30 0.24 0.07 0.04 92.56 0.47 0.80 1.50 7.60 51.20 0.21 0.11 1.85

Correlation of physical measurement with psychophysical estimations
Vision Pearson R 0.11 !0.43* !0.55** !0.35 !0.29 !0.40* !0.31 0.58** !0.70**
Touch Pearson R !0.11 !0.5** !0.71** !0.27 !0.40* !0.71** !0.04 0.72** !0.64**
Visuo-tactile Pearson R !0.03 !0.56** !0.69** !0.34 !0.37* !0.59** !0.19 0.72** !0.73**

(continued on next page)
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Table A1 (continued)

Sample Texture

Average
Height

Maximum
peak
height

Maximum
valley
depth

Maximum
height

Ten
point
height

Skewness Kurtosis Developed
interfacial
area
ration

Core
roughness
depth

Reduced
peak
height

Reduced
valley
height

Peak
material
component

Peak
material
component

!m !m !m !m !m

1 59.629 199.03 343.09 542.12 530.46 !0.6373 3.3691 0.089445 110.59 68.719 123.5 0.1135 0.7085
2 44.85 348.29 295.29 643.58 535.05 !0.7429 4.157 0.27407 115.21 47.638 100.35 0.0994 0.8219
3 19.984 245.46 332.13 577.59 478.9 !3.3506 19.075 0.098215 18.683 6.6657 84.008 0.0727 0.7533
4 8.3067 304.01 197.41 501.41 438.29 !0.7655 14.069 0.073217 22.792 11.721 22.922 0.1065 0.8774
5 29.052 422 409.7 831.7 815.31 0.9755 9.6995 3.7561 58.4 90.214 56.11 0.1883 0.8938
6 9.6768 339.18 292.87 632.06 598.4 !1.2532 31.844 0.21523 22.172 28.131 23.569 0.1547 0.8903
7 47.12 598.44 585.46 1183.9 1161 0.0905 11.317 3.9855 63.257 162.71 117.03 0.0266 0.6463
8 47.846 242.7 317.64 560.34 501.69 !1.2885 5.5032 0.14984 126.88 34.749 120.05 0.0707 0.8359
9 38.466 187.42 332.61 520.04 506.76 !0.94 5.9833 0.25957 105.73 44.979 87.144 0.1073 0.8601
10 8.1398 125.68 130.33 256.02 230.37 !1.9965 14.32 0.05893 23.553 8.7798 23.285 0.0793 0.8856
11 12.438 112.75 168.42 281.17 208.29 !2.2426 10.732 0.057681 25.472 6.1873 37.746 0.0544 0.7876
12 19.759 228.59 139.47 368.06 347.77 1.1985 6.6478 1.4875 45.303 60.519 29.067 0.1686 0.9013
13 6.0757 61.434 112.14 173.58 119.45 !0.7575 6.3357 0.11018 18.126 8.0032 12.189 0.0948 0.881
14 21.396 151.79 94.085 245.87 224.31 !0.9312 2.8699 0.039866 40.416 6.5726 49.732 0.0368 0.711
15 15.219 96.375 85.818 182.19 141.9 0.1936 1.663 0.073207 37.47 14.694 4.2448 0.3083 0.98
16 14.666 59.544 45.972 105.52 95.358 0.1816 1.6136 0.064487 35.667 13.916 3.5001 0.3257 0.9787
17 12.562 56.483 126.84 183.32 144 !0.1834 2.6088 0.25896 42.895 10.332 13.139 0.0656 0.8954
18 16.001 221.96 185.08 407.04 367.55 0.5485 6.6154 1.5935 43.496 37.063 28.566 0.1221 0.8806
19 42.979 159.83 235.75 395.58 344.14 !0.6576 2.4351 0.18262 102.07 8.7497 72.108 0.0263 0.7376
20 42.962 223.76 256.59 480.34 433.75 !1.3878 3.5223 0.17913 44.884 15.493 167.01 0.0898 0.7434
21 40.898 284.3 536.64 820.94 794.83 !1.1705 6.787 2.0796 112 26.343 72.46 0.0622 0.8031
22 22.518 228.18 223.58 451.76 420.74 !0.9952 5.0906 1.1492 59.517 19.042 51.101 0.0555 0.8223
23 9.3593 51.113 82.118 133.23 120.68 !0.3976 3.2747 0.24714 30.208 8.5517 13.934 0.0749 0.8834
24 42.962 37.831 68.231 106.06 96.509 !0.3707 2.3614 0.082557 37.622 5.8107 13.559 0.0434 0.857
25 33.121 217.81 188.13 405.94 374 !0.2063 1.57 0.52319 64.936 13.897 46.067 0.0393 0.5988
26 18.354 249.52 171.34 420.86 379.58 0.2531 3.0408 0.71944 46.606 24.969 19.241 0.2426 0.9118
27 39.605 221.94 200.4 422.33 392.12 !0.2476 1.7466 0.71451 82.515 12.928 50.546 0.0212 0.6122
28 3.8093 22.177 21.558 43.735 41.955 0.0966 2.9597 0.063911 12.56 4.7243 4.1132 0.0989 0.9109
29 10.096 56.299 23.067 79.366 76.396 1.8102 3.9653 0.011518 20.7 23.951 6.356 0.263 0.9356
30 1.502 88.565 16.861 105.43 48.926 0.5703 16.387 0.008996 4.8167 2.2953 1.6901 0.1133 0.9182

