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1Introduction

If the world is at hand’s reach, the hand owes it to the sense of touch. Touch allows
us to become aware of our surroundings in a way that vision and audition cannot.

The information collected through tactual perception is employed to identify, grasp,
evaluate and manipulate objects, from tools to fruits. Touch is also a key aspect of social
interactions, communication of emotions and non-verbal information transmission.

The sense of touch can be categorized into two types of sensations. One type relates
to the cutaneous sense which results of the deformation of the skin on the surface of our
body. The second type relates to proprioception, which relays the position of our limbs
and the forces applied by our muscles to the central nervous system. The combination
of both sensations is called haptic perception, from haptics, the science that studies
touch.

Haptic perception grants access to a variety of physical attributes about the surfaces
that are in contact with the body. These attributes comprise temperature, shape,
texture, and many other attributes of the surface in contact. The transduction of
these quantities into relevant messages for the central nervous system is a subject of
research since the past century. In fact, unlike to vision and audition which are related
to electromagnetic and air pressure waves, the physical quantities that mediate tactile
perception are not well understood yet.

This thesis focuses on the perception of fine texture and in particular how the
roughness, the small irregularities caused by the finish of the surface, is appreciated
through the haptic channel. As for visual or audio stimuli, virtual tactual sensations
feel more realistic when roughness is added to the raw geometry. Fine roughness, as
opposite to coarse roughness, is defined through the presence of asperities that never
exceed 100 µm. This scale of surface irregularities can only be experienced through
the lateral motion of the finger onto the surface.

The perception of texture has importance in many domains. It can be the difference
between a common fabric and silk. In the case of surgery, it also gives clues as to the
quality of tissues and their health. The present work aims to clarify the nature of
roughness stimuli. It is motivated by sensorimotor rehabilitation, especially of post-
stroke patients. After a stroke, patients often lose motor control and tactile sensibility.
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CHAPTER 1. INTRODUCTION

The rehabilitation process helps them to recover this deficit by continuously stimulating
the haptic sense, especially texture sensation. But the success of recovery is limited by
the fact that current exercises are not engaging and do not sufficiently motivate the
patient. One outcome of this thesis is a device that robustly and efficiently creates a
variety of virtual tactual texture and can be employed for the development of games
for rehabilitation.

In addition, smartphone and touchscreen input devices have raised interest in pro-
viding feedback the user by producing tactile stimuli as a response to taps on the
screen. Physical buttons are disappearing from the human-computer interaction and
there is a need of communicating touch sensations and enhancing the user experience
by tactile feedback. Some devices use tactile actuators to transmit high-frequency vi-
brations to the enclosure or the screen. Driving these actuators with rich signals can
give the illusion of buzzing, impacting or even texture. The limit is that such devices
cannot stimulate the kinesthetic perception.

1.1 Scope
This work aims to render realistic sensations with a single high-fidelity transducer
attached to the finger. A focus has been placed on roughness simulation and rendering.
In particular it explores the range of vibrotactile textures that can be reproduced
through cutaneous stimulation alone. To achieve this goal, a custom made sensor
records and stores the interaction of a finger with a surface. Reproduction is then made
by reversing this measurement by rapidly deforming the pulp as the finger moves with
the tactile transducer. Tactile exploration of fine surfaces does not rely on distributed
stress on the fingertip, and even a single tactile element can render the sensations that
one feels when stroking an object.

The thesis deals with several issues related to this goal. First, the mechatronic
design of transducers dedicated to tactual texture reproduction is discussed, and a
specific transducer capable of recording and rendering texture is described. Second,
a mechanical measurement of the dynamic properties of the fingertip is presented to
give information about of the underlying mechanical phenomena that occur during
tactile exploration. Lastly, an analysis of the vibrations generated by the stroke of the
fingertip on several surfaces is presented.

1.2 Thesis Overview
This thesis is segmented in 8 chapters including this introduction and is organized as
following.
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Chapter 2 reviews the current literature about human touch that falls into the
scope of this thesis. The perception and psychophysics of touch are the first aspect
of this literature review. The second part is focused on the mechanical structures and
properties of the fingertip and their influence on perception. The last part reviews the
technological state-of-the-art for devices reproducing tactual textures.

Chapter 3 introduces a transducer designed to record and replay the interaction of
a finger sliding on a rough surface. During sensing operation, tangential forces arising
from the friction of a fingertip on the surface are measured with high-dynamic range and
over a frequency bandwidth that encompasses tactile perception. The force-position
profile is recorded and is reproduced using the same transducer in actuator mode. In
this configuration, the actuator is fixed to the finger and imposes a lateral deformation
of the fingertip as the finger undergoes net motion. A simple psychophysics experiment
ties the roughness estimate of a real surface with the one reproduced by the apparatus.

Chapter 4 extends the previous chapter by describing in-depth the design of the
apparatus in both sensing and reproduction mode. A formal model and a mechanical
calibration is proposed to present the limits of the apparatus and their influence on
the quality of the stimuli that are produced. This chapter also raises the question
of the spatio-temporal definition of tactual roughness. In other words, it asks if the
perception of texture can possibly be done by a fusion of the temporal determinant
and the position of the fingertip in space. Both data are used to create spatial maps of
five textures. Two psychophysics experiments on the identification of complex textures
and on discrimination of gratings, try to shape an answer to this question.

Chapter 5 and Chapter 6 investigate the mechanical behavior of the fingertip to
lateral deformation. This study explores two fundamental questions. The first relates
to Chapter 3 where the interaction force measured is converted into displacement for
the reproduction of tactual sensation. As in audio, when there is a change of units and
quantity, the conversion is made accordingly to the impedance of the medium. But
contrary to audio, where the impedance of the air is well defined, tactile interaction
and measurement depends on the mechanical properties of the fingertip. These prop-
erties are depended of several parameters including the frequency of stimulation. The
second question concerns implications of the biomechanics for tactile perception, and
especially whether the biomechanics properties affect signal generations. Chapter 5
describes the instrument that was developed for the studies. It proposes a novel way of
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measuring mechanical impedance by combining electromechanical measurement tech-
niques and a feedback control loop for enhancing the sensitivity of the device. Chapter
6 presents the results of a set of measurements on seven participants. Results reveal a
dual mode behavior with an elastic response at low frequencies (< 100 Hz) and a vis-
cous behavior at higher frequencies. The resulting data are also valuable for informing
the design of better transducers and reproduction algorithms.

Chapter 7 explores tactile interaction from a signal processing point of view. The
interaction of a fingertip with several sinusoidal and flat surfaces was recorded with
the same apparatus as in the Chapter 3 and 4. Despite the large variations from one
measurement to another, some invariants are extracted. A spatial representation and
Fourier analysis reveals that every texture induced a 1/f noise. Moreover, touching
sinusoidal textures produces complex waveforms that follow possess a harmonic behav-
ior. Questions are raised on the perceptual implication of such a background noise on
the tactual estimation of relative speed.

Finally, Chapter 8 concludes this thesis with a summary of the main contributions,
perspectives that arise from this work and unanswered questions.
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This chapter reviews the literature related to tactile interaction for perception of
slippage and texture. More specific information will be summarized in the in-

troduction section of each chapter. Section 2.1 presents psychophysic research relative
to the tactile perception of texture. Section 2.2 describes the properties of the skin
from a mechanical viewpoint. Both mechanical response and friction properties will
be related to roughness perception and the creation of vibrations. Finally, Section 2.3
portrays the current state of the art in devices that reproduce virtual haptic textures.
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CHAPTER 2. LITERATURE REVIEW

2.1 Human Perception of Tactual Texture

Tactual texture concerns the surface and material properties that our finger perceives
by coming into contact with an object and/or sliding on the surface. The nature of sur-
face contact is a key factor in the tactile identification of objects. It reveals mechanical
properties such as friction, roughness and temperature, and informs the central nervous
system about the qualities of the contact. Furthermore, this information is essential to
grasping and manipulating our environment.

2.1.1 Texture Sensing

2.1.1.1 Active Touch for Perception

Motion is an intrinsic part of haptic perception. Without making contact, manipu-
lating, or stroking an object, it is impossible to sense the shapes, textures, materials
that surround us. Katz, in his classic monograph [94, 102], was the first to notice that
tactile perception is intimately linked with self-motion. He hypothesized that the size
of the perceptual window is augmented by moving it in the world. The motion of the
finger or the hand makes the resolution and the reach of touch virtually infinite. The
same observation has been also applied to visual perception, in which the movement of
the eye plays a important part in scene comprehension. Katz also claimed that with-
out relative lateral motion between an object and the skin, the roughness of a surface
cannot be estimated. Roughness is defined by micro-scale asperities of the surface; at
length scale well below the spatial detection threshold of touch.

These observations have been experimentally verified by Meenes and Zigler [130]
who showed that the roughness of various grades of paper is optimally perceived by
moving relative to the surface. The lateral motion introduces temporal variation in
the mechanical pressure applied to the skin, which is used as a cue for roughness
estimation. Lederman and Klatzky [112], in a seminal article, drew a taxonomy of hand
movements used for tactual perception. They found eight exploratory procedures from
which humans extract information about a tangible object through of touch. Texture,
for instance, is perceived through lateral motion between the object and the finger, and
compliance with a variable pressure normal to the surface.

Gibson observed that vision and touch share similarities, as self-motion is necessary
for perception [59]. Using simple planar shapes, he asked two groups to match their
tactile sensations with drawings of the shapes. In the first group, the shapes were
simply pressed into the hands of participants. The second group was free to explore
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2.1. HUMAN PERCEPTION OF TACTUAL TEXTURE

the shapes and boundaries of the objects before giving an answer. The results of
this experiment showed a clear advantage of exploratory motion for the perception of
shapes.

As Katz noted, tactual abilities for texture discrimination are also greatly impaired
by the absence of relative lateral motion. Psychophysical evaluations of human abil-
ity to discriminate coarse gratings (groove size greater than 100 µm) reveal that the
discrimination thresholds drop significantly when participants are not allowed to move
their finger. During this experiment, Morley et al. [139] also noticed that exploratory
procedures follow an almost sinusoidal displacement of the finger from right to left.
This observation can possibly be induced by the uni-directionnality of the rectangular
grating.

In light of these findings, it is clear that in order to reproduce virtual surfaces, users
have to be able to explore the virtual world with their hands. In particular, texture is
sensed during lateral motion of the finger onto the surface.

2.1.1.2 Perceptual Dimensions

Texture is a term that encompasses many features of the surface being explored. Hollins
et al. [76, 73] tried to reduce these features to a minimum number of descriptors. They
performed a study in which they presented to non-expert participants a total of 17
tactile stimuli, such as sandpaper, wood, velvet, cork, and asked them to describe the
sensations they felt with a set of adjectives. From these data they ran a multidimen-
sional scaling (mds) analysis and found that the perceptual space could be represented
as a four-dimension Cartesian space. Major axes correspond to the description of
roughness (smooth-rough) and compliance (hard-soft) of the material. The two mi-
nor axes are most likely to be frictional properties (sticky-slippery) and temperature
(warm-cold). It is interesting to notice that the axes are not orthogonal to each other,
indicating a cross-correlation between attributes.

Using a free-sorting procedure on 24 car seat fabrics, Picard et al. [165] found, also
by mean of an mds analysis, that the perceptual space could be divided in to three
to four dimensions. However the major dimensions were soft/harsh and thin/thick,
as opposed to previous studies. This difference might be explained by the fact that
the participant were French speaker and that the words “soft” and “harsh” are more
commonly referred to fabrics than “rough” and “smooth”. This result emphasis the
great influence of culture and context on the cognitive classification of sensations.

The perceptual space suggested by Hollins et al. [73] was constructed around sub-
jective attributes which depend of the context and are not always reliable. The limited
number of samples must also be taken into account. In fact, 17 samples with 4 dimen-
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sions do not create enough redundancy for correct statistics. With this limitation in
mind, Bergmann-Tiest and Kappers [14] performed a free sorting study with 124 tex-
ture samples. Each of the samples was classified from its mechanical properties, such
as compliance (inverse of stiffness) and roughness computed from a weighted average
spectrum of the height profile. The mds procedure, they used embedded the results in
a four dimensional space. The dimensions correlated with the physical measurements
but they were not completely aligned, which suggests that each perceptual dimension is
based on several physical properties. Furthermore, the physical attributes of roughness
and compliance described a horseshoe shape in perceptual space, which contradicts the
hypothesis of a Euclidean perceptual space.

When analyzing individual dimensions, Smith and Scott [180] reported that the
friction coefficients (quantified as the tangential forces divided by the normal forces)
was correlated with stickiness judgments on smooth surfaces. In the case of non-smooth
surfaces, roughness perception also seemed to be correlated with increasing net fric-
tion (i.e., tangential force) [177]. From this viewpoint, it is clear that the continuum
rough/smooth is not orthogonal with sticky/slippery. Moreover, they also found that
roughness estimates were not directly correlated with topographical measurements of
surface asperities. Stevens and Harris [189] performed a quantitative study of the per-
ceived roughness of textiles with increasing emery cloth grid number; the grid number
is inversely proportional to the particle diameter. They found that roughness was a
positive power of grid number. They also found that smoothness varied similarly, but
with opposite power, with grid number. This last result confirms that smoothness is
the reciprocal of roughness. Ekman et al. [48] extended these results and found that
the exponent of the power-law depends on the coefficient of friction and the material
used (sandpaper, cardboard and paper).

Yoshioka et al. [238] explored the perceptual dimensions of texture explored through
a rigid probe. They asked participants to rate various textures on a three dimensions
space that comprised roughness, hardness and stickiness. They found no significant
difference between the probe and the bare finger. The authors claimed that in the case
of indirect touch, the three dimensions correspond to the vibration power transmitted
by the tool, the compliance of the surface and the friction force acting on the probe
during manual exploration. These results do not agree with the other studies, probably
because the experimental procedure imposed the dimensions of the perceptual space a
priori.

Despite discrepancy in the definition of tactual texture, all these studies corroborate
the fact that texture is associated with multiple attributes in which roughness plays a
fundamental role.
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2.1.1.3 Differences Between Coarse and Fine Roughness Perception

Katz [94, 102] was also the first to distinguish between the perception of coarse and
fine roughness. The former can be felt simply by pushing on the surface, whereas the
small asperity size of fine surfaces require a lateral motion of the skin with respect to
the surface in order to be perceived. Further experiments confirmed this hypothesis,
by showing that without relative motion, surface defects below 100 µm in size can
not be detected [116, 196, 77]. It is worth noting that these findings also showed that
speed does not influence the perceptual estimation of roughness, while normal force
increases roughness magnitude estimates. These observations show the independence
of the roughness estimate with respect to temporal factors, and lead to imagine that
roughness is represented by the central nervous system, in space rather than in time.

When a tactile signal is repeated for a long time, the human sensory system adapts
and apparent amplitude decreases: when the signal is stopped, the sensitivity pro-
gressively recovers its function. Lederman et al. [115] asked participants to rate the
roughness of coarse textured surfaces before and after inhibiting vibrotactile sensitivity
with high and low frequency masking stimuli. No change in the perception of coarse
textures was observed suggesting that the perception of coarse textures is not mediated
by vibration. Later, Hollins et al. [77] performed the same experiment, using fine tex-
tures and found a significant decrease in discrimination abilities following adaptation
to high-frequency stimuli. The results of both studies can interpreted by supporting
a duplex theory of roughness perception; large asperities of roughness are perceived as
spatial determinants, whereas fine textures (< 200 µm of spatial frequency) are mainly
perceived through temporal determinants, consisting in vibrations created by sliding
friction between the textured surface and the finger. Moreover, vibrations are both
necessary and sufficient for the perception of fine textures [74].

From the literature on texture perception, we can conclude that tactual perception
of roughness is based on a combination of two perceptual cues: the spatial and temporal
determinants. The first category relates to the deformation pattern of the skin in
contact with a surface, and is dominant when surface defects are coarse. Temporal
determinants are produced by the time-varying global deformation of the skin, which
is excited during lateral motion between the skin and texture, and they prevail when
texture is fine (i.e., < 100 µm of height). Both of these cues are involved in the tactual
perception of surface topography and friction properties. Depending on the mechanical
events, the central nervous system will rely on one or the other cue.
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2.1.1.4 Perception Through a Rigid Link Compared to Bare Finger Exploration

The central nervous system has the capability of extending the function of the body
via the tools we hold. For instance when we are using a pen to write, the pen is
integrated in our sensory system, and our mind controls the tip of the pencil rather
than managing the forces and torques on the body of the tool. This is also true for
tactual perception: a stick stroked on a rough surface transmits vibrations that one
captures by the mechanoreceptors in the hand. But from a physiological point of view,
the mechanical deformation field that mechanoreceptors embedded in the skin sense
is only the pressure of the skin on the surface of the pen. So how does the central
nervous system interpret the vibratory signal from the stick as being comparable the
bare finger exploration?

Klatzky and Lederman [99] compared roughness judgments when subjects explored
textured surfaces with a rigid probe or a rigid sheath mounted on their fingertip with
judgements made when exploring with the bare finger or through a compliant glove.
In the first condition, the rigid link imposes a coding of tactual perception based on
vibration alone, whereas the bare finger condition gives access to both vibratory and
spatial cues. The authors report that roughness estimates were greater with a rigid
link. Discrimination performance was best with the bare finger, but the rigid sheath
only reduced discrimination by few percent. This experiment shows the importance of
vibratory cues during texture exploration. One explanation for the greater subjective
magnitude when using a rigid link is that the finger and the compliant glove serve to
damp the vibration content. On the other hand, the rigid link amplifies vibrations
produced through collisions with edges of the surface.

In [114], the same authors investigated the influence of speed and mode of touch
during tactile exploration with a probe. In the passive mode, participant’s arm was
attached to a table while a robot stroked sandpapers on the tip of the probe they
were holding. In the active mode, subjects explored sandpaper by actively stroking
the probe. The resulting data showed that speed has a larger effect during passive
exploration. The authors argued that because kinesthetic information from the arm
motion was absent, subjects relied on cutaneous cues to assess both speed and rough-
ness. However, a conflict is involved, because estimating the speed of motion without
kinesthetic feedback relies mostly on texture information. Changing the texture refer-
ence changes the distribution of frequency content, and biases hence biased the speed
or the roughness estimate. In another publication, they also explored the effect of a
rigid sheath superimposed on the fingertip on tactile perception [113]. Orientation and
compliance discrimination were greatly reduced by the absence of distributed spatial
information. Roughness estimates and vibrotactile sensitivity were, however, less af-
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fected by spatial masking. This supports the difference between spatial and temporal
determinants and their importance to tactile perception in everyday life.

The work of Yoshioka et al. [238], presented in paragraph 2.1.1.2, also showed that
the subjective scaling of texture stimuli on the roughness, hardness, and stickiness
continua in probe condition are similar but not identical to the bare finger exploration
mode. The cognitive classification of texture is analogous despite the difference in the
mechanical signals sensed by the central nervous system in the two modes of explo-
ration. The conclusion of this study was that the cognitive mechanisms implicated in
texture perception differ for probe versus bare finger exploration. In the case of explo-
ration with a probe, texture is reconstructed depending on the tool that participants
are holding.

2.1.2 Texture and Slip Discrimination

Human capabilities of surface feature discrimination (periodic or non-periodic) have
been intensively studied using psychophysical methods. Psychophysics is a branch of
experimental psychology that relates perception and physical stimuli. In practice this
leads to the study of verbal responses given by participants when they are stimulated
in a controlled manner. Knowledge about the inputs and outputs of the human sensory
system makes it possible to extrapolate its behavior. In practice, an emphasis is placed
on measuring the lowest stimulus that triggers a reaction (absolute threshold) or the
lowest difference of stimuli that triggers a response (difference threshold1) of human
perception.

2.1.2.1 Texture

Johansson and LaMotte [85] determined the detection threshold of the height of a single
defect in a perfectly smooth silicone wafer. They found that an edge as high as 0.85 µm
could produce a sensation. Raised dot detection thresholds were determined to be
1.09, 2.94 and 5.97 µm for dots of respective diameters 602, 231 and 40 µm. Detection
thresholds depend on the area of stimulation and, by extension, the number of receptors
involved. Several studies have used raised dot matrices [105] or linear gratings [92, 139,
146] to study the effect of repetitive texture discrimination. For instance, Miyaoka et
al.[135] used aluminum-oxide abrasive paper of varying grit, corresponding to average
particle sizes of 40 to 1 µm. They determined that the smallest perceptible difference
(difference threshold) in grit was about 2.4 µm.

1The difference threshold relative to the stimulus intensity is called Weber fraction in honor of one
of the founders of psychophysics: Ernst Heinrich Weber (1795-1878).

11



CHAPTER 2. LITERATURE REVIEW

The main criticism of these studies is that they were conducted with non-smooth
topographical function, yielding gratings or surfaces that contain sharp edges and cor-
ners that can induce strong shocks and call to question the influence of height in the
detection threshold. Louw et al. [120] considered the detection problem using a set of
Gaussian bump profiles with a wide range of width (0.15 < σ < 240 mm). Participants
were able to freely explore samples with their bare fingers. The minimum detectable
height of the bump was about 1 µm, on average for the smallest bump width. This
value is about 10 times smaller than the size of skin cells themselves, raising questions
about the physical limits of haptic perception. When the results were plotted on a log-
log scale, they were linearly aligned, such that the amplitude threshold depended on the
width σ raised to the power 1.3. The maximum value of the first derivative of height
(maximum slope) is the dominant perceptual cue for shape and texture perception.

Building on these observations, Nefs et al. [145] used sinusoidal gratings to explore
perceivers ability to discriminate amplitude and spatial frequency with periodic and
mathematically defined surfaces. They found the Weber fraction for amplitude dis-
crimination to be about 10 to 15% which yields a difference threshold as low as 2 µm.
The difference threshold for spatial period discrimination is about 11.8, 6.3 and 6.4 %
for gratings of spatial period of 10, 5 and 2.5 mm respectively. Spatial discrimination
thresholds were higher than values found in [139], probably because the latter authors
used a continuous function for the grating shape. Conversely, the study of Morley et
al. used gratings with sharp edges, so that collisions between the finger and texture
corners might have created mechanical events that were easily sensed by the human
sensory system.

The extremely high tactile sensitivity to surface defects is, as mentioned earlier,
surprising. In quasi-static settings, the tactile sensory system can barely discriminate
two dots less than 0.5 mm apart [92], but the dynamic interaction results in a hundred-
fold increase in spatial sensitivity. It seems that this capability is not attributed to
quasi-static sensory capabilities, but instead to the integration of mechanical signals
felt during motion. In fact, the mechanical discrimination threshold in quasi-static
conditions2 and the roughness estimate during active touch are not correlated [119].
It confirms the idea that the central nervous system uses special strategies to perceive
fine textures. Thanks to this effort, even with relatively scattered mechanoreceptors,
the central nervous system is able to access sub-micrometric geometries.

Looking at the mechanical forces generated during active touch also gives some
insight into the interaction between the surface and the finger. Smith et al. [178]
measured tangential and normal forces (referred in this manuscript as Ft and Fn re-

2The spatial discrimination threshold is also known as the two-points discrimination threshold
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spectively) that arise from the friction between a finger and a non-smooth surface.
Surprisingly, they found no effect of normal force on subjective scaling of the rough-
ness. However the derivative of the tangential force (dFt/dt) is highly correlated with
roughness estimates. Moreover the net friction force (average of the tangential force)
is also a factor in perception. Authors hypothesized that the central nervous system
assesses the roughness by comparing the root mean square of variation of the tangen-
tial force with the net friction coefficient. Therefore a lower friction force, achieved by
lubricating for instance, results in a lower roughness estimate with the same surface
pattern.

2.1.2.2 Slip and Velocity Perception

The awareness of slipping and the estimation of relative speed are crucial for day-to-day
manual interaction. Interacting with our environment involves grasping and manipu-
lating objects. Cutaneous information about the mechanical properties of objects helps
to accomplish these tasks correctly [224, 26]. The reader can find more details about
the role of cutaneous perception in precision grasping tasks in the literature [231].

Texture and slip sensations are intimately linked in human perception. To demon-
strate this fact, Srinivasan et al. [188] used a perfectly smooth glass substrate stroked
under a static finger. In the absence of defect on the surface, participants were not
able to detect steady slip. However, a single 4 µm-high asperity on the surface was
enough for participants to detect relative motion. Discrimination of the magnitude of
relative velocity between the moving object and the finger is poor. Essick et al. [49]
found that brushing the arm at different velocity yields to the Weber fraction is about
25 % and the scaling between actual velocity va and perceived one vp is well described
by vp ∝ v0.6

a . The last results have been determined using a stimulus that had a limited
duration, and therefore the actual speed could have been determined by either speed
or duration. Depeault et al. [42] experimented with textured drum rotating under par-
ticipants’ skin and found a relation closer to vp ∝ v1.1

a . They explained the discrepancy
with the results of Essick et al. by the presence of a fixed duration of stimuli and par-
ticipant could not rely on time to assess the velocity. They also explored the effect of
various textures on speed judgement, and it appeared that speed estimates are varying
with spatial period. One explanation is that speed is temporally encoded relative to
a spatial texture, when the finger is static. Therefore, if the speed v doubles and at
the same time the spatial period λ is also doubled, the temporal frequency f remains
the same (f = v/λ). In this experiment the finger was stationary, so that the velocity
estimate was based only on tactile information. In active perception the somatosensory
system integrates the motion of the limb to make an estimate of speed. Moreover, the

13



CHAPTER 2. LITERATURE REVIEW

texture was fine, so the central nervous system can be assumed to exclusively base its
estimate temporal frequency content. It is interesting to note that the reciprocal is not
true; roughness estimate was independent of scanning speed [131].

Contrary to steady slip, the initial transition between stick and slip is a mechanical
event perceptible even in absence of asperities on the surface [188]. This rapid transition
creates vibrations that are felt by the sensory system and exploited by the central
nervous system to evaluate the slipperiness and the roughness of the contacting surface
[88]. This initial slip provides sufficient information for the central nervous system to
be able to assess the friction coefficients of the material and to adjust the normal force
accordingly [180]. Moreover the direction of slippage seems to be given by the direction
of the tangential force applied on the finger during sliding [136].

In conclusion, relative velocity and slippage are key pieces of information for object
identification, but are also crucial for grasp and manipulation. The central nervous
system develops a number of strategies to evaluate these cues, and in both cases texture
plays a determinant role. Sliding motion on a surface gives rise to mechanical vibrations
that excite the human sensory system and that are used to assess contact conditions. If
slippage is imminent, the body shape and muscle tonus are adjusted to avoid dropping
the object. Evidence also shows that information about slip and texture is contained
in variation of the tangential force over time. The net tangential force vector during
incipient slip or sliding is also a primary indicator of slipperiness. The norm of the
tangential force is correlated with stickiness and the friction properties of surface being
touched. The direction of this vector also gives information useful for grasp stability,
for instance, and sliding direction.

2.1.3 Mechanotransduction

The fovea of the retina and the fingertip share much in common, despite their numerous
differences [240]. Both are two-dimensional tissues that comprise a dense population of
receptors creating zones of high acuity [92]. Fingertips, which are covered by glabrous
skin, embed mechanoreceptors near the surface of the skin. These cells have the prop-
erty to transduce mechanical disturbances, such as pressure and vibration, into action
potentials that are transmitted to the central nervous system through the nerves. Dif-
ferent type of mechanoreceptors populate hairy and glabrous skin, although some types
are present in both. The present review is limited to receptors that are sensitive to
mechanical stimulation and that are present in the hand and the glabrous skin. The
reader can found additional information about the mechanisms of sensory transduction
in recent literature [41].

Most of these receptors are sub-millimeter in scale and their behavior is inferred
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from anatomical observations and electrophysiology. The former have revealed the
existence of four types of mechanoreceptors in the glabrous skin. All of them are
connected to myelinated nerve endings that transmit the electrical impulses to the
brain. The latter has enabled researchers to probe ulnar and median nerves that run
in the arms, and to directly record the action potentials thanks to a probe clamped
on the outer of the nerve fiber. The capture of electrical signals during mechanical
stimulation of the skin reveals four types of afferent messages. They are classified
according to two attributes: the speed of adaptation to mechanical events (slowly
adaptive sa and rapidly adaptive ra) and the size and the sharpness of their receptive
field (type i for small receptive field with sharp edges and ii for large and blurry
bounded field). By habit, ra i afferents are named simply ra and type ii are called
pc from their well identified connections with Pacinian corpuscles.

2.1.3.1 Merkel complex and SA type I afferents

Merkel nerve endings are sa i nerve afferents that branch into multiple neurites that
terminates in the vicinity of Merkel disks located on the boundary between the dermis
and hypodermis. This boundary is undulated and the Merkel disks are located at
the tip of each undulation. They are distributed widely in the glabrous skin, and
the afferent density can reach 100 per cm2 at the fingertip [90]. Each nerve afferent
branches into up to 90 fibers with two possible architectures. Some of the branches are
clustered around one region and others are distributed along long chain that can reach
200 µm of length. There is still a debate about the role of the Merkel disks and their
contribution to mechanotransduction [67].

sa i afferents exhibit a discharge rate that is linear with the indentation depth of a
square punch, as observed in experiments with primates [20], and explained by a power
law of exponent 0.7 in humans [100]. They are known to be sensitive to spatial features,
and are especially responsible for the perception of edges [164], curvature [63] and coarse
texture [169, 34, 91]. When scanning coarse gratings with the skin, a population of
sa i afferents responds to the spatial frequency of the grating independently of speed,
suggesting a spatial encoding of the stimulus [64]. Gabor filters convolved with the
spatial pattern of the surface are able to predict the neural code of the sa i afferents
[34]. Even though the code is mainly spatial, dynamic touch increases the sensitivity of
sa i afferents by a factor of ten. Moreover, the firing pattern is not affected by velocity
[93]. sa i nerves respond to a sinusoidal motion of the skin increasing in frequency
by a decrease of the number of impulses by second, which makes them insensitive to
vibration [121].

The spatial sensitivity of sa i afferents and their poor temporal resolution evidence
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the dual theory of texture perception. Coarse textures are most likely represented by
sa i afferents which respond to the edges and curvatures of the surface. Fine texture
perception, however, is probably to mediated by rapidly adaptive afferents, which are
more sensitive to vibrations.

2.1.3.2 Ruffini endings and SA type II afferents

The role of Ruffini receptors is obscure. It was previously associated with sa ii afferents
[32], but their contribution has been recently put into question [153]. Only one Ruffini
corpuscle has been found in the skin of the index finger using immunofluorescence
despite, the fact that sa ii afferents account for 15% of all afferents in the median
nerve [87]. However, sa ii afferents are clearly associated with lateral stretch of the
skin, and they respond to the lateral force during the incipient slip period. They also
contribute to the proprioception of the hand (with Golgi tendon organs and muscle
spindle receptors) by responding to the strain of the skin on the finger, thus giving an
indication of finger position.

Some Ruffini-like structure connected to sa ii afferents have been found at the
frontier between the skin and the nail. These last afferents are correlated with large
scale tangential force direction and amplitude on the fingertip [19]. They could be
responsible for the sensation of stickiness during texture exploration as it has been
shown that human sensory system relies on tangential forces cues for assessing the
friction [180].

2.1.3.3 Meissner Corpuscles and RA afferents

Meissner corpuscles are found in the glabrous skin, located at the interface on the
dermis and the epidermis, as in the case of Merkel cells. But, unlike the latter, they are
found in the grooves of ridges, and therefore are closer to the surface of the skin. They
are composed of stacks of Schwann cells entangled with unmyelinated axon afferents.
Conjunctive tissues link the stack to the boundary of the epidermal ridges that is
supposed to act as a lever and amplify deformation of the ridges. For a detailed
description see [154].

These anatomical properties (proximity to the surface and lever-like arrangement)
are probably the explanation for the ultra-low threshold of ra afferents to transient
mechanical deformation of the skin. In fact, a single 2 µm high dot moving under the
skin is enough to stretch the papillary ridges and activate action potentials [109, 188].

These mechanoreceptors are found on each side of the fingerprint ridges. In glabrous
skin the density can reach 1.5 afferents per mm2. They respond to stimuli within a
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radius of 3 to 5 mm, which corresponds to a receptive field five time larger than
sa i afferents. However, their sensitivity is about four times higher than for sa i
afferents [90]. These properties, combined with the fact that they are insensitive to
static stimulation, make them ideal candidates for the perception of slip and micro slip
that can occur when lifting an object [88]. They are believed to be the source of the
reflex that regulates grip force to avoid the slipping of a grasped object. See [231] for
a review of tactile contribution to the control of grasp.

ra afferents respond to vibrotactile stimulation between 8 and 64 Hz [141, 86]. At
high amplitude, their response is similar to that of the pc which could explain humans’
high sensitivity to vibration. Nevertheless, their role in fine texture perception is not
clear. Adaptation to a 10 Hz vibrotactile signal, targeted to lower the sensitivity of both
sa i and ra afferents, does not reduce fine texture estimate [75]. This result implies
that they are not determinant in the perception of fine texture but more specialized
for transient mechanical event like slippage.

2.1.3.4 Pacinian Corpuscles and PC afferents

Pacinian corpuscles are found more deeply in the dermis. They are ovoid-shaped cells
composed of about thirty concentric lamellae separated by fluid. The inner core of
each corpuscle is connected to a single myelinated pc nerve [9]. The size of the all
corpuscles is, on average, 1 mm long and can reach 4 mm in humans. There are about
350 of these corpuscles in the index finger and 800 in the palm [93]. Their size has
made them the most studied mechanoreceptor.

This receptor is the most sensitive of all types. Pacinian channels can resolve skin
displacement of 40 nm at their peak of sensitivity. This value falls down to 3 nm
when the corpuscle is directly excited during in vitro studies [9]. They are effective in
a frequency bandwidth from 40 Hz to 1 kHz and exhibit a U-shape sensitivity curve
tuned to 250 Hz [210, 193, 86]. Between 60 and 250 Hz their sensitivity to vibration
increases at a rate of 40 db per decade, suggesting that the Pacinian system is sensitive
to acceleration of the skin [21]. Despite their spectacular temporal resolution, their
spatial acuity is low to non-existent, as pc afferents account for stimulation in a large
area such as a finger phalanx [87].

The high sensibility to vibration makes them the major contributor of hand-held
tools perception. When holding a probe, vibrations and shocks induced by the contact
of the tip with a surface are transmitted to the hand over large skin areas. Vibration
of a tool which act perpendicular to the skin are best perceived than tangential ones
[23].

It is believed that Pacinian corpuscles have a key role in the perception of fine

17



CHAPTER 2. LITERATURE REVIEW

texture with the bare finger. Using the aftereffect of vibration exposure at 250 Hz
to suppress pc afferent responses, Hollins and colleagues [75] observed a significant
decrease in the discrimination and the perceptual scaling of fine textured sandpapers.
Moreover, Gescheider et al. [57] found that a 250 Hz adaptation did not impair esti-
mates of millimeter-scale raised cones but the shapes did feel smoother. This implies
that the pc afferents are responsible for the mechanical effect created by sharp transi-
tions of the truncated cones and the fine background roughness. Also, pc channels are
more sensitive to repetitive events. In fact a single dot on a smooth surface triggers
mostly ra and sa i afferents whereas a sine-wave grating of 60 nm amplitude moving
under the fingerpad triggers action potentials in the pc channel [109].

2.1.4 Vibration Sensitivity

The previous paragraphs showed the importance of vibration transmission and percep-
tion in the tactual exploration of textures and how it is mediated via mechanoreceptors.
The present paragraph reviews the abilities of the human somatosensory system to dis-
criminate vibrations that differ in amplitude, frequency and waveform.

2.1.4.1 Amplitude Discrimination

Vibrotactile sensitivity shares many properties with audition. For instance, the detec-
tion threshold of a sinusoidal displacement of the skin is not identical for all stimulation
frequencies. The bandwidth over which the tactile system can detect vibration ranges
from 0.4 Hz to 700 Hz. The typical sensitivity curve is considered to be almost flat
from 0.4 to 3 Hz with a threshold at 30 µm. The threshold decreases at a rate of -16 db
per decade (or -5 db/oct) from 3 to 60 Hz. Sensitivity in the 60-700 Hz band follows a
U-shaped curve with a minimum at 250 Hz and the smallest threshold at 0.1 µm. The
left part of the U-shaped curve decreases at the rate of -40 db per decade [21].

The Weber fraction for amplitude discrimination above the perceptual threshold is
about 50% for 10 db sl3 and decreases to 5% at 40 db sl [58]. It is worth noting that
this variation of the perceptual threshold constitutes proof that Weber’s law does not
hold for all amplitude levels. Variating waveform and frequency did not improve the
human discrimination ability. Similar Weber fractions were found for 25 Hz pure tone,
250 Hz sinusoid and broadband noise. This independence to signal properties suggests
that the magnitude estimates are based on the relative energy of the signal.

Verrillo et al. [213] measured the curve for identical sensation in a 25-700 Hz fre-
quency band and found these isocurves to scale in proportion to incremental amplitude,

3decibel above the sensation level
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expressed in decibels, which means that it is logarithmic with the power of the signal.
The only exception was for large amplitudes (> 30 db sl) and high frequencies (100-
700 Hz) where the U-shape tend to flatten. The amplitude estimate for each frequency
was well explained by a power law with a coefficient of 0.89 up to 350 Hz. The exponent
increases with the frequency after 350 Hz.

Several conditions influence perceptual thresholds. The area of the contact is one of
these factors. The aforementioned measurements were made with a 500 mm2 contactor.
Decreasing the area of contact caused the threshold to decrease until it reached a
plateau at 30 µm for areas below 1 mm2. The accepted explanation is that small
contractor areas stimulate only the surface of the skin, whereas larger contact areas
transmit vibration deeper, thus excite the Pacinian channel [211]. The presence of a
surround around the vibrating probe is also a factor as it blocks wave propagation
and eliminates the possibility of spatial summation [208]. The temperature also affects
the discrimination. At 15 ◦C the threshold is three time lower than at 35 ◦C then
it stabilizes until 40 ◦C [212]. Lastly, thresholds are slightly different when holding a
tube [23], a pen [81] or a sphere [82], but the curves of frequency sensitivity nonetheless
possess the same shapes.

2.1.4.2 Temporal and Frequency Discrimination

Mahns et al. [125] measured frequency discrimination for four frequencies (20, 50, 100
and 200 Hz) when stimulating the glabrous and the hairy skin. They found the Weber
fraction ∆f/f to vary from 36% to 14% for reference frequencies f of 20 Hz and 200 Hz
respectively, when the fingertip is stimulated. Detection thresholds are substantially
higher in the hairy skin, probably because of the dynamics of the skin and the fact
that Pacinian corpuscles are located deeper in the hairy skin than in the glabrous skin.
Other studies have found Weber fractions as low as 6% [62, 108] for low frequency
(30-40 Hz) stimulation of the fingertip.

As in audition, differences between combinations of two pure sinusoidal signals with
different phase are not always well perceived [12]. Phase difference is an important
feature as two signals combined with different phase delay give rise to a variety of
different waveforms. In the case of vibrotactile sensitivity, low frequency signals (10 Hz
+ 30 Hz) with four different phases (0 to 270◦ by 90◦ steps) are well discriminated.
At high frequencies, however, the discrimination of phase differences in comparison of
combinations of two vibrotactile stimuli (100 Hz + 300 Hz) is poor. Previous adaptation
to a 10 Hz signal decreases phase discrimination abilities at high frequency, even further.
An explanation given by the authors is that the pc channel integrates the energy of
the signal over time, and therefore has a weaker temporal consistency. Low frequencies
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however are mediated by the ra channel, which encodes the complex waveforms and
responds with more accurate temporal resolution.

Also, concerning temporal resolution, the somatosensory system can resolve stimuli
separated by 10 ms. Below this value, both stimuli are felt as one [157].

To conclude this review of the perceptual and physiological literature on touch, it
seems that during bare finger exploration of textures, the human sensory system acts in
a peculiar fashion. A net friction estimate is correlated with the lateral force that shears
the fingertip, as possibly mediated by sa ii afferents. Fine texture, however, does not
depend on spatial deformation of the finger but instead on vibrations generated by the
sliding motion of the finger on the surface. The Pacinian channel is a candidate for
the mediation of fine texture, despite the fact that the contribution of ra afferents is
possible. Finally, roughness appears to be conveyed through rapid lateral displacement
of the skin and via the normal force that the finger applies to the surface has a minor
influence. Hence to reproduce fine texture for the fingertip, one should, arguably,
focus on variations of lateral displacement. Fig. 2.1 summarize some attributes of
mechanotransduction during sliding of a finger on a textures surface.

2.2 Bio-tribology of the Skin
Mechanical waves, from which the central nervous system interprets the sensation
of roughness and texture, originate from friction between the skin and the surface.
Sliding motion creates acoustic energy that is radiated both in the tissues and in
the surrounding environment [3]. This section explores the complex structure of the
fingertip, the behavior of the skin and the relation between the production of friction
and vibration during tactual exploration of texture.

2.2.1 Fingertip Anatomy

Touch sensation is present everywhere on the surface of the body thanks to the innerva-
tion of our skin. But during dextrous tasks, it is the hand, and especially the fingertips,
that are the most engaged. Tactual perception is also often realized by stroking, tap-
ping or pinching the surface with the tip of a finger. Fingertips are shaped in a specific
way that provides compliance and at the same time high strength. In essence, the
fingertip is composed of three different media. The first medium is the bone, which
combine rigidity with light weight. It is connected to muscles in the forearm by liga-
ments fixed on each side of the bone. A rough cap terminates the bone, where collagen
fibers link the skin with the tip.
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These collagen fibers in the subcutaneous tissues (or hypodermis) create a matrix
with the fat, and constitute the intermediate layer of the fingertip. This composite
material can endure large deformations without breaking and is responsible for the
compliance of the fingerpad. Numerous blood vessels irrigate this region and the best
evidence of the blood flow can be seen when pushing of the fingertip. The color changes
due to the reduction of the blood irrigation.

The last medium is the glabrous skin, which covers the volar part of the hand. The
skin is composed of many layers, from the dermis, where the Pacinian corpuscles are
lodged, to the stratum corneum (outer layer of the epidermis). Merkel cells and Meiss-
ner corpuscles are located in the curvy stratum basale layer which is at the boundary
between the dermis and the epidermis. Finally, the stratum corneum is the outer layer
that is in contact with the environment. It is from 10 µm to 40 µm thick and composed
of dead epithelia. It is 20 to 30 times thicker on the volar part of the hand, because
of the frequency of contact. Its mechanical behavior is crucial for understanding the
friction properties of the glabrous skin.

On the other side of the fingertip, the fingernail is directly connected to the bone
through a dense array of collagen fibers. This arrangement provides a stiff connection
between the bone and the nail [173], therefore represents a good location for measuring
the average position of the fingertip.

2.2.2 Mechanical Behavior of the Fingertip

The fingertip has been the subject of extensive research, and its mechanical properties
continue to fascinate scientists. This section reviews the mechanical properties of the
fingertip and the skin.

2.2.2.1 Bulk Viscoelastic Properties

Pawluk and Howe studied the reaction of the finger to a normal contact with a rigid pla-
nar surface [161, 160]. The pulp can be geometrically approximated by an hemisphere,
however it does not adhere to linear Hertzian deformation theory during indentation.
In fact, the complex structure of the tissues is probably responsible for the mechanical
behavior of the fingertip during normal compression. The stiffness Kn = dFn/dx (dFn
is an increment of force and dx the displacement) of the contact linearly increases with
the force. This results in an exponential form for the force-displacement curve when
measured in quasi-static conditions:

Kn = dFn
dx

= aFn + b and Fn = b

a

(
e(x−x0) − 1

)
(2.1)
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where x0 is the initial position for which the force is null. The force is 0.3 N at 1 mm
indentation and 1.8 N at 1.5 mm, which correspond to stiffnesses of 1 N.m−1 and
4 N.m−1 respectively. The authors also measured the distribution of pressure, and
modeled it as a Gaussian curve whose center pressure reaches 30 kPa for a force of
2 N. During these indentations, the global volume was determined to be reduced by
1%, which makes the assumption of incompressibility acceptable [186].

The pulp is also viscoelastic. One of the effect of the viscoelasticity is that increas-
ing of the rate of pulp compression results in a stiffer reaction of the fingertip. At a
indentation speed of 80 m.s−1 the stiffness is 4 times higher than at 0.2 m.s−1. The
viscoelasticity is also visible when the pulp is rapidly indented to a fixed value. Imme-
diately after the indentation, the force returned by the pulp relaxes across time. The
relaxation response time is composed of three decays with time constants 4 ms, 70 ms
and 1.4 s. This viscoelastic behavior probably protects the fingertip against shocks by
stiffening the pulp and dissipating the contact energy. The relaxation function G(t) is
often modeled by a sum of decaying exponential. The resulting force of the viscoelastic
model P (t) to an arbitrary displacement is then described by the following convolution

P (t) =
∫ ∞
−∞

G(t− τ) ∂Fn(x(τ))
∂x

∂x(τ)
∂τ

dτ (2.2)

During tapping, the finger displays a hysteresis effect that dissipates 80% of the
entry energy [172]. The non-linear viscoelastic model described by equation 2.2 suc-
cessfully predicts the mechanical reaction resulting from voluntary tapping on flat
surfaces [84].

The lateral deformation of the fingertip demonstrates similar mechanical behavior
to that of normal indenting. It exhibits hysteresic losses and non-linear relaxation
behavior. However the quasi-static force is linear with the lateral displacement for tan-
gential forces up to 5 N [159]. At low frequencies, Nakazawa et al. [144] identified the
fingertip in lateral deformation as a Kelvin model corresponding to a spring connected
with a damper in parallel. The properties of the pulp vary with many parameters such
as the normal force and also change from person to person. Stiffness values range from
0.5 N.m−1 to 3 N.m−1.

For the whole finger, linear lumped element models are sufficient to describe the
mechanical impedance for rapid transients [66]. The parameters are a mass of 6 to 8 g, a
damping in a range of 2 and 5 N.m−1.s and a stiffness that evolves linearly with muscle
activation from 0.2 N.m−1 to 3 N.m−1. The difference between the fingertip alone and
the whole finger is to attributed to the joint which contributes added flexibility and
greater moving mass.
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2.2.2.2 Local Deformation

The high deformability of the fingertip also facilitates establishing large contact areas
between the skin and the object being touched even with low forces. Pushing on a flat
surface with a force of 1 N results in an area of contact 60% as large as the value that
is reached when pushing with a force of 10 N [171, 183, 5]. The friction of the skin
directly depends of the area of contact between, and the large contact area enables
easier control of the grip force.

The deformability of the skin is also a key factor in the large compliance of the
fingertip. Measurements have shown that shearing the skin can lead to 100% of defor-
mation without any damage, yet the Young’s modulus remains relatively high ≈1 MPa
[217]. During lateral motion, a single bump on the surface can yield a skin stretch
larger than 30% [118].

The response to vibration seems to be bimodal. At low frequency, normal inden-
tation with a probe is in phase with the displacement of the probe, but above 100 Hz
the probe starts to decouple which implies that the tissue response is delayed by vis-
cosity [33]. Surface mechanical waves can travel relatively long distance, at a speed of
approximatively 1.6 m.s−1 [215]. The amplitude of the waves decays with the square
of the distance of stimulation, which results in a decrease of one third at a distance of
50 mm. This may assist with sensing fine textures, as the vibrations are transduced
by Pacinian corpuscles along the course of waves propagation [40].

2.2.2.3 Models

The observations of the fingertip reaction to various load described in the previous
paragraph, have been the foundation of lumped parameters models of the fingertip.
These models are usually valid for only one load distribution and do not extend easily
to other boundary conditions. Moreover, they do not give any details about the stress
distribution inside the tissues. This section reviews the continuum mechanics models
that attempted to explain the diffusion of stress inside the fingertip and link the strain
pattern to the spatio-temporal tactile perception.

A number of models are based on Boussinesq’s equation for the deformation of an
infinite plane and consider only the superficial layer of the skin. They also approximate
the skin as a plane by unrolling the fingertip. With a simple elastic model it is possible
to predict the firing rate of sa i afferents, which are sensitive to spatial determinant
[164, 50]. The addition of viscosity in the definition of the material makes this model
more realistic, enabling it to predict the spatiotemporal sensitivity of ra and pc af-
ferents [207]. However, the linear slab model combined with Hertz contact does not
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correctly predict the non-linear behavior of the bulk fingertip.
Srinivasan proposed a model composed of an elastic membrane filled with an in-

compressible fluid. The so-called “waterbed” model predicts with a relatively good
precision the indentation of the fingerpad with a thin line [187]. These models are
also successful at predicting the growth of the area of contact when indenting with a
flat surface [171]. The two materials in the model are emulating the role of the skin
(the membrane) and the subcutaneous tissues (the fluid). Replacing the membrane
by finite-element thin shells allow to accommodate more realistic geometries by still
keeping a reasonable computational time [191].

Finite element models have been developed to capture the complex mechanical
assembly that is the fingertip and try to unravel the mechanism of tactual perception.
The preceding “waterbed” models by their constitution fail to describe the strain inside
the tissues and cannot predict the firing of the mechanoreceptive afferents. Moreover,
each layer of the skin can be modeled with a accurate geometry. The refine geometry
makes possible the investigation of mechanical effects of papilla ridges for instance [123].
Two and three dimensional models have lead to thinks that sa i respond to the strain
energy density [185, 39]. These model give a good incentive of the relationship between
anatomy and neurology, but the risk of numerical error due to the non-homogeneity
of the tissues can be critical for the quality of the results. Dynamic parameters of the
skin and subcutaneous tissue can also be modeled and used to predict the viscoelastic
behavior of the skin to various dynamic stimulations [232].

2.2.3 Friction Properties on Rough and Smooth Surfaces

Many phenomena are salient to feeling a surface by stroking it with the fingertip. Some
of them are related to the viscoelastic behavior, but most of the observations are also
based on the unique frictional properties of the finger and skin.

2.2.3.1 Basic Notions of Contact and Tribology

Friction is the reaction force to a motion caused by the relative motion of two surface
sliding or rolling on each other. The science behind friction is called tribology, and
studies the conditions for various phenomena to arise during relative motion of two
surfaces in contact. Two types of friction are often described, adherence (stick) and
sliding friction (slip). The former occurs when the contact is not broken and bonds tie
both surfaces together. When the tangential force reaches a critical value the bonds
break and objects start sliding relative to one another. A force opposite to the motion
is still present, but often decreased compared to the one needed to break adherence.
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The friction force Ft is proportional to the real area of contact Ar [22]. The latter
can be expressed as:

Ft = τAr (2.3)

with τ the interfacial adhesive stress, which can depend on various parameters like
the presence of a fluid between the contacting bodies or chemical properties of both
materials [162]. The roughness of both surfaces is also a key factor in the resulting
frictional force because it reduces the surface of the real contact area. In the contact
region, higher peaks on both sides are touching and the friction force is related to the
real contact area of these peaks. The consequence is that the real area of contact is
smaller than the apparent area. In the case of rigid materials, the real area of contact is
found by considering the plasticity of the peaks that are compressed Ar = Fn/σ where
Fn is the normal force applied between both object and σ is the yield stress limit.
Amonton’s law states that the friction of solid is linear in the coefficient of friction
µ = Ft/Fn = τ/σ and does not depend on the area of contact. This is demonstrated
by combining the previous expression with equation 2.3.

Skin and rubber have similar behavior, sharing a low elastic modulus and a high
internal dissipation. During sliding contact with a rigid surface, both behave in a
similar fashions [2] and the study of elastic material provides much information about
the friction of the skin. In contrast to rigid surfaces, rubber contact does not follow
Amonton’s law but instead it seems that Van Der Waal’s forces on the molecular chains
of the rubber are dominant [7]. It follows that the adhesive shear stress has a much
higher value but also that the real contact area is close to the apparent value. Therefore
for spherical contact, Hertz’s theory links the apparent area Aa to the normal force
with

Aa = π
(3Fn

4E∗
) 2

3
(2.4)

with E∗ = E
1−ν2 = 4

3E and E is the Young modulus of the soft material, ν is the Poisson
coefficient, often taken equal to 0.5 for rubber and skin. This leads to a relationship
between the normal and the friction force:

Ft = τπ
(9Fn

16E

) 2
3

(2.5)

The relationship between both forces is not linear by nature even if the materials are
taken to be linear. As a more general case, consider that Ft ∝ F

2
m
n with 2 < m < 3.

For m = 2 the contact is based on plasticity, whereas m = 3 describes a contact based
only on elasticity. Also, considering the roughness of the surface as a self-affine fractal
can lead to more complex models that describe the friction behavior with a better
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accuracy [163].
The adhesive shear stress is correlated with the molecular bond that ties both

surfaces. As a consequence, its value depends of the speed of the relative motion.
When there is no sliding, and the contact is static, this value is higher than when both
surfaces are moving relatively. This can be explained by the fact that the bonds slowly
form during static contact and strengthen the adherence. During sliding, the bonds
are broken and cannot reform, leading to weaker adhesion. This theory also explains
the increase in static friction force with increasing rest time.

2.2.3.2 Static Friction

Grasping and manipulation processes regulate the amount of normal force to avoid
slippage, therefore keeping the tangential force below the maximum static friction force
[88, 231]. Primates fingertips contact behavior is well explained by Hertz’s contact law
that is expressed equation 2.5 [222]. The authors of this study validate the model with
measurements of the real area of contact and deduce that fingerprints do not likely
increase friction, as they reduce the real area. In fact, the real area of contact is about
66% of the apparent area, mostly due to the void that creates ridges.

The adhesive shear stress τ follows a linear relationship with the normal pressure
p as follows :

τ = τ0 + αp (2.6)

where τ0 and α are coefficients [24]. In the case of glass and polypropylene on skin
τ0 = 4.8 and 6.1 kPa and α = 0.8 and 2.0 respectively [2].

The discrepancy between the two materials is explained by the surface free energy.
Porous glass is hydrophilic and has low friction whereas polypropylene is hydrophobic
and exhibits large friction forces. The behavior is explained by looking at moisture
behavior. In the case of hydrophobic materials, water does not have any place to flow
and therefore surface tension is amplified [158]. Moreover, moisture softens the stratum
corneum and therefore the skin is more inclined to fill the contact thus increasing the
friction. Production of sweat is believed to be modulated by the body to increase the
friction and therefore reduce the require grip force (normal force) [4]. The friction
coefficient follows an inverted U-shape curve with the moisture level, being relatively
low for dry and wet skin but increases when the skin is damp [5, 202].

Small scale surface roughness (Ra < 100 µm)4 has an impact on the friction force
when stroking the skin against hard material such as metal and plastics [70]. It has
been observed that friction decreases with increasing roughness. Similar observations

4Ra measurement corresponds to the norm-1 of the height profile of the surface
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have been made with paper grade [176] and for fabrics [43]. These results agree with
the classic tribology theory which states than a smoother surface induces more contact
points therefore more friction. For rougher surfaces (Ra > 100 µm) however, the
friction tends to increase with roughness, but after a certain value the friction force
reaches a plateau independently of the surface material [201]. The effect is caused by
the skin, which conforms with the surface. The peaks and valleys are separated with a
specific spatial period and lock onto the fingerprint ridges. At the beginning of sliding,
the skin has to deform to overcome the peaks, increasing the force needed to break
contact. Moreover, these protuberances also adhere with the skin, increasing at some
point the area of contact [199].

2.2.3.3 Incipient Slip

The transition between stick and sliding states of a fingertip about to slip is a abrupt
but not instantaneous event, where the contact is rapidly breaks from the outer ring
of the contact toward the center. This event, called incipient slip, comes from the
local equilibrium between the normal and the shear interfacial pressure. Hertz contact
predicts a quadratic distribution of the normal pressure with maximum pressure at the
center and zero pressure on the outer ring. Shear stress, however, follows a hyperbolic
distribution. Therefore with increasing tangential force, the shear stress will locally
overcome the static friction, and the outer region will start to slide [89].

This behavior has been predicted by classical mechanics in the case of rigid solids
and has also been observed in the case of the incipient slip of a finger [190, 5]. However
the transition does not behave exactly like the classic Midlin-Catanneo contact theory.
This is probably because this model does not consider differences of friction coefficient
between the stick and the slip state. If this difference is taken into account, it seems
that the end of the transition is characterized by a minimum adhesion area above which
the tangential force cannot increase [197].

2.2.3.4 Sliding Friction

Sliding friction occurs when incipient slip ends and all the contact area is in the slip
state. At this stage, the finger and the object are moving tangentially relative to each
another. In this state of contact, moisture is also a significant factor. On smooth non-
porous surfaces, the sweat will accumulate in between the ridges leading to a increase
in friction over time. The occlusion of the sweat glands is avoided with porous media,
and results to a lower friction force [158]. Velocity, however, does not seem to have a
direct or systematic effect on the value of the coefficient of friction.
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Stroking a soft or a hard material on non-smooth surface generates vibrations that
radiate, in part, as sound. For instance, noise generated by a rigid blade sliding over a
rough surface exhibits a sound pressure that is proportional to the roughness estimated,
raised to the power 8 to 18. The value of the exponent depends on the inclination of
the blade relative to the surface [149]. Such a simple relationship cannot be drawn for
finger-surface interaction, because of the complexity of the mechanism at play [3].

The low tangential stiffness of the fingertip makes it prone to stick-slip oscillations.
These oscillations appear when an elastic force pulls a slider. If the static and dynamic
frictions are not equal, the motion can oscillate between a stick and a slip state. This
effect is often present with glass and other smooth non-porous material which exhibit
a high friction with the finger [2].

2.2.4 Implication for the Perception with the Bare Finger

Touch is particularly tuned to sense the mechanical phenomena when finger is in static
or dynamic contact with various shapes and surfaces.

2.2.4.1 Mechanical Illusions

Similarly to the visual system, the central nervous system does not acquire the com-
plete strain tensors field that results to the contact, but makes simplifications. These
simplifications are based on the fact that mechanoreceptors are sensitive to strain, and
also that different directions of the strain at the surface can lead to the same pattern.
This information loss creates mechanical tactile illusions.

For instance, if shear stress applied in a band at the center of the fingertip while
the outer stays stationary, it is felt as a bump. Finite element analysis reveals that
normal and tangential loads produce similar stain patterns at the presumed location
of the mechanoreceptor. Since a bump is more common than a lateral stress field, the
brain makes sense of the strain pattern by feeling a bump [143]. Similarly, distributed
shear stress on the surface well approximates the strain distribution that produces a
wave on the surface, at the location of the mechanoreceptors [96, 219].

Viscoelasticity of the tissue also have effects on tactile perception. Moy et al.
showed that the relaxation of force during incremental displacement can bias the de-
tection of edges and texture [142]. At last, during sliding of the finger, adding lubricant,
decreases the friction, and therefore biases the estimation of roughness [178].

28



2.3. REPRODUCTION OF IMPACT AND SLIP

2.2.4.2 Effect of the Fingerprints

There is still much debate about the effect of the fingerprint ridges on tactual percep-
tion. It is believed that the papilla ridges, mirrors of the fingerprint ridges, act as levers
to magnify the stress [31, 123]. Friction shears the ridges and therefore compresses one
of the Meissner corpuscles and stretches the second. Moreover, the presence of ridges
concentrates the strain locally and enhances the spatial sensitivity by limiting the cross
talk of mechanical stimulus [56].

Another hypothesis looks at the regularity of the contact with the glabrous skin.
In fact, the glabrous skin, and especially that found in the fingertip, is subject to
mechanical loading for long periods. Ridges could act as a compliant mechanism that
avoids damage and strengthens the skin [222]. This strengthening limits the creation of
blisters and sores. The finding that the skin is more elastic along the ridges than across
them supports the hypothesis that the skin behaves like a deforming bellow [217].

Recently, there has been a debate about the importance of fingerprints in texture
perception. Scheibert et al. [170] observed, by means of an artificial finger, that ridges
on the surface enhance vibratory signals during perception of fine texture by exciting
the frequency where pc afferents are the most sensible. However, this hypothesis was
challenged by other researchers, as human fingertips are more complex that simple
linear elastic materials [37], and because the presence of fingerprints does not affect
signal processing when using finite element analysis [123].

To conclude this overview of the mechanical phenomena that are involved in finger-
surface interaction during tactile exploration, it could be observed that the finger is a
complex mechanical assembly that adapts to a large variety of shapes and regulates
its friction by sweating to optimize grip. Part of the coarse elements of a surface are
perceived by the strain field induce by the skin on the shape. The other part of the
information is based on the friction noise that is generated during sliding of the finger.
Friction noise is composed of vibrations that propagate in the tissues. Fine texture is
inferred from these vibrations, and the spatial distribution of strain is less important.
Fig. 2.1 summarize the main mechanical events that occurs during sliding of a fingertip
on a textured surface.

2.3 Reproduction of Impact and Slip

This section describes a number of devices devoted to the reproduction of tactile sensa-
tions. Such devices were motivated by research in diverse areas such as teleoperation,
robotic sensing, haptic feedback in virtual reality, and consumer products. The focus is
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Figure 2.1 – Summary of the touch perception. Includes mechanoreceptors location
(top left), afferents responses (top right), and mechanical interaction during tactual
exploration (bottom). Inspired from [154, 231, 86, 144, 5].

30



2.3. REPRODUCTION OF IMPACT AND SLIP

put on those technologies that are able to capture or reproduce sensations of roughness,
impact and slip. Interfaces based on pin matrices intended to deform or stretch the skin
or surface displays that move a surface under the skin to induce shape sensation will
not be discussed in this dissertation. The reader can consult other extensive surveys
for additional information on these approaches [10, 156].

2.3.1 Signal Acquisition

Researchers have attempted to capture the complexity of the mechanical interactions
arising during the exploration of surfaces, either with a probe or with a bare finger.
Some studies have been devoted to recording these interactions for haptic simulation
or texture perception.

2.3.1.1 Haptic Interaction Recording

In order to record haptic interaction, many projects propose to acquire the high fre-
quency acceleration that is transmitted to the tip of a probe during exploration. A
probe sliding on a rough surface is solicited by surface stresses that change through
time as the probe moves. The variation of surface stresses induces mechanical vibra-
tions in the probe that can be picked up by accelerometers. With this simple method,
roughness can be sensed, recorded, and modeled [150, 151, 110].

In the case of bare finger exploration, sensing interaction forces or skin displace-
ments is more challenging. Ideally the interaction should be measured at the interface
between the finger and the surface, but the addition of any type of sensor would neces-
sarily disturb the interaction. It is also possible to measure the displacement of tissues
in the finger, for instance by means of a Hall-effect sensor [13], acceleration of the nail
[129, 98] or the noise radiated by the finger [194]. These direct measurement techniques
employ sensors that are attached to the skin with the following shortcomings. These
sensors have a finite mass which may not be negligible compared the impedance of
the tissue to which they are attached, perturbing the measurement. But the hard-
est obstacle is to establish a reliable reconstruction of the skin vibration from distal
measurements.

2.3.1.2 Biomimetic Robotics Fingers

Artificial hand research has been focusing on grasping and manipulation. In this con-
text, the tactile sensors, if any, that they include in their design are mostly intended to
detect contact and slip. Many are based on an array of sensors that pick up spatially
distributed, low frequency interaction in the expectation to detect the shape of the
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touched object. They are often not well suited for rapid interaction and are sensitive
to rapid mechanical transient signals. For recent reviews of these distributed sensors
and their fabrication techniques please consult [38, 239].

However, some of the sensors are based on the observation of our sensory system.
For instance, Howe et Cutkosky proposed a piezoelectric sensor that reacts to the rate of
change of the strain inside a rubber band. This approach mimic the role of Pacinian and
authors showed that they could detect slippage and even texture [78, 79]. Robots adjust
their grip force accordingly to the captured signal of incipient slip. As for humans,
they use the relative tangential motