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Abstract

The present thesis is based on three studies that research different aspects of
fine texture perception. The goal is to better understand the mechanisms in-
volved in haptic perception of textures below 200 pm, also known as micro-
textures. Study I was conducted to establish a friction measurement model
and relating the friction measurements to perceived coarseness of fine tex-
tures. A set of printing papers was used as stimulus material. In Study II an
expanded set, including the set of Study I, was used as stimuli in a multidi-
mensional scaling (MDS) experiment of haptic fine texture perception.
Through scaling of perceptual attributes and similarities, a three dimensional
space was found to best describe the data and the dimensions were interpret-
ed as rough-smooth, thick-thin and distinct-indistinct. In Study III a series of
model surfaces were manufactured with a systematically varied sinusoidal
pattern, spanning from 300 nm to 80 um. As in Study II, a similarity experi-
ment was conducted and a two dimensional space was chosen, the dimen-
sions of which were explained well through friction and the wavelength. To-
gether these three studies form a better picture of fine texture perception.
The dimensionality found with paper stimuli was very similar to the corre-
sponding spaces for marcrotextures of everyday materials, even though a
different perceptual system is used for fine texture perception. Regardless if
the information is coded through the spatial or the vibratory sense, the per-
ception does not seem to differ in dimensionality. Further, the largest among
the microtextures seem to have been perceived as carrying spatial infor-
mation. On the systematically varied, rigid, textures, the MDS space did not
come out in a similar fashion to those of everyday materials but instead simi-
lar to the physical properties that characterizes the change in the textures. It
was further found that the participants in Study III successfully discriminated
textures with an amplitude of 13 nm from the unwrinkled surfaces. From
these studies the main conclusions are (a) haptically measured friction and
surface roughness are important contributors to fine texture perception, (b)
even at microscales, spatial information is retrieved haptically, probably
through vibrations, and (c) persons can haptically discriminate textures at a
nanoscale.

Key words: Haptic, fine texture perception, multidimensional scaling, tactile,
roughness, vibrations, spatial
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Introduction

We see with our eyes, hear with our ears, smell with our noses, and experi-
ence touch with our whole body. Touch is in many ways unique from the
other senses in many ways, mainly because it is not a single sense, but rather
a composition of several senses that create perceptions of pressure, vibration,
warmth, cold, pain, and irritation as well as of combinations of these (e.g.,
Green, 1990). However, there is also a lot of sensory overlap, with vision in
particular. The information we retrieve through these senses allows us not
only to gather information about objects we handle and interact with, but
they also play a major role in our everyday life, ranging from wanted and
unwanted contact with other humans to feed-back about where our feet are
so we don’t just fall over. Although a classic research area that sparked in-
terest in renowned scientists such as David Katz and Ernst Heinrich Weber
(e.g. Katz, 1925; Weber, 1851), tactile perception has historically been
somewhat neglected and the research interests dwarfed in the presence of the
vision and auditory research. However, in more resent years research about
the skin senses has received further interest, likely prompted by new poten-
tials of technological advancements such as remote touching (e.g., remote
surgery) and different forms of haptic interfaces (Grunwald, 2008).

Currently there are combined efforts from multiple fields, in researching and
understanding texture perception, examples include, engineering (Childs &
Henson, 2007), tribology (Derler & Gerhardt, 2012), and psychology (Hol-
lins & Bensmaia, 2007). The importance of understanding texture perception
span from economical interests, such as consumer preferences of papers and
textiles, to developing robotic prosthetic limbs and virtual reality immersion.

The goals of this thesis is to further the knowledge of haptic perception of
microtexture. In three experimental studies, multidimensioal scaling (MDS),
and magnitude estimation are used to examine the perception of simple and
complex patterns of microtexture, to examine the contribution of friction and
roughness and to examine the roles of vibratory and spatial senses in micro-
texture perception, finally, to research if nano-scale textures can influence
haptic perception.
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The skin senses

The skin senses are used to retrieve a large variety of information spanning
from more affective interpersonal touch and general positioning of the body
to object identification and texture perception (Lederman & Klatzky, 2009).
The sense of touch is actually a whole sensory system, or rather two separate
subsystems made up by mechanoreceptors as well as thermal and pain recep-
tors. These are the cutaneous and the kinesthetic systems (Lederman &
Klatzky, 2009), both of these convey spatial, vibratory, cold, warmth, and
pain information. Since the focus of this thesis is on texture perception, the
mechanoreceptors in glabrous (hairless, e.g. the fingertips) skin are of specif-
ic interest. These mechanoreceptors can in turn be divided into fast and slow
adapting receptors; Table 1 shows the different types of receptors and their
optimal sensitivity.

Table 1. Mecanoreceptors in glabrous skin, classification and functionality.

Receptor Adaptation speed Haptic Texture
Merkel Slow (SA1) Passive Coarse
Meissner Rapid (RA1) Active Fine
Ruffini Slow (SA2) Passive Coarse
Pacinian Rapid (RA2) Active Fine

The receptors

The relevant receptors for the skin senses are the mechanoreceptors, thermal
receptors and nociceptors. The four major types of mechanoreceptors that
convey tactile information are Meissner, Merkel, Ruffini and Pacinian. The
following section will briefly cover the basics of these receptor types. For a
more detailed description of these receptors, their physiology and their role
in tactile perception, see Grunwald (2008). The Mechanoreceptors are dis-
tributed in the skin throughout the body, but at varying densities. The hand,
for example, which is the primary area of interest for this thesis, has around
17 000 mechanoreceptors (Vallbo & Johansson, 1984).

Meissner corpuscles are found in the papillary layer of the dermis. These
mechanoreceptors mainly respond to small indentations of the skin (10’s of
microns). The optimal frequency for these receptors is below 50 Hz (Johans-
son, Landstrom & Lundstrom, 1982). For scale, it can be noted that the cor-
puscles are about 40-70 pm wide and their axons are around 5 um. This is a
rapidly adapting receptor.
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Merkel cells are also found in the epithelial tissue of the skin. These mecha-
noreceptors are slow adapting and respond to lasting indentations of the skin.
There is some controversy regarding the functionality of these cells (Halata,
Grim, & Baumann, 2003)

Ruffini corpuscles are found both in the dermis and in the joints. These
mechanoreceptors monitor the stretching of skin and joints, and are, thusly,
relevant for the cuntaneous and the kinesthetic systems. They are slow
adapting receptors.

Pacinian corpuscles are like the Ruffini corpuscles found in the joints and in
the skin. However, unlike the Ruffini corpuscles these receptors are not lo-
cated in the dermis, but rather in the subcutaneous tissue. The Pacinian cor-
puscles respond to vibrations but unlike the Meissner cells that are optimal
around 50 Hz the Pacinian corpuscles have their optimal sensitivity around
200 Hz (Johansson et al., 1982; Brisben, Hsiao, & Johnson, 1999).

Thermal receptors respond in the range of 5-45 °C and the normal skin tem-
perature is between 25-36 °C (Verrillo, Bolanowski, Checkosky, &
McGlone, 1998). Since objects and surfaces are usually, but not always,
cooler than the normal skin temperature, heat is conducted out of the skin
(Ho & Jones, 2004). Bergmann Tiest and Kappers (2009) showed that hu-
mans can actually discriminate materials, to some extent, based on thermal
properties alone. The remaining receptor group, akin to thermal receptors, is
the nociceptors that respond to pain, for example, temperatures below 5 °C
and above 45 °C.

The cutaneous system is basically the part of our body that is in direct con-
tact with the stimuli. It consists of both mechano- and thermoreceptors in the
epidermis (the outermost layer of skin), the dermis (the thick middle part of
the skin) and the subcutaneous tissue (the deepest layer of skin). This is natu-
rally the most important system for haptic object and texture perception.
There is a plethora of research done on the cutaneous system, ranging from
illusions to neurological studies, density of receptors and receptor functional-
ity (see Grunwald, 2008).

The kinesthetic system: Is made up by mechanoreceptors, Ruffini/Pacinian,
and nociceptors in the muscles, tendons, and joints (Gandevia, 1996; Grun-
wald, 2008). The primary functions of the kinesthetic system are to provide
information about force and location in space. For example, if you want to
pick up and drink from a cup of coffee you will have to have information
about the weight of the cup to assess the force needed to hold it, you then
need information to track and balance the cup during its travel from the table
to your mouth without spilling, all this sensory information is retrieved
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through the kinesthetic system. Even though the kinesthetic system may
seem more relevant to the larger scope of tactile perception, it is also im-
portant when considering texture perception. Lederman and Klatzky (2004)
determined the perceptual costs of limiting haptic exploration. Participants
were asked to identify objects, while blind folded. Several restrictions were
imposed on participants, including a plastic sheath over the fingers and splin-
tering the fingers to restrict movement. Such restrictions gave significantly
poorer performance in the restricted than the free condition. The splinting of
the fingers condition highlighted the need for kinesthetic information in
touch.

Skin senses and vision

As previously mentioned, vision has dominated perception research for a
long time and though vision may seem different from the skin senses they
share some characteristics. The greatest similarity for these two senses is the
identification of objects and texture. While vision is a lot faster (not neces-
sarily better) at identifying objects (Klatzky, Lederman, & Metzger, 1985),
the skin senses are better at analysing surface properties (Lederman &
Klatzky, 2009, Guest & Spence, 2003). The temporal resolution for tactile
perception is even better than that of vision; for example, Gescheider (1974)
found that participants could distinguish repeated tactile stimuli down to 5
msec. While vision can get you an idea of the weight of an object, the eye
can be fooled and you will get a better estimate by actually picking up the
object; the same is true for estimates of warmth or cold as well as assessment
of textures. These senses also share a lot of psychological phenomena. For
example, many visual illusions are transferable to the sense of touch, for ex-
ample the cutaneous rabbit, where two pokes at different spots of a body
part, in rapid succession, will be perceived as the poke “wandering” along a
line between the two stimulated areas, i.e. movement. This phenomenon is
identical to the visual illusion where two flashing dots on a screen will pro-
duce the illusion of a dot wandering across the screen (Geldard, & Sherrick,
1972; Goldreich, 2007; Miyazaki, Hirashima & Nozaki, 2010). Given the
sensory overlap between these two senses, it is important it is to eliminate
vision from the experimental context when studying the skin senses.

Haptic perception

There are two distinct different forms of touch active and passive (for further
divisions see Bolanowski, Verrillo & McGlone, 2004). Active (haptic) touch
differs from passive touch both by the exploratory procedure and physiologi-
cally. Most of the research on tactile perception has focused on passive
touch, in which participants passively receives a stimulus exposure. Active,
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or haptic, touch is when a person actively searches for information, in most
cases with his/her hand. There is of course active explorations with other
parts of the body, for example the oral area, ask any infant. When a person
engages in haptic touch the objective is to retrieve information on what is
being explored. A lot of the pioneering research on haptic perception was
conducted by Susan Lederman and Roberta Klatzky. For example, Lederman
and Klatzky (1987) observed and characterized a series of exploratory pro-
cedures necessary for retrieving information on the various kinds of percep-
tions, for example, lateral motion for texture perception and pressure for
hardness perception. These exploratory procedures came naturally to the par-
ticipants of the study; it does seem that we intuitively all do the same explor-
atory procedure when asked to retrieve a specific piece of information from
the object. Noteworthy is that the exploratory procedures all are secondary to
grabbing and lifting the object, even for exploratory procedures like static
contact to retrieve temperature information.

There is also a neural basis to support the exploratory procedures. Johnson
and Lamb (1981) showed that lateral movement of the hand enhances the
response of the SAI receptors (e.g. Merkel cells). These are the receptors that
are primarily responsible for roughness perception of macrotextures. Further,
Bensmaia and Hollins (2003) found that lateral movement gives rise to vi-
brations that activate the Pacinian system (RA), which is considered the
main receptor system for roughness perception of microtextures (Blake,
Johnson, & Hsiao (1997).

It is clear that the haptic procedure is of great importance in retrieving in-
formation about objects. As shown by Lederman and Klatzky (1987), lateral
movement is the exploratory procedure for texture perception and vibrations
are necessary to perceive textures at a microscale (Hollins & Risner, 2000);
but does it matter if the vibrations are induced actively or passively, i.e. does
the kinesthetic system contribute to the perception of these fine surfaces?
Yoshioka, Craig, Beck and Hsiao (2011) found that perceived roughness
constancy was achieved in both active and pseudo-active exploration (hand
moved by the experimenter) for both direct and indirect touch (mediated
with a probe), but not for passive touch. This suggests that the kinesthetic
system is also, at least to some degree, involved in texture perception.

Most experiments on roughness and texture perception are conducted on
small surfaces where the effect of the kinesthetic system would be limited
because of the movement constraint imposed by the stimulus size. It is not as
well studied how this translates to larger scanning areas where more kines-
thetic information is conveyed through larger movements. Lakatos and
Marks (1999) showed that local features are predominant in initial explora-
tion, but if permitting prolonged exploration of the surfaces, global features
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will then become more important. Even though there is some debate regard-
ing the importance of active exploration in texture perception, there is no
debate regarding the necessity of haptic exploration to evoke the whole per-
ceptual system, and not just the cutaneous system (Yoshida, 1968; see fur-
ther Lederman & Klatzky, 2009).

Texture Perception

When we scale down from haptic perception of objects, for example size,
shape, weight, and object identification, we get to the surface. Is it hot, cool,
rough, and smooth or are there any recognizable patterns on the surface?
This surface perception involving the textures will here further be discussed
and classified as fine or coarse based on the size of the elements that consti-
tute the texture, and simple or complex depending on the arrangements of the
elements on the surface.

Coarse texture, or marcrotexture, is in this thesis attributed to surfaces cov-
ered with elements with sizes larger than 200 um. Textures in this range
should mainly be perceived through the spatial sense (Bensmaia & Hollins,
2003, 2005; Blake, Hsiao & Johnson, 2007; Merkel cells), with little contri-
bution from the vibratory sense (Pacinian). The roughness perception for
textures in this range is well studied (Lederman & Klatzky, 2009) as is also
the more complex haptic perceptions in multidimensional experiments
(Bergmann Tiest & Kappers, 2006; Gescheider, Bolanowski, Greenfield, &
Brunette, 2005; Hollins, Bensmaia, Karlof, & Young, 2000; Yoshioka,
Craig, Beck, & Hsiao, 2007). The dimensionality of coarse structures is usu-
ally described as three dimensional, explained through Roughness-
Smoothness, Hardness-Softness and Slippery-Sticky (Bergmann Tiest &
Kappers, 2006; Hollins, Bensmaia, Karlof, & Young, 2000; Picard, Dacre-
mont, Valentin, & Giboreau, 2003). There is also strong indication that the
third dimension could arise from stimulus identification (Hollins, Bensmaia,
Karlof, & Young, 2000).

Fine texture, or microtexture, is in this thesis defined as surfaces covered
with elements with sizes smaller than 100 um. Textures in this size range is
believed to be perceived mainly through the fast adapting (FA) vibratory
sense (Pacinian) with little contribution from the slow adapting (SA) spatial
sense (Bensmaia & Hollins, 2005; Meissner). Although fine textures are not
as well investigated as coarse textures, but all the same there have been con-
siderable research efforts made mainly on roughness (e.g. Hollins, & Bens-
maia, 2007; Taylor & Lederman, 1975; Libouton, Barbier, Berger, Plaghki
& Thonnard, 2012) and thresholds (e.g. Johansson et al., 1982). While there
have been considerable research on fine textures, there has been no multidi-
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mensional experiments on textures with element sizes below 200 um, that
this author is aware of.

Complex texture is in this thesis defined as textures manufactured for a spe-
cific use, and not specifically to be researchable in a systematic way accord-
ing to ‘rigid’ element sizes. Such textures are well researched on coarse, or
macro-element, textures (e.g. Bergmann Tiest & Kappers, 2006; Picard, Da-
cremont, Valentin, Giboreau, 2003), but little research has been conducted
on fine textures; and as far as the author knows, no multidimensional re-
search has been done exclusively on these kinds of textures. For an example
of fine, complex surfaces, Figure 1 shows a profile scan of three of the fine-
texture papers used in Study II in this thesis.

Simple texture is in this thesis regarded as textures manufactured to vary sys-
tematically in a given physical property, all other properties held constant.
An illustration of a simple texture from Study III is shown in Figure 2. Such
surfaces and textures have attracted a lot of attention, especially regarding
roughness perception of coarse textures, for example, Gescheider, Bolan-
owski, Greenfield, & Brunette (2005). The benefit of these textures of course
is that isolated properties can be researched, but how well do these surfaces
generalize to perceptions that arise from more complex textures? A system-
atic variation of surface elements will affect the perceived roughness, but
complex textures provide a greater context and will likely affect more than
just the roughness perception.

Regarding texture perception, the far most researched aspect is the percep-
tion of ‘roughness’. Taylor and Lederman (1975) found that for roughness
perception the spatial distribution or organaization was superordinate to the
size of the texture elements, i.e. the roughness was mainly explained by the
width of the grooves, not the width of the peaks. It was further demonstrated
that friction was of little importance to the perception of textures (Lederman,
1974). This however, was only true in the case of large textures but not for
finer textures.

The idea of separate perceptual systems for fine and coarse textures traces
back to David Katz (Katz, 1925/1989). His idea was that for coarser textures,
a spatial sense is used for discrimination, and for fine textures, we rely on a
vibratory sense. This theory is called the Duplex Theory of roughness per-
ception. Katz’s theory evoked some interest in more resent years and got
support through (Gescheider 1976; Gescheider, Verrillo, Capraro & Hamer,
1977; Hollins & Risner, 2000). Hollins and Risner also established a limit at
a texture element size of 200 pm that separate the spatial and vibratory sens-
es. Below 200 pm there was very little contribution from the spatial sense,
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and above 200 um, there was very little contribution from the vibratory
sense.

There is convincing support for the theory that the vibratory sense is of little
importance for the roughness perception of larger textures (e.g. Lederman,
1974; Hollins & Bensmaia, 2007). This also makes sense intuitively, if the
texture is large enough to be perceived by just grabbing the object, stroking
it, and thus inducing vibrations, will not add much to the roughness percep-
tion. The roughness perception of microtexture, on the other hand, is not as
intuitive. It is known that vibrations are necessary for perceiving these tex-
tures (e.g Hollins & Risner, 2000), but is the vibratory sense alone responsi-
ble for conveying texture information? It has been shown that probes (vibra-
tion by default) can convey spatial information through vibrations (Klatzky
& Lederman, 1999; Yoshioka et al, 2007) and in a recent study Delhaye,
Hayward, Lefevre & Thonnard (2012) showed that spatial coding was possi-
ble solely through vibrations by conveying vibrations through the hand to the
forearm. Though it is well established that the vibratory system is a primary,
and necessary, system for sensing fine texture (e.g. Bensmaia & Hollins,
2005; Gescheider, Verrillo, Capraro, & Hamer, 1977; Gescheider, Sklar,
Van Doren, & Verrillo, 1985) it is not certain to what degree spatial infor-
mation is relevant.

Height
3 A
b

F

1%
. 7]
£

Figure 1. Three printing-paper stimuli depicting the range of surface roughness (R,)
in 3D-height maps. Stimulus A: LWC 60, medium rough, R, = 1.75 pm; Stimulus
B: News 45, most rough, Ra = 4.03 pm; and Stimulus C: WFC-Gloss 100, least
rough, R, = 1.24 pm. The 3D-area height maps (2.7 x 2.6 mm?®) were obtained with a
profilometer based on white-light interferometry. The image of each printing-paper
stimulus consists of 42 smaller images stitched together.

22



The roughness researchers have also tried to determine thresholds for haptic
perception, that is how small surface features that the human finger can de-
tect. Current research holds that the human hand is capable of discriminating
down to element sizes of 1 um (Johansson & LaMotte, 1983; Miyaoka,
Mano, & Ohka, 1999; Louw, Kappers, & Koenderink, 2000; Srinivasan,
Whitehouse, & LaMotte, 1991).

Figure 2. Visualization of the profile of one of the simple texture ‘rigid’ model sur-
faces.

In the literature on aging and texture perception, it is obvious that our tactile
abilities are not spared the tooth of time. The spatial acuity, the ability to
detect two pokes at a close distance on the body, declines with age for both
blind and seeing persons. The decline in spatial acuity is about 1% per year
between 12 and 85 years old (J.C Stevens & Patterson, 1995). The decline is
true for both blind and seeing, but blind persons perform on average at the
level of 23 years younger sighted persons (Goldreich & Kanics, 2003). It is
not only the spatial sense that declines with advancing age, but also the vi-
bratory sense. Gescheider, Edwards, Lackner, Bolanowski, and Verrillo
(1996) found that the detection threshold for 250 Hz vibrations gets elevated
with age. However, above threshold, the ability to discriminate vibration
stimuli was relatively unaffected by age.

Spatial discrimination and vibrations are undoubtedly the two most im-
portant parts of haptic texture perception; they are however not acting inde-
pendently of the warmth and cold senses (Bergmann Tiest & Kappers,
2009). Given our ability to discriminate changes in temperature (Ho &
Jones, 20006), it is reasonable to assume that the thermal conductivity of the

23



materials would contribute to the perception even of exclusively fine texture.
For example, materials with high thermal conductivity would lead heat away
from the hand quickly and feel cool.

Goals of the thesis

The goal of this thesis is to further the knowledge on haptic fine-texture per-
ception and specifically to answer the following questions:

(a) What is the contribution of friction and surface roughness to the haptic
perception of fine-textures?

(b) Can fine-textures as small as 2 um be mapped multidimensionally, and
how does the dimensionality of these fine textures relate to coarse textures
and objects?

(c) What is the role of texture size in the use of vibratory and spatial sense?
(d) Can the contribution of specific properties for haptic perception of fine-
textures be isolated?

(e) Can nano-features be distinguished with haptic perception?
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Concepts and methods of measurements

The following section will present the main methods of measurement used in
the three studies, and the unidimensional features and properties that were
chosen for the experiments.

Multidimensional scaling

The main method for Study II and Study III was multidimensional scaling
(MDS). This is a nifty method to explore the underlying dimensionality of
perceptions, as well as getting fairly unbiased data. Rather than having the
experimenter decide what the participants are supposed to perceive, the par-
ticipants are allowed to scale similarity with their own criteria and it is then
up to the experimenter to find out what perceptional dimensions are used. In
this way the data leads the experimenter to search for the important dimen-
sions rather than the experimenter choosing what perceptual features are im-
portant and then having the participants scale them. The idea behind multi-
dimensional scaling is that similarity data can be represented as distances
which are represented in a multidimensional space (Borg & Groenen, 2010;
Schiffman, Reynolds, & Young, 1981; Carroll & Chang, 1970).

In Study II and Study III, where multidimensional scaling was used, the data
was collected as similarities of pairwise comparisons. The participants would
scale the similarities of all possible combinations of pairs of the stimulus
matrix (21 x 21 and 18 x 18 matrices for Study II and III, respectively). In
order to reduce the strain on the participants only data from half of the ma-
trix was collected, that is, if the pair 5-2 was presented then the pair 2-5 was
not included. To check the reliability of the half matrix, a subset was select-
ed for test-retest; the same method was used to decide this subset in both
Study II and III (all pairs including the first and the last stimuli as well as all
pairs next to the main diagonal were included in this subset). The data was
analyzed with the ALSCAL program, using the INDSCAL algorithm. In or-
der for the ALSCAL to accept the input, the similarities must first be con-
verted to dissimilarities (100 — X, where X is the similarity scale value). If
the data is free of error the fit would be an exact and absolute representation
of the data. However, psychological measurements always include a certain
degree of error. The purpose of the different MDS algorithms is to fit the
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data as well as possible, given the error in the data. Since the MDS programs
are black-box like and do not show the fitting process in detail, it provides a
badness-of-fit measure. This badness-of-fit measure is called Stress (Borg &
Groenen, 2010).

The ALSCAL software attempts to reduce the S-Stress rather than the raw
stress. S-stress means that both the distances (in the solution) and the dissim-
ilarities (in data matrix) are squared. A benefit with this model is that all
scale values including zeroes can be differentiated. However, as a conse-
quence, the greater distances get heavier weights. A critique against S-stress
is that greater distances are assumed to have more error and that S-stress
then attributes more weight to the weaker data (Borg & Groenen, 2010). In
the case of the studies in the present thesis, however, it is more likely that the
smaller distances contain more error because of the inability of the partici-
pants to consistently discriminate between extremely similar microtextures.
Indeed, the ALSCAL solution made more sense, in relation to the physical
and the perceptual unidimensional data, than the sometimes more recom-
mended PROXSCAL software did For more information on the majorization
algorithm used by PROXSCAL, see Borg and Groenen, (2010).

Individual Difference Scaling (INDSCAL software) is a model that fits
weighted individual Eucledian distances in an n-dimensional space. What
this means is that each participant gets assigned a weight depending on his or
her ‘preference’ for the dimensions in the space, while scaling similarities
among perceptions of stimuli. The reason for doing this is to account for in-
dividual differences when creating the common space for all participants.
The assumption behind this is that the individual space corresponds to the
common space but each of the individuals has their own idiosyncratic ‘pref-
erence’ for involving a particular dimension.

Magnitude estimation

Magnitude estimation is a method to scale the intensity of a stimulus (S.S
Stevens, 1957, 1975). The basic premise is that participants scale the per-
ceived intensity or a perceptual quantity of the requested feature. This is
done either in relation to a, by the experimenter, predefined standard or ref-
erence (modulus) or, alternatively, the participant is allowed to set their own
frame of reference relative to the set of stimuli (no-modulus). The data is
collected as ratio scaling data and the participants are asked to answer ac-
cordingly. That is, if the first stimulus is considered 50 in for example
smoothness and the following stimulus is twice as smooth, it should be re-
ported as 100. Reversely, if the second stimulus is 100 in smoothness and the
third stimulus is a little less than one forth thereof, it will be reported as for
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example, 22. To get solid magnitude estimation data, it is important that each
stimulus is repeated several times in random or irregular orders. No-modulus
(or free) magnitude estimation was the method of choice in collecting the
unidimensional perceptual features in both Study I and Study II.

Perceptual features

The perceptual features that were measured in the three research studies
were coarseness, smoothness, thickness, dryness and coolness. While
coarseness' and smoothness are obvious choices because of the known im-
portance of surface roughness (Hollins, & Bensmaia, 2007; Taylor & Le-
derman, 1975; Libouton, Barbier, Berger, Plaghki & Thonnard, 2012), the
concepts of dryness and coolness may not be as obvious choices for percep-
tion measurements. These two were selected based on a brief pilot experi-
ment, because they were frequently occurring descriptors of the papers from
non-professional perceivers of printing papers. The final feature, thickness
was meant to replace the more common attribute hardness, as it would be
difficult to consider the hardness (or softness) of flat printing-papers surfac-
es.

Physical measures

Weight. The 21 printing papers in A4-format were already produced, meas-
ured, labeled and delivered in weights according to specifications realistic
for their natural use (range: 45 up to 130 g/m’, see Table 1). The weight was
determined according to ISO standard 536:1995 for grammage.

Finger friction. Friction is a force that resists the motion when one object is
moving over another (see Figure 3). To measure finger friction, a haptic
approach was adopted. That is, a human finger was moved over the paper
stimulus mounted on a three-component piezoelectric force sensor (Kistler
9251A). When subjected to a mechanical load, the sensor generates electrical
charges that are converted to voltage, using a charge amplifier (Kistler
5038A3). By calibration, the output signal of the measured forces was
obtained in the unit Newton (N). The finger friction coefficient was
determined as the ratio of the frictional force (Fr) and loading force (L), and
was calculated from an average of four measurements per paper. The haptic
procedure and the apparatus, including the direction of the forces, are shown

' “Coarseness’ is the best translation of the Swedish perceptual feature “strivhet”, which is

equivalent to roughness; the translation to ‘coarseness’ in English was chosen in order to min-
imize confusion with the physical quantity of surface roughness, Ra.

27



in Figure 3. The sampling rate of the frictional force and loading force was
100 Hz. For a more detailed description of the measurement procedure for
finger friction, see Skedung et al. (2010, 2011). For a review on finger
friction measurement see Derler and Gerhardt (2012).

Figure 3. Finger friction measurement. The frictional force (Fr) and loading force
(L), or applied load, are recorded as the finger is moving over the paper surface in a
standardized way.

Surface roughness. Physical surface roughness describes the amount of
height differences on a surface. If the number of height deviations is large,
the surface is rough and vice versa. The average surface roughness (R,) was
measured with a NanoFocus pScan laser profilometer (NanoFocus AG,
Germany). For each of the 21 paper stimuli, the R,-value was averaged from
six 150-mm long line scans. R, is defined as the average absolute deviation
of all points X from the center line of the surface, that is

1 L
R, :E£|z(x)|dx’ (1)

where L is the length of the profile line and z is the surface height over the
center line. Mathematically the center line is defined in such a way that the
sum of the z values is zero.
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Thermal conductivity. Thermal conductivity is a measure of a material’s
ability to conduct heat. Therefore, surfaces with a high thermal conductivity
tend to feel cooler than surfaces with low thermal conductivity, since heat is
then conducted faster from the skin. Thermal conductivity was measured
with a HotDisk (HotDisc AB, Sweden), based on the Transient Plane Source
(TPS) technique (Gustafsson, 1991). A current is applied to a thin film sen-
sor with a radius of 14.67 mm (HotDisc 7280), which serves as both the heat
source and thermometer. The thermal conductivity is obtained by monitoring
the temperature increase, which is highly dependent on the thermal transport
properties of the surrounding material, as a function of time. Stainless steel
was used as a backing material.
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Summary of studies

The answers to the above mentioned questions will be discussed based on
three research studies. Study I explores the psychophysical relationships be-
tween perceived coarseness and finger-friction and/or surface roughness.
The purpose of this first study was in part, to attune haptically the friction
measurement to perception as well as to research its importance to the per-
ception of texture; and in part, to examine the feasibility to use the printing
papers as stimulus material in the planned multidimensional scaling experi-
ment in Study II. The main focus of this second experimental study was to
research the dimensionality of fine textures, using the complex surfaces of
printing paper combined with “natural” haptics. The MDS experiment in
Study III was designed to explore the contribution of controlled and isolated
surface properties to the haptic perception of fine textures, and to push the
texture size down into the submicron scale and explore if it would be possi-
ble to discriminate textures of nano-scale.

Stimulus and participants

The three studies of this thesis use two distinctly different kinds of stimuli:
complex (Study I and II) and simple (Study IIT) textures. Because of the ef-
fects of aging on texture perception, there was an exclusion criterion for par-
ticipants older than 50 years. Study II and III only had female participants.
This was in part a convenience decision and in part because we were not in-
terested in gender differences. Different haptic procedures were selected for
the three studies. The haptic procedure in Study I was selected to get a good
fit with the measurements of friction. The haptic procedure in Study II aimed
to allow for a more natural haptics for improved ecological validity, and also
to activate more of the kinesthetic system. The Haptic procedure in Study III
was aimed at being as close as possible to the one in Study II but because of
the size and pattern of the surfaces, some restrictions had to be imposed. In
all three studies, visual input was eliminated by every subject’s use of blind-
folds. Because of the length of the experiment, a decision was made not to
introduce, additionally, pink noise. It was considered to be asking a bit too
much of the participants to sit through the lengthy experiments with blind-
folds and earphones. Table 2 shows a summary of the experimental designs
of Studies I, I, and III.
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Table 2. An overview of the specifics of the three studies constituting the foundation
of this thesis.

Study  Stimuli Participants Method Measurement Haptics
I Printing 10 women Magnitude Perceived: Dominant in-
paper and 15 men,  estimation Coarseness dex finger,
(complex) 22-29y restricted
movement
I Printing Exp 1: 10 Magnitude Perceived: All fingers,
paper women, estimation Smoothness, dominant hand,
(complex) 2147y Coolness, Dry- free exploration
ness, Thickness;
Exp 2: 20 Multidimen-  Pairwise Smilarity
women, sional scaling
20-37y
11 Model 20 women,  Multidimen-  Pairwise Similaity  Index finger,
surfaces 21-32y sional scaling dominant hand
(simple) restricted

movement

Study I

Background

The physical properties of importance for this study were friction and sur-
face roughness. Friction is known to be of limited importance for haptic per-
ception of macrotexture (Lederman, 1974) but of increasing importance for
finer textures (e.g. Wandersman, Candelier, Debrégeas, 2011; Tomlinson,
Lewis & Carre, 2009). Moreover, friction is mostly measured by probes,
passive touch and/or synthetic skin (e.g. Derler, Schrade, & Gerhardt, 2007;
Derler, Gerhardt, Lenz, Bertaux & Hadad, 2009; Liu, Yue, Cai, Chetwynd &
Smith, 2008). Roughness is a well researched property in haptic texture per-
ception for macro as well as micro textures (Hollins & Bensmaia, 2007). The
purpose of Study I was to research key properties (friction and roughness)
and establishing ways of measuring them, examine their relevance to the
coarseness perception of fine textures and also to pilot the stimuli materials
for use in Study II.
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Method

Participants

Participants in Study I were 25 undergraduate students (10 women and 15
men) at the Royal Institute of Technology (KTH). The age range was 22-29
years. Participation in the experiment was mandatory for course credit. Two
participants were excluded from the friction-measurement part and one par-
ticipant was excluded from the perception-measurement part because of the
time constraints set for the experimental session.

Materials

The stimuli for the experiments were eight different kinds of printing-papers
(a subset of the total set used in Study II). Both finger-friction measures and
perception measures were collected from the same subset of printing papers.
A list of the stimuli and their specifications are presented in Table 3. There
were two distinct categories of papers, coated and uncoated. For paper
grades, the woodfree papers are made from chemical pulp rather than of me-
chanical pulp and supercalendering is a process to smoothen the uncoated
papers to more resemble coated papers. As shown by the R,-measures of sur-
face roughness, the SC-A paper is smoothed to an amount that even surpass-
es the light weight coats and the machine finished coats.

For the friction measurements, the papers were cut into 4 x 5 cm?® pieces to
fit the finger friction measurement device, see Figure 3 for a picture of the
device. The finger friction measurement procedure is presented in more de-
tail in the Method section of the thesis. For the perception experiment the
papers were presented in A4 standard format (210 x 297 mm).

Table 3. The eight kinds of stimuli and their pre-measured characteristics. The un-
coated papers are bolded.

Sample name Papergrade Grammage R, Surface roughness (Im)
(g/m2)

LWC 60 Lightweight 60 1.8
MEFC 60 Machinefinished 60 2.4
News 45 Newsprint 45 4.0
SC-A 60 Supercalendered 60 19
WEFC Gloss130 Wood-free 130 1.2
WEFC Gloss70 Wood-free 70 1.3
WFC Matt70 Wood-free 70 1.7
WFU 60 Wood-free 60 3.9
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Procedure

The method for scaling perceived coarseness was magnitude estimation; no
modulus was set by the experimenter (see the “concepts and methods of
measurements section” of this thesis for detailed information on the method
of magnitude estimation). Each stimulus was presented 7 times for a total of
7 x 8 = 56 presentations, in a unique random order, for each participant.
They were blindfolded and instructed to use the index finger of their pre-
ferred hand and to slide it up and down the length of the paper and to scale
the perceived degree the coarseness of the paper, using their own scale of
numbers. The participants were also instructed to try to keep constant load
and speed while stroking the paper surface with their index finger. After the
perception experiment the friction coefficient was measured and the partici-
pants were told to stroke the paper samples using the same index finger, us-
ing the same speed and load as in the perception experiment.

Results and conclusions

The results show a strong psychophysical relationship between Ra and Per-
ceived coarseness (r = 0.85), see figure 4. There was also a promising psy-
chophysical, negative, relation between perceived coarseness and friction (r
= 0.67). While there was variability between the participants’ friction coeffi-
cients, the trend was very consistent across the participants. The conclusion
from the analysis of the sliding modes was that a trained operator will pro-
duce consistent friction measures. Further, the participants performed well at
scaling perceived coarseness, and the stimuli material is well categorized and
very suitable material for perception experiments.

20

Perceived coarseness
Ay

0 ‘ 1 2 3 4 5
Surface roughness (um)

Figure 4. The relation between perceived coarseness and physical surface roughness.
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Study II

Background

Texture perception is a field of increasing interest. There are two distinct
kinds of texture perception with different mechanisms, perception of macro-
texture, which is perceived through the spatial system and microtexture,
which is perceived through the vibratory system. This is referred to as the
duplex theory of texture perception (Hollins & Risner, 1998). The texture
size that divides these two systems is 200 um. There has been a considerable
amount of research on the dimensionality of macrotexture (textures larger
than 200 um) and the most frequently reoccurring dimensionality with high
interpretability is rough-smooth and hard-soft (Hollins, Bensmaia, Karlof &
young, 2000; Picard, Dacremont, Valentin & Giboreau, 2003; Bergmann
Tiest & Kappers, 2005). Beyond these two dimensions there are often more
dimensions found but these are harder to explain and replicate. Also, there
seems to be individual differences in the use of the dimensions beyond the
first two (Hollins, Bensmaia, Karlof & Young, 2000). For microtexture,
however, there have been no perception experiments on dimensionality.

In this study, we attempt to fill the knowledge gap, by researching the di-
mensionality of microtextures and to find out how the space for the vibratory
sense relates to the spaces for the spatial sense. Another goal is to research
the contribution of physical properties and perceptual features to fine texture
perception. The stimuli are printing papers with textures with element sizes
between 2-10 um, that is, well below the 200 pm limit for the spatial sense.

Method

Participants

In Experiment I, 10 women (mean: 30.2+8.9, range: 21-47 years old) partic-
ipated, and in Experiment Il 20 women (mean: 26.1£5.6, range: 20-37 years
old) participated. All 30 participants were naive to perception experiments
and received monetary compensation for participation.

Materials

The stimulus materials were the same for both experiments, and were the
complete set of printing papers that the stimulus material for Study I was
derived from. The papers were presented in A4 standard size. Table 4 lists
the stimuli and their specifications.
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Table 4. The 21 printing paper stimuli and their measured physical properties.

Stimulus Finger fric- Thermal

incl. tion Surface rough- conductivity Manufacturing character-

weight (g) coefficient ness R, (um) (Wm'K™) istics

LWC 45 0.298+0.033 1.96+0.05 0.123 Lightweight coated

LWC 60 0.290+0.029 1.75+0.04 0.179 Lightweight coated

MFC 48 0.313+0.032 2.55+0.04 0.102 Machine-finished coated

MFC 60 0.309+0.032 2.38+0.04 0.106 Machine-finished coated

MWC 100  0.364+0.029 1.28+0.03 0.191 Medium weight coated

MWC 60 0.353+0.024 1.54+0.03 0.173 Medium weight coated

News 45 0.276+0.018 4.03+0.07 0.071 Newsprint, uncoated

SC-A 48 0.300+0.018 2.00+0.05 0.155 Supercalendered, virgin
fibres, uncoated

SC-A 60 0.296+0.026 1.91+0.03 0.138 Supercalendered, virgin
fibres, uncoated

SC-B 45 0.3594+0.043 2.12+0.04 0.137 Supercalendered, recycled
fibers, uncoated

SC-B 60 0.364+0.038 2.20+0.04 0.138 Supercalendered, recycled
fibers, uncoated

WEC- 0.476+0.077 1.24+0.03 0.242 Woodfree coated, hf

Gloss 100

WEC- 0.431+0.026 1.23+0.03 0.222 Woodfree coated, hf

Gloss 115

WEC- 0.386+0.040 1.2540.02 0.210 Woodfree coated, hf

Gloss 130

WEFC- 0.453+0.068 1.34+0.03 0.250 Woodfree coated, hf

Gloss 70

WFC-Matt 0.423+0.071 1.70+0.05 0.174 Woodfree coated, If

100

WEC-Matt  0.411+0.087 1.66+0.05 0.189 Woodfree coated, If

70

WEC-Silk  0.381+0.027 1.54+0.05 0.196 Woodfree coated, mf

115

WEC-Silk  0.378+0.029 1.59+0.04 0.175 Woodfree coated, mf

130

WFU 100 0.277+0.019 3.85+0.05 0.110 Woodfree uncoated

WFU 60 0.284+0.020 3.91+0.05 0.098 Woodfree uncoated

Footnote. For coating, hf = high finish, mf = medium finish, and 1f = low finish. For infor-
mation on properties, see methods.
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The papers were stored in a room with invariant temperature and humidity,
and were moved to the experimental room 24 hours prior to each experi-
mental session. To eliminate the risk of participants contaminating the paper
surfaces by their hands (Skedung et al., 2010), each individual sheet of paper
was discarded after each use. The blindfold used in the experimental sessions
was a TEMPUR sleep mask.

Procedure

The weight (grammage) of the papers varied from 45 up to 130 g/m” and was
determined using ISO 536:1995 standards. The physical measurements of
finger friction, surface roughness and thermal conductivity are described in
the concepts and methods of measurement section of this thesis.

In the first experiment, the perceptual attributes were measured with the
method of magnitude estimation. The participants scaled the intensity of
smoothness, coolness, dryness and thickness, one at the time with a short
break in-between each session. Each participant received the stimuli in a
unique random order.

In the second experiment, the participants scaled perceived similarity of the
textures. The participants were blindfolded and completed the experiment
individually. The participants were instructed to use all five fingers on their
preferred hand and they were allowed to go back and forth between the
stimuli within each pair before scaling the similarity.

Results and conclusion

The INDSCAL solution that best described the data was three-dimensional.
The dimensionality was not clear-cut, but a scree-plot indicated a tree-
dimensional solution and when comparing the 2D and 3D solutions, the 3D
solution made more sense and increased the overall interpretability of the
data. The interpretability of the output is a criterion, coupled with Stress, to
choose dimensionality (Borg & Groenen, 2010). To help explain the dimen-
sionality of the textured surfaces, the four perceptual features, measured in
Experiment 1 (smoothness, thickness, coolness, and dryness) and the four
physical properties (surface roughness, weight, thermal conductivity, and
finger friction) were fitted into the space in 2D planes. The dimensionality
was interpreted as smooth-rough, thick-thin and distinct-indistinct; all three
viewed as bipolar in the sense that they are inverse and overlapping, that is,
they are not mutually exclusive (cf. Miller, 1991). Dimension 1 and Dimen-
sion 2 (smooth-rough, and thick-thin) correspond well to the reoccurring di-
mensions of macrotexture (Bergmann Tiest & Kappers, 2006; Hollins,
Bensmaia, Karlof, & Young, 2000; Picard, Dacremont, Valentin, & Gi-
boreau, 2003). The third dimension, distinct-indistinct, was not explainable
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through our physical or perceptual measures, but was explained as distinct-
indistinct because of the bipolar nature of the stimuli found to be high in
Dimensions 3 (high roughness and high smoothness); this interpretation is
not unlike the dimension found by Hollins, Bensmaia, Karlof and Young
(1998) and Gescheider, Bolanowski, Greenfield, and Brunette (2005), dis-
tinctiveness and clarity, respectively. I argue that this third dimension may
be explained by spatial-sense discrimination of very fine textures, whereas
previously the vibratory sense was assumed to be the sole contributor. It is
possible that in the experimental context, where the large textures are around
10 um and the remaining textures are around 2-4 pum, the larger textures are
perceived as having ‘macro-texture’ in relation to the remaining stimuli.

Study III

Background

The interaction between finger and stimulus is complex, involving defor-
mation of the finger from pressure and the vibratory information from
movement (Childs & Henson, 2007; Derler, Gerhardt, Lenz, Bertaux &
Hadad, 2010) as well as topographical and material characteristics (Tomlin-
son, Lewis & Carre, 2009; Masen, 2011). Thus, when the finger slides over
the material there will be both frictional forces and vibrations (Mate & Car-
pick, 2011; Bensmaia & Hollins, 2003). These vibrations and frictional forc-
es are in turn relayed through mechanoreceptors that are either slow adapting
or in the case of fine texture perception, fast adapting (Johnson, 2001). A
challenge to overcome when researching fine textures in a systematic way is
the manufacturing of chemically identical surfaces, with elements spanning
from the nanometer into the submillimeter size range, which are nonetheless
large enough and robust enough to permit repeated interrogation with a fin-
ger. While there are known ways to manufacture nanostructured surfaces
(Xia, Rogers, Paul & Whitesides, 1999), these are often too small in size to
use in haptic experiments. In this study a series of 16 wrinkled surfaces are
manufactured with a size spanning from 300 nm to almost 100 um for the
purpose of researching the specific contribution of pattern and friction
changes to the haptic perception of fine textures.
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Method

Participants
Twenty women (21-32 years old) without prior experience of psychophysi-
cal experiments participated in this experiment. The participants were
awarded theatre vouchers as compensation.

Materials
The stimulus materials for the experiment were model surfaces with a sinus-
oidal wave pattern, manufactured for the specific use as stimuli in this exper-
iment (see Figure 2 for an illustration of a surface). A total of 18 different
surfaces were used (50 mm x 25 mm in size). The surfaces ranged from 300
nm to 80 um in wavelength and from 7 nm to 4.5 pm in amplitude. The sur-
faces were gently cleaned with acetone and lint-free tissue between each use.
The blind fold was a TEMPUR sleep mask.

Table 5. The 18 model surfaces and their measured characteristics.

Sur- Wavelength Amplitude Aspect ratio Finger friction R, surface rough-
face (um) (um) (amplitude/ coefficient ness (Lm)
(um) wavelength)

BS1 - - - 1.27+0.26 0.001 £ 0.000
BS2 - - - 1.41+0.68 0.002 £ 0.001
WS1 0.270 £ 0.040 0.007 £+ 0.001 0.025 1.02+0.29 0.003 £ 0.001
Ws2 0.760 = 0.050 0.013 £ 0.003 0.017 1.21+0.31 0.007 £ 0.002
WS3 0.870 = 0.050 0.022 £ 0.005 0.026 1.09 +0.30 0.012 £ 0.003
WS4 175+ 1.0 1.2+0.1 0.067 0.52+0.21 0.48 +0.02
WSS 176 1.0 1.2+0.1 0.071 0.48£0.11 0.58 +0.08
WS6 20.5+0.9 1.6 +0.1 0.080 0.31+0.07 0.72+0.07
WS7 250+ 1.1 31+£03 0.123 0.35+0.07 1.64 +0.23
WS8 25.1+1.2 2.1£02 0.082 0.29 +0.08 0.92 £0.39
WS9 312+1.4 24403 0.078 0.59+0.10 1.38+0.15
WSI10  34.0+24 4.0+0.5 0.119 0.52£0.10 2.21+0.61
WSI1  374+£26 45+04 0.121 0.32+0.06 2.56+0.26
WSI12  399+£29 33+0.3 0.081 0.54+0.12 1.79+0.20
WS13  429+2.6 3.6+0.3 0.084 0.61+0.12 2.09+0.18
WS14  46.5+2.6 4.0+0.2 0.085 0.67+0.17 2.31£0.16
WSI5  70.7£29 1.9£0.1 0.027 0.90 £ 0.22 1.06 +0.06
WSI16  90.0+4.3 34+03 0.038 0.82+0.16 1.79+0.17

Footnote. The BS surfaces are the surfaces with unwrinkled film and WS are the surfaces with wrinkled

film.
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Procedure

Before the experiment started, the participants washed and dried their hands.
The participants were then given written and oral instructions. The task was
to scale similarities between all possible pairs of the 18 surfaces, from 0% to
100 % similar. The instruction was to stroke the surfaces with the index fin-
ger of their preferred hand. They were not allowed to move the finger side-
ways. Before the experiment started, a practice trial was given to both let the
participant get accustomed to the scaling procedure and get a feel for the
stimulus variations. The experiment was divided into 25-min sessions, each
session was followed by a five min break, and the second session was fol-
lowed by a 20 min break. The temperature and relative humidity was meas-
ured to 20.5 £ 1.3°C and 29 + 8 %, respectively.

Results and conclusions

A two-dimensional solution was chosen for this experiment. The stress val-
ues could be interpreted to suggest a three-dimensional solution, but after
studying the output of both the two-dimensional and the three-dimensional
solutions, the decision was made to select the two-dimensional option be-
cause of the fit to the physical measures. It seems that the third dimension
represented scaling noise, and only served to make the space less interpreta-
ble. The two-dimensional solution exhibited a striking similarity to the plot
of wavelength against friction, suggesting the perceptional dimensions are
indeed associated with physical properties. Indeed, the plots of the scale val-
ues of Dimension 1 against friction and the scale values of Dimension 2
against wavelength did indeed yield very good fits. This means that these
two physical properties explain the dimensionality of the INDSCAL solution
very well. These results are presented as Figures 4 and 6 in the general dis-
cussion of this thesis.

Given the relationship between friction and surface roughness (Derler &
Gerhardt, 2012), and the texture of the surfaces, it is not surprising that the
INDSCAL solution assumed such a close approximation to the physical plot.
It is, however, very noteworthy that the participants could discriminate such
extremely similar surfaces as well as they did. These results also confirm
that friction is indeed very important to the perception of microtextures.

The final, and perhaps most remarkable, finding from Study III is that two of
the nanosurfaces did not fall into the general pattern of the other surfaces in
the INDSCAL solution. The smallest wrinkled surface with 300 nm wave-
length and a 7 nm amplitude grouped with the surfaces covered with an un-
wrinkled film, suggesting the participants could not discriminate it from the
two ‘blanks’. The two larger nanosurfaces though, the smallest of which had
a wavelength of 760 nm and amplitude of 13 nm, grouped together and out-
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side of the general pattern of the remaining textures. This suggests that the
participants could discriminate them from the blanks, but not by the means
of friction and wavelength. This is both thrilling and confusing. An ampli-
tude of only 13 nm is enough to separate a wrinkled surface from a flat sur-
face, but what is the perceptual mechanism?
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General discussion

This general discussion will address the main findings of Studies I, II, and
III, as well as discuss the implications for texture perception, haptics, and
tactile dimensionality.

Main findings

To cement the foundation of this thesis there was a need to establish a proper
method of measurement for friction, evaluate the R, measure for surface
roughness and to determine the relevant perceptual features and physical
properties of the stimulus materials in psychophysical experiments. In Study
I, a measuring method for human finger friction was established and the rep-
resentativeness of a finger for measuring friction is determined. Much atten-
tion and research have been dedicated to measure friction with artificial
probes designed to mimic human fingers or to develop measurement models
with fingers (e.g. Derler, Gerhardt, Lenz, Bertaux, & Hadad, 2009; Tomlin-
son, Lewis, & Carre, 2009; Masen, 2011). The benefits of such probes are
obvious in its standardization and quality of measurement. However, in
Study I, the aim was to measure the friction with the aid of human partici-
pants to better describe the perceptions in terms of haptic texture perception.
The experimental results yield a measuring model based on the first three
sampling cycles out of 15 conducted, because there is a change in friction
that happens after three cycles. To better fit the natural human-texture inter-
action, these first three cycles were isolated and used for the measurement of
friction (indeed, it is a rare occasion in a persons life when you decide to
continuously rub a surface 4-15 times to decide on the potential friction of
the surface). To relate both the friction and R, measures to perceptual fea-
tures of stimulus surfaces, a separate perception experiment was also con-
ducted on the printing papers. The results of Study I yielded good psycho-
physical relationships between perceived coarseness and both the R, and the
friction measures of the paper surfaces.

Katz (1925) hypothesised that texture perception was actually a composition
of two senses, the spatial sense for coarse textures and the vibratory sense for
fine textures. This theory of haptic perception is called the Duplex Theory.
In more recent times this Duplex Theory has been refined, supported and
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polished. Hollins & Risner (2000) found that the vibratory sense made little
contribution to the perception of textures larger than 200 pm. One of the
goals of this thesis was to further examine this theory and evaluate the con-
tribution of these senses in the realm of textures below 200 um to see if a
similar isolation of sensory information happened. As shown in Study II, the
MDS solution of textures below 10 pm corresponded well to earlier research
on course textures and surfaces, indicating a similar perceptual system. What
was further found in this study was that the coarser textures (around 8 pm)
differed from the general pattern of the finer textures (around 2 pum). This
separation in perception is likely due to recognition of the actual texture and
not a product of the vibratory separation that explains the remaining textures.
These findings indicate that there is indeed a contribution of spatial infor-
mation even at this fine scale. This finding both support and further the Du-
plex Theory. The presence of two perceptual systems is evident. However,
contrary to the Duplex Theory which suggests that these fine textures should
be perceived through the vibratory sense; in the present thesis I argue that
the stimulus context reshapes the definition of fine and coarse textures, per-
ceptually. Meaning that the 8 um textures, that would fall into the category
of fine textures and thus vibratory-sense perception, were perceived as
coarse, in the context of the experimental setting, and were thus perceived
through spatial information. This is in accordance with the research that
shows vibrations can be relayed through probes to convey spatial infor-
mation (Klatzky & Lederman, 1999; Yoshioka et al, 2007; Delhaye, Hay-
ward, Lefevre & Thonnard, 2012). While there is no doubt that vibration is
necessary to perceive anything at all at these fine textures, both senses seem
to still play an important role in microtexture perception, and the Duplex
Theory should be considered in relative rather than absolute terms, or per-
haps that the duplex part is a perception phenomenon and not just a receptor
phenomenon.

The Duplex Theory seems to explain, through vibratory and spatial infor-
mation, haptic perception of fine and coarse textures. Research suggests that
below 1 um the ability to discriminate is lost. For example, Johansson and
LaMotte (1983) showed that 1 um is the limit for texture perception. How-
ever, just because the ability to detect single asperities, or acknowledge pat-
terns, diminishes around 1 um, does that mean that patterns in the submicron
range are not detectable? This question was answered in Study 111, where the
textures ranged from 80 um down to 300 nm, sporting a pattern-amplitude of
just 7 nm as the finest texture. What was found in this experiment was that
the participants were indeed unable to separate the finest texture (300 nm
wrinkles with 7 nm amplitude) from the unwrinkled surfaces (same material
but unwrinkled). However, they were able to discriminate the 760 nm wrin-
kles, 13 nm amplitude surfaces from the unwrinkled surfaces. While 760 nm
is fairly close to the 1 um limit found in previous research, the amplitude of
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the waves on the surfaces in Study III was 13 nm. For the 800 nm waves to
be detected, the amplitude of 13 nm must have been large enough for detec-
tion. It is highly unlikely that the participants felt the actual pattern at these
nano textures, yet the perception of similarity differed all the same. As seen
in Figure 5 the detection was not based on friction. So, if the discrimination
is not based on friction, vibration or spatial information, what was then used
to discriminate these fine textures? The most likely scenarios would be per-
ceptual cues to surface stickiness, or to warm or cold surface temperature,
but unfortunately this thesis was unable to answer this particular question.
However, this makes for an excellent research area to follow up on.

Surface textures

This thesis also aimed to research the haptic perception of fine textures, de-
fined here as surfaces with elements of less than 200 um in size. To better
understand the mechanisms of the perception at this small scale, two differ-
ent kinds of textures were scrutinized.

1. Complex textures. The complex textures were the printing papers
used in Study I and Study II. These textures are formed by
haphazard ‘flexible’ patterns as fibres are crossed.

2. Simple textures. The simple textures were the model surfaces with
‘rigid” wrinkles used in Study III. These textures were created to
systematically varying in wavelength and amplitude, keeping all
other variables constant.

It is clear from the results of Study I and Study II that the complex fine tex-
tures behave much in the same way as the coarse textures used in earlier re-
search (e.g. Bergmann Tiest & Kappers, 2006) and the perceptual space re-
lates closely to those found in earlier research. The results from Study III
showed that rather than taking on the general MDS pattern and dimensionali-
ty of the complex surfaces, participants successfully organized the surfaces
according to the principal by which they were manufactured, reflected by
wavelength and friction. The 2D MDS pattern for simple surfaces and the
plots of friction (u) vs. wavelength are shown in Figure 5.
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Figure 5. Perception and physical measures of wrinkled surfaces. (A) Two-
dimensional (tactile) space of perceived similarities of the 18 surfaces. The closer
the points in this tactile map, the more the surfaces are perceived as similar. (B) Fin-
ger friction versus wrinkle wavelength. There are clear similarities between the point
distributions in (A) and (B) suggesting that participants may use friction and wrinkle
wavelength as cues in scaling similarities among the surfaces. As a guide to the eye
a third order polynomial is fitted to the empirical data. The surface with smallest
stimulus pattern (WS1, A=270 nm) was not distinguished from the two unwrinkled
surfaces, whereas the A= 760 nm and A= 870 nm surfaces were. (dashed ring in A)
The amplitudes of these latter surfaces are 13 nm and 22 nm respectively. An arbi-
trary color scale has been generated where blue represents the surface of largest
wavelength and red that of shortest wavelength. The unfilled points correspond to
the unwrinkled reference surfaces.

The conclusions drawn from these findings regarding fine textures are that
fine textures can be considered in much the same way as their more coarsely
textured counterparts, even though there are supposedly two different per-
ceptual systems involved. In the coarse texture perception it is mainly the
spatial sense that is relied upon for discrimination while on the fine textures
we rely mostly on the vibratory sense. For the simple textures, the similarity
scaling captures the systematically changed variable formidably, which
could mean that other structures in the same size range (0-80 um) can be
researched systematically as well. Complex textures are more akin to the
textures one would expect to meet in real life situation and the modelling of
them seems to be transferable between materials and size ranges. The simple
fine-textures on the other hand yielded a very good interpretation of the ma-
nipulated variable and seem like a very viable way to study the effect of sin-
gle properties on a more complex system.
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Dimensionality

One of the goals of this thesis was to map the dimensionality of fine surface
texture. While Study I made it clear that the printing papers were suitable as
scalable microtextures, more sophisticated experiments were needed for re-
searching the dimensionality. In Study I, an extended set of the printing pa-
pers from Study I were scaled and mapped with INDSCAL software, the
resulting 3D image is shown in Figure 6. The space was interpreted through
the results of Experiment 1 and the complementary physical measurements.
Figure 8 shows Dimensions 1 vs 2 and 1 vs 3 with the vectors of the physical
and perception measurements fitted into the two plains. The general pattern
of the 3D space for printing papers corresponds well with the perceptual
spaces of objects, larger textures, and across-materials spaces demonstrated
in previous research (Bergmann Tiest & Kappers, 2006; Gescheider, Bolan-
owski, Greenfield, & Brunette, 2005; Hollins, Bensmaia, Karlof, & Young,
2000; Yoshioka, Craig, Beck, & Hsiao, 2007). One of the goals of this thesis
was to map the dimensionality of fine surface texture. While Study I made it
clear that the printing papers were suitable as scalable microtextures, more
sophisticated experiments were needed for researching the dimensionality. In
Study II, an extended set of the printing papers from Study I were scaled and
mapped with INDSCAL software, the resulting 3D image is shown in Figure
6. The space was interpreted through the results of Experiment 1 and the
complementary physical measurements. The general pattern of the 3D space
for printing papers corresponds well with the perceptual spaces of objects,
larger textures, and across-materials spaces delivered in previous research.
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Figure 6. The 3D INDSCAL representation of perceived dissimilarities of 21 print-
ing papers in Study II.

The interpretation of the dimensionality also corresponds well with the inter-
pretations of the dimensions of coarser textures with Dimension 1 as a
rough-smooth dimension, Dimension 2 as thick-thin dimension and Dimen-
sion 3 as a distinct-indistinct dimension. The interpretation of Dimension 1 is
a straightforward interpretation and the fact that roughness and smoothness
is a present dimension is hardly surprising, since this is the case for most
surfaces. The interpretation of Dimension 2 is also not surprising; the thick-
ness of the printing papers contributed to surface feel in a similar way as
hardness does on other materials. The reason I chose thickness over hardness
was because of our stimulus materials, for which it would be awkward to
consider printing paper surfaces as hard or soft. Thickness, however, made
more sense in the context of our stimuli and it would roughly translate into
an equivalent perceptual feature. Dimension 3 for the complex fine texture
surfaces was harder to interpret, and there were no physical or perceptual
measures that captured this third dimension. The most reasonable interpreta-
tion for this dimension was distinct-indistinct. The rationale behind this in-
terpretation is that the textures that were high in Dimension 3 were opposites
in all the measured perceptual features and physical properties. The only
thing they shared were that they possessed very high or very low quantities
of the measured attributes, that is, the printing papers that were highest in
Dimension 3 had by far the roughest surfaces; this is shown visually in Fig-
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ure 7. The papers that were high in Dimension 3, but opposite in Dimension
1 and 2 were the thickest and most heavily coated (gloss). The common
ground for these papers was that they were distinctly different from the re-
maining papers in their dominating characteristics and were therefore more
recognizable.
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Figure 7. The 3D multidimensional space of Figure 6 displayed in two-dimensional
planes with Dimension 1 as x-axes; Dimension 2 plots at the top and Dimension 3
plots at the bottom. In the two left diagrams, A and C, the four perceptual features
are presented as vectors; and in the two right diagrams, B and D, the four physical
properties are the vectors. For all vectors, the higher quantities are illustrated as full
lines and the lower quantities as dotted lines.
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Figure 8. MDS coordinates from perception experiment versus physical data. (A)
Dimension 1 scale value versus finger friction coefficient (B), Dimension 2 scale
value versus wrinkle wavelength. The fitted sigmoidal dose response functions are a
guide for the eye. In B, the stimuli within the circles are excluded from the function
fitting. These functions imply that the slope regime in the middle is where humans
are most sensitive. The two asymptotes indicate sensor saturation. The color map-
ping (the same as in the other figures) is based on pattern wavelength from low
wavelength (red) to larger wavelengths (blue).

The simple ‘rigid’ textures in Study III gave a very different solution to the
dimensionality of the complex textures. The participants in Study III virtual-
ly recreated the function of friction and wavelength as can be seen in Figure
4. The two dimensions are further explained in Figure 8 where the scale val-
ues of Dimension 1 and Dimension 2 are plotted against friction and wave-
length, respectively. There are several interesting points to this particular
psychophysical space, one being that the solution fits the data surprisingly
well even though it was burdened with fairly high stress values. This indi-
cates that the participants indeed could scale microtexture in a very compre-
hensive way and gives support for the INDSCAL solution of Study II that
also had high stress values. The other interesting point that arises from the
INDSCAL solution is the two largest nano-scale stimuli separated from the
blank surfaces whereas the smallest nano-scale surface did not. This, in-turn,
indicates that surfaces with a sinusoidal wave pattern of 760 nm were indeed
discriminable from the blank surfaces, where as the 300 nm surfaces were
not. The most striking observation here is that the amplitude of this 760 nm
surface was 13 nm.
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Haptics

Study I, I, and III of this thesis all had a different approach to haptic explo-
ration. Since the main purpose of Study I was to relate the friction to the per-
ception of coarseness, the haptics in the perception experiment emulated the
friction measurement. This haptic method was controlled in space but not in
time, the participants were not asked to scale coarseness during a certain
time frame. This liberty in time restraint was kept throughout all three stud-
ies, but the restriction in space varied. In Study II the haptic design was
meant to give some ecological validity to the experimental results. Instead
of, as standard practice in most tactile experiments, using the index finger
and slide it in a lateral motion over a surface, or for that matter letting the
surface slide against the index finger in the name of experimental control. A
decision was made to allow the participants to freely explore the surface for
as long as they wished before scaling the similarity or the unidimensional
features of the stimuli. By doing this, the participants got input from all fin-
gers as well as the kinesthetic information of the moving arm, together rep-
resenting a more natural way to explore a paper surface, and a chance to
gather more perceptual information than involved in surface roughness. As it
turned out, the roughness, not unexpectedly, came out as the strongest di-
mension. However, the physical roughness was not linear to its reverse per-
ceived smoothness and indeed it showed saturation at the roughest textures,
see Figure 9. This was not reflected in the INDSCAL space, where the
rougher textures were clearly and distinctly separated from the remaining
textures, especially in Dimension 3. It is also noteworthy from Study I,
where the haptics were more restricted, that the perceived coarseness seems
linear to R, as opposed to the corresponding measures in Study II. Of course
it 1s dubious to draw conclusions, because of the restricted stimulus set of
Study I. The haptic procedure of Study III had to be constrained in part be-
cause of the size of the stimuli and in part because of the wave pattern that
was meant to be research.
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Figure 9. Physical roughness plotted vs. perceived (A) smoothness, (B) coarseness,
(C) coolness, and (D) dryness.

Perhaps the most interesting part about the haptics is the third dimension in
Study II. In the experiment, participants were allowed to explore the surface
freely and the resulting dimension was explained as distinctiveness, a dimen-
sion that is also discussed by, for example Hollins et al (1998) and Ges-
cheider, Bolanowski, Greenfield and Brunette (2005). Though Hollins et al
(1998) argue that this occurs because some materials are not dimensional;
the results from Study II lead me to believe that this is not the case. Figure 5
shows a trend that even smoothened papers with recycled fibres (SC-B) start
to approach the rough papers that are high in Dimension 3. I speculate that
the rough papers were perceived spatially whereas the remaining papers are
perceived through vibrations. This might be considered a bit controversial
since the current research claims that the vibratory system is responsible for
the texture perception at this texture scale. However, with free exploration
with all fingers of the hand over a large surface, it seems quite possible that
multiple vibrations could be detected by the Pacinian channels and are per-
ceived as spatial variation, but through movement. Since the two-point
threshold for vibration stimuli (on the sole of the foot) is 1.2 um (Kowalzik,
Hermann, Biedermann, & Peiper, 1996), and the detection level of a single
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asperity is 1 pm it seems quite possible that the rougher textures were indeed
perceived as spatially different from the remaining surfaces.

Methodological issues

In any experimental study there are methodological issues to address. The
following section will address three issues: The Stress values of the MDS
solutions (badness-of-fit), stimuli, and participants.

Stress

The multidimensional scaling experiments in Study II and Study III are de-
liberately set up to only encompass microtextures, complex and simple re-
spectively. What is evident from the results is that the stress values are rather
high. Though this might be a problem, it is unavoidable if one intends to re-
search the dimensionality of fine textures. It is noteworthy that the stress
levels were very similar for both Study II and Study III.

The difficulty level of scaling similarity of minute texture differences is ob-
viously high and as such invites more error. Seeing how error is a known
source for inflated stress, it is no wonder the stress values are much higher
than for example in multidimensional scaling experiments of macro-textures
or objects. I am sure the reader can imagine the difference in difficulty of
scaling similarity between two paper grades and between a rock and a metal
pipe. However, high stress due to error is not necessarily a problem in multi-
dimensional scaling, if the error is randomly distributed, i.e. equal amount of
over and under estimations. On the contrary, as in any psychological exper-
iment, the inclusion of more data points will yield more reliable data; but this
is not reflected in the stress. The inclusion of more data points that contain
error will result in higher stress, although for all intent and purposes, the in-
clusion of these points is to generate a more accurate measure (Borg &
Groenen, 2010). The group data for the test-retest measurements show that
the error does indeed seem to be randomly distributed. Given that the error is
high, and that also the test-retest correlation is high, it seems very reasonable
to assume that at a group level the error is indeed randomly distributed, and
as such a likely explanation for the high stress.

The second criterion for assessing the fit of the model is to examine its fit to
the actual data. In Study III, the stimulus materials were simple surfaces with
controlled structures. In this experiment the INDSCAL representation of the
data was a very close approximation of the manipulated wavelength and the
resulting finger-friction, see Figure 5. The close fit to the physical measure-
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ments suggests that the participants did indeed manage to scale the similari-
ties of these fine textures in a most credible way.

Stimuli

There were two different kinds of stimuli materials in the three studies. The
model surfaces used in Study III were robust and made it through hundreds
of uses before starting to yield, which unfortunately meant we could only use
the first 10 participants for the main analysis. The general pattern was intact
even with the worn surfaces, but the differences were reduced. While it is
definitely an issue that the number of participants got reduced to 10 this is
still a reasonable number of participants for a similarity experiment of this
magnitude. This problem would have been wonderful to avoid, but time con-
straints and budget limited the possible amount of manufactured surfaces to
two sets of 18 usable surfaces. The printing-papers used for Study I and
Study II on the other hand, did not suffer from the same problem as the mod-
el surfaces. For these two, studies there were enough stimulus material to use
a fresh sheet of paper for each trial.

Participants

The participants for Study II and Study III were all women, which can raise
the question of how well the results can be generalized to men. It was a con-
scious decision to only include women based in part on convenience and in
part because of possible gender differences. I had difficulty recruiting men to
previous studies and I was not interested in gender differences. I found no
evidence that women and men should have different texture perception, if
anything there might be a sensitivity difference that would be applicable in
Study III for the nano-scale stimuli. But if there is a gender difference in
sensitivity I would have needed twice as many participants to keep each
group at the desired 20. Instead of risking having only a few male partici-
pants (who might differ in sensitivity) contra a large group of women, the
decision was made to restrict participation to women.

Implications and further research

The results of this thesis can hopefully help to better understand the mecha-
nisms of fine texture perception. Immediate and relative impact would be for
the manufacture of consumer products such as hair products, textiles and
particularly printing papers, where the spaces can be used to predict the im-
pact of varying surface treatments. The prospect of nanocoatings is also ex-
citing, both for further research and for application on haptic devices and
other products.
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There are several key issues to explore further. It would be good to replicate
the findings of Study III by using a larger set of surfaces and with a larger
amount of stimuli of each kind to ensure the surfaces will hold for the full
length of the experiment. A same-different threshold experiment on the same
type for surfaces would also be desirable. Another interesting rout would be
to pursue the influence of nanocoatings on haptic devices, such as smart
phones.

Final thoughts on texture perception

In concordance with previous research all three studies of this theses support
the importance of friction and roughness to texture perception, both for sim-
ple and complex textures and for restricted and unrestricted haptics. There
does, however, seem to be more to texture perception than these two reoc-
curring properties. While the finger-friction measurements developed in
Study I worked well for explaining dimensionality in the sinusoidal textured
surfaces and R, being a reliable measurement across all three studies of this
thesis. R, also has a good fit to the perception measurements. Neither of the-
se managed to capture the differentiation of the nano-scale surfaces in Study
III. No obvious explanation was reached as to what exactly separated the
nano surfaces but as far as speculation goes, the degree of stickiness could be
a contributor. It does; however, seem that the perception of fine textures goes
a bit further than the roughness perception, even more so when one considers
the difference in material properties that goes beyond the geometry of the
surface. The MDS solution of Study II differed greatly from the MDS solu-
tion of Study III and it seems likely that both the haptic procedure and the
material properties contribute to the perception of the complex nature of the
paper surfaces. The importance of haptic exploration in microtexture per-
ception can also be researched further by varying the modes (active/passive)
and mediation (probes) on surfaces like the ones used in the studies of this
thesis.

55



Conclusions

The main conclusions of this thesis are:

It is possible to use multidimensional scaling on a set of
microtexture of the same material and the dimensionality is very
similar to that of macrotexture perception that is believed to be
activated by a different sensory system.

Micro and macro-textures are context dependent in a way that
reaches beyond the element sizes of the textured surfaces. Even
micro texture can be perceived spatially through vibrations in haptic
search.

Roughness and friction are indeed key components of perception of
fine texture but at the submicron scale it seems that discrimination is
based on neither of these.

There may be a kinesthetic component to haptic perception of fine
texture.

And finally, the human hand is capable of discriminating between
blank surfaces and nano-wrinkled rigid surfaces with amplitudes as
small as 13 nm.
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