Correlation of physical measurement with psychophysical estimations
Vision 0.23 0.32 0.35 0.35 0.32 !0.38* 0.39* !0.04 0.23 0.27 0.38* 0.03 0.06
Touch 0.57** 0.42* 0.58** 0.53** 0.50** !0.53** 0.13 0.05 0.58** 0.27 0.62** !0.09 !0.17
Visuo-tactile 0.45* 0.40* 0.49** 0.47** 0.44** !0.51** 0.24 0.01 0.43* 0.29 0.56** !0.08 !0.13
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Table A1 (continued)

Sample Texture

Peak
material
volume

Core material
volume

Core void surface
volume of the
surface

Valley void
volume of
the surface

Fractal
dimension

Auto correlation
length

Texture
aspect
ratio

Texture
direction

Texture
direction
index

Slope of most
frequent gradient

Angle in X/Y
plane of most
frequent gradient

Percentage of
most frequent
gradient

ml/m2 ml/m2 ml/m2 ml/m2 !m ° ° ° %

1 3.2986 73.879 72.319 10.565 2.0051 1917.2 0.3027 !90 0.1625 8.5108 354.36 0.0472
2 2.3806 49.91 58.266 10.247 2.0474 466.68 0.0772 !90 0.1862 14.292 3.5279 0.0238
3 0.3364 14.557 10.737 8.6742 2.0041 1049.2 0.172 !90 0.2962 8.0911 183.09 0.0308
4 0.5842 8.2316 11.221 1.9935 2.001 267.56 0.1122 0 0.2833 7.554 279.11 0.0225
5 4.3925 24.928 52.156 4.6098 2.0048 45.476 0.0331 1.7 0.196 76.772 94.17 0.0146
6 0.9773 9.1134 18.727 1.8833 2.0009 487.35 0.0807 !90 0.3413 11.364 349.64 0.0161
7 2.5706 59.589 43.139 7.7973 2.0081 480.78 0.0787 !88.2 0.3526 10.199 180.27 0.0255
8 1.8211 50.956 57.081 11.999 2.03 882.99 0.1454 !90 0.253 10.625 6.5796 0.0258
9 2.2112 40.502 53.1 8.4494 2.0411 605.42 0.0999 !90 0.2297 13.347 180.53 0.0245
10 0.44 8.3322 10.438 1.9111 2.0009 151.35 0.0251 !85.7 0.1534 10.194 181.49 0.0366
11 0.3313 12.366 11.882 3.8188 2.0021 338.91 0.0552 2.4 0.3419 6.4788 281.99 0.0225
12 2.8624 18.256 35.881 2.6468 2.0049 37.839 0.0111 89.5 0.1453 75 358.36 0
13 0.4015 6.5196 8.4941 1.1774 2.0007 163.97 0.0919 !88.3 0.3666 10.287 332.91 0.0499
14 0.3955 27.739 22.137 3.8931 2.002 466.68 0.0773 !90 0.1881 6.4621 181.27 0.0268
15 0.4565 17.28 21.888 0.7156 2.001 447.89 0.0739 !90 0.2986 10.473 164.84 0.0185
16 0.4052 16.524 20.866 0.7165 2.0012 403.61 0.0669 !90 0.2179 7.5008 3.4282 0.0198
17 0.5731 14.842 18.155 1.7364 2.0003 605.42 0.0998 !90 0.2599 17.053 216.62 0.0106
18 1.9009 16.161 23.569 2.8068 2.0006 25.226 0.3922 87.8 0.3911 46.383 178.59 0.008
19 0.781 54.506 50.062 6.3181 2.0013 782 0.1294 !90 0.281 14.376 184.16 0.0162
20 0.8036 50.703 31.563 12.756 2.0101 479.29 0.0794 !90 0.2927 4.9426 354.27 0.0279
21 1.4752 51.073 51.869 7.3173 2.0183 361.4 0.7947 !90 0.7275 8.4353 166.44 0.0124
22 0.9016 24.997 26.138 5.2035 2.0025 616.1 0.3278 !90 0.4719 15.158 193.68 0.0092
23 0.4528 10.752 13.251 1.5431 2.0002 640.78 0.2024 !90 0.3842 15.263 57.556 0.0117
24 0.3717 14.583 15.937 1.579 2.0004 693.71 0.115 !90 0.3193 10.513 118.75 0.0172
25 0.7268 41.601 39.885 1.4081 2.0107 350.67 0.7696 2.4 0.5793 6.3092 221.95 0.0073
26 0.7733 19.316 30.801 2.1671 2.0032 91.823 0.5227 !90 0.7193 8.5263 331.89 0.0082
27 0.6552 47.266 47.683 3.1807 2.0152 305.07 0.3394 !89.5 0.6307 17.869 196.13 0.0077
28 0.2365 4.3192 5.9017 0.5065 2 1277.3 0.2072 0 0.5058 9.6007 337.28 0.0186
29 0.5735 10.151 20.785 0.7239 2 3674.7 0.7916 !90 0.3601 3.7895 75.435 0.0406
30 0.1139 1.6585 2.3826 0.1942 2 1623.3 0.6654 !90 0.6852 2.9025 111.54 0.0464

Correlation of physical measurement with psychophysical estimations
Vision 0.46* 0.14 0.25 0.46** 0.41* !0.11 !0.51** 0.16 !0.70** 0.18 0.03 0.29
Touch 0.49** 0.49** 0.56** 0.69** 0.62** !0.32 !0.45* !0.13 !0.52** 0.09 !0.04 0.05
Visuo-tactile 0.49** 0.37* 0.43* 0.63** 0.51** !0.25 !0.55** 0.02 !0.69** 0.13 0.01 0.16
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Table A2

Linear Power Linear?

Slope "2 p Exponent CI 1

Vision
LS ME 0.86±0.07 3.69 * 0.85 0.69–1.02 * +

BD 0.45±0.03 24.83 1.39 1.06–1.74
OR 0.56±0.06 109.19 1.95 1.52–2.38

ME BD 0.45±0.05 13.64 * 1.39 0.94–1.85 * +
OR 0.56±0.08 62.59 2.17 1.56–2.78

BD OR 1.24±0.09 210.64 1.32 1.05–1.61

Touch
LS ME 0.89±0.05 10.70 * 0.94 0.80–1.08 * +

BD 0.62±0.07 113.33 1.15 0.99–1.31 * +
OR 0.85±0.05 17.28 * 1.42 1.06–1.80 +

ME BD 0.67±0.07 88.08 1.13 0.96–1.31 * +
OR 0.91±0.05 11.27 * 1.45 1.04–1.86 +

BD OR 1.13±0.10 15.72 * 1.26 0.98–1.54 * +

Visuo-tactile
LS ME 0.97±0.04 7.17 * 1.02 0.91–1.13 * +

BD 0.60±0.05 58.93 1.05 0.86–1.24 * +
OR 0.82±0.07 16.51 * 1.52 1.20–1.84 +

ME BD 0.61±0.05 66.22 0.97 0.77–1.17 * +
OR 0.84±0.06 21.27 1.41 1.07–1.75

BD OR 1.29±0.08 16.17 * 1.37 1.11–1.64 +

In all cases both the linear and the power functions "t signi"cantly (FN51, df=1.28, pb0.001). In 9 of the cases the linear function "ts signi"cantly according to the "2 goodness-of-"t test (Press, Flannery, Teukolsky, & Vetterling, 2002). This
test gives a measure of the relation between the standard error in the measurements and the deviations from the "t. If "2 is greater than 18.94, the data points were farther from the "t than expected. The asterisks in the p column show a
signi"cant "t. However, when the linear function does not "t signi"cantly, in some cases the con"dence intervals of the exponent of the power function contain 1, which indicates a linear relationship (also indicated with a asterisk). This results
in 13 out of 18 relationships being linear (indicated with a plus in the most right column).
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Table A3

Sample Perception of naturalness Friction Gloss Texture

Vision Touch Visuo-tactile X direction Y direction 20° 60° 85° Average
height

Maximum
peak
height

Maximum
valley
depth

Maximum
height

Ten point
height

Skewness Kurtosis Developed
interfacial
area ratio

Core roughness depth

Proportion Proportion Proportion Friction
coef"cient

Friction
coef"cient

Gloss
units
(GU)

Gloss
units
(GU)

Gloss
units
(GU)

!m !m !m !m !m

31 0.47 0.18 0.28 0.32 0.35 3.00 15.00 10.80 5.1966 577.98 493.14 1071.1 894.72 !0.0702 254.42 0.17542 14.391
32 0.35 0.19 0.29 0.44 0.48 4.00 21.60 21.60 16.63 797.24 721.71 1519 14642 !2.4951 56.197 9.8184 25.43
33 0.57 0.58 0.66 0.28 0.27 0.70 2.00 0.90 15.895 710.35 691.26 1401.6 1222.8 0.136 32.432 3.7922 35.574
34 0.52 0.46 0.55 0.48 0.43 1.50 7.70 14.10 13.1 706.01 556.85 1262.9 1146.2 !3.8103 35.595 1.1606 17.277
35 0.58 0.18 0.42 0.31 0.36 6.60 32.60 40.70 5.0987 115.93 81.335 197.27 170.87 !0.1607 9.4344 0.19422 13.697
36 0.46 0.5 0.45 0.30 0.28 0.60 2.20 1.30 31.545 665.76 553.53 1219.3 1150.1 !1.8083 10.583 0.68219 35.553
37 0.76 0.55 0.72 0.36 0.42 0.60 5.50 7.10 30.019 458.79 435.15 893.94 732.18 !2.1733 5.9594 0.62851 49.893
38 0.56 0.52 0.54 0.32 0.45 0.70 4.60 10.50 31.404 650.23 673.41 1323.6 1225.3 !2.0606 8.0276 1.2935 43.442
39 0.44 0.54 0.51 0.47 0.47 1.30 9.30 10.30 44.038 256.96 310.82 567.78 420.43 !0.5424 2.4159 0.1048 125.98
40 0.29 0.56 0.36 0.41 0.48 0.40 2.60 2.50 74.048 878.1 714.77 1592.9 1537.3 0.6035 5.3602 12.798 165.39
41 0.58 0.49 0.54 0.34 0.45 2.10 14.20 15.60 13.742 225.07 102.68 327.75 199.87 !0.2044 2.103 0.19422 45.317
42 0.52 0.47 0.6 0.31 0.38 2.50 12.70 12.80 13.419 706.8 638.42 1345.2 1284.3 0.6089 187.77 0.438 32.29
43 0.43 0.47 0.42 0.32 0.39 2.30 15.80 15.90 10.305 608.91 584.76 1193.7 1038.5 !0.1597 80.603 0.40496 35.077
44 0.28 0.24 0.29 0.26 0.28 2.90 14.80 11.60 4.0832 471.86 426.76 898.62 403.5 !0.1121 183.59 0.0483 12.009
45 0.44 0.54 0.51 0.30 0.34 1.90 12.00 14.30 11.809 753.15 705.87 1459 1363.3 1.3942 256.56 0.92282 37.822
46 0.31 0.16 0.25 0.25 0.29 1.20 7.30 17.30 2.9315 412.29 207.04 619.33 310.66 2.0962 283.21 0.057036 9.4965
47 0.56 0.22 0.42 0.29 0.34 1.00 7.00 3.60 5.3501 366.68 517.11 883.78 669.74 !0.4213 166.85 0.1465 17.054
48 0.5 0.23 0.38 0.31 0.32 3.30 21.50 35.70 2.528 18.275 59.661 77.936 66.678 !0.2448 6.5119 0.034291 7.9693
49 0.28 0.42 0.35 0.67 0.59 2.10 14.60 51.80 7.8463 38.874 26.333 65.208 64.329 0.8721 3.2208 3.23 19.351
50 0.24 0.07 0.04 0.51 0.61 1.90 14.30 52.70 15.944 75.368 28.894 104.26 101.96 1.182 3.3725 1.56 22.734

Correlation of physical measurement with psychophysical estimations
Vision Pearson R !0.38 !0.30 !0.04 !0.09 !0.37 !0.06 0.05 0.15 0.10 !0.16 !0.46 !0.18 !0.37 !0.10

P 0.10 0.20 0.87 0.72 0.10 0.82 0.84 0.54 0.69 0.51 0.04 0.44 0.11 0.69
sig **

Touch Pearson R 0.03 0.00 !0.56 !0.58 !0.53 0.56 0.45 0.47 0.46 !0.16 !0.22 !0.30 0.14 0.56
P 0.91 0.98 0.01 0.01 0.02 0.01 0.05 0.04 0.04 0.49 0.34 0.20 0.57 0.01
sig ** ** ** ** ** ** ** **

Visuo-tactile Pearson R !0.24 !0.27 !0.29 !0.35 !0.54 0.19 0.31 0.39 0.35 !0.13 !0.40 !0.19 !0.16 0.19
P 0.32 0.26 0.22 0.13 0.01 0.42 0.18 0.09 0.13 0.57 0.08 0.42 0.51 0.42
sig **

(continued on next page)
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Table A3 (continued)

Sample Texture

Reduced
peak
height

Reduced valley height Peak
material
component

Peak
material
component

Peak
material
volume

Core
material
volume

Core
void
volume
of the
surface

Valley
void
volume
of the
surface

Fractal
dimension

Auto
correlation
length.

Texture
aspect
ratio

Texture
direction

Texture
direction
index

Slope
of most
frequent
gradient

Angle
in X/Y
plane
of most
frequent
gradient

Percentage
of most
frequent
gradient

ml/m2 ml/m2 ml/m2 ml/m2 !m ° ° ° %

31 7.8092 12.901 0.0862 0.8584 0.3793 5.4117 6.6306 1.2336 2.0001 35.675 0.3123 0 0.5011 13.42 264.58 0.0151
32 61.835 107.43 0.1203 0.8917 3.5315 9.1773 13.509 6.4895 2.0033 25.226 0.7071 1.9 0.7714 17.702 242.75 0.0097
33 55.359 56.603 0.0895 0.8687 2.5705 12.625 16.207 4.6497 2.0022 50.452 0.1284 4.8 0.2924 13.17 268.02 0.0157
34 16.401 73.737 0.0762 0.7989 0.7068 8.1232 8.2785 7.4063 2.0031 883.35 0.3005 1.6 0.4008 8.5549 292.34 0.0226
35 10.262 11.2 0.1018 0.8628 0.5152 5.17 6.7067 1.0845 2.0001 25.226 0.4472 !2.4 0.5729 9.4737 268.83 0.0143
36 15.735 110.9 0.0685 0.7209 0.7497 35.227 23.192 9.4353 2.0076 479.29 0.0773 0 0.1995 13.263 98.648 0.0344
37 16.951 79.344 0.0259 0.7178 0.5137 33.614 26.867 7.4249 2.0059 885.15 0.1426 4 0.314 9.471 271.04 0.0254
38 26.353 145.19 0.1106 0.7649 1.2917 32.395 27.454 13.876 2.0111 413.16 0.2008 !89.9 0.4529 4.7368 190.81 0.0293
39 15.842 63.119 0.0306 0.8075 1.0159 55.45 55.501 6.5423 2.0013 731.66 0.1212 !90 0.3053 10.75 181.21 0.0199
40 174.23 101.75 0.2047 0.8768 6.6095 71.462 138.52 11.082 2.0183 1942.8 0.3025 !90 0.3006 7.6802 197.2 0.0106
41 7.395 10.332 0.0348 0.877 0.4236 17.371 18.91 1.3469 2.0005 547.61 0.0898 !90 0.2813 12.239 169.25 0.0136
42 13.711 18.238 0.3195 0.9789 0.4443 15.016 19.252 0.7632 2.0008 403.61 0.0655 0 0.3765 5.8833 265.87 0.0252
43 11.99 11.805 0.0769 0.912 0.603 11.9 15.288 1.3966 2.0006 277.48 0.0564 !90 0.4395 18.978 350.65 0.0098
44 4.9392 8.6605 0.0774 0.8571 0.2418 4.5253 5.3967 0.8768 2.0002 214.42 0.0634 0 0.3961 6.5972 101.33 0.0228
45 19.746 19.17 0.0389 0.8788 0.6242 13.52 15.291 2.0197 2.0006 340.55 0.0566 !90 0.3397 13.241 30.021 0.0133
46 4.1075 4.3846 0.0897 0.896 0.2041 3.3177 4.3454 0.469 2 35.675 0.7845 88 0.8054 8.5263 110.91 0.0208
47 6.58 8.5498 0.0692 0.8793 0.3161 6.1618 7.3732 0.9068 2.0001 37.839 0.2491 !1.1 0.3912 13.356 279.17 0.016
48 3.2712 4.2111 0.1031 0.9081 0.1627 2.7496 3.8088 0.4008 2 39.886 0.2425 86.5 0.6038 5.5553 175.59 0.0284
49 16.194 4.3475 21.29 95.03 0.5922 8.0671 14.868 0.5543 2 2.6187 0.402 !90 0.1999 5.7346 81.613 0.0257
50 44.829 3.2107 31.28 95.74 1.0097 14.597 33.393 0.5981 2 3.0462 0.4448 0 0.1537 5.9007 185.49 0.0332

Correlation of physical measurement with psychophysical estimations
Vision !0.32 0.19 !0.51 !0.51 !0.29 0.00 !0.25 0.19 0.00 0.07 !0.41 0.06 !0.02 0.14 0.47 !0.02

0.16 0.43 0.02 0.02 0.22 0.99 0.29 0.42 0.99 0.78 0.08 0.81 0.92 0.56 0.04 0.93
** ** **

Touch 0.24 0.48 !0.33 !0.27 0.25 0.60 0.40 0.55 0.48 0.61 !0.65 !0.60 !0.50 0.07 !0.02 !0.06
0.30 0.03 0.16 0.25 0.28 0.01 0.08 0.01 0.03 0.00 0.00 0.01 0.03 0.76 0.93 0.79

** ** ** ** ** ** **
!0.12 0.34 !0.56 !0.51 !0.06 0.24 !0.01 0.36 0.18 0.32 !0.58 !0.22 !0.21 0.09 0.25 !0.07

0.63 0.14 0.01 0.02 0.79 0.31 0.95 0.12 0.45 0.16 0.01 0.35 0.38 0.71 0.28 0.76
** ** ** **

Visuo-
tactile
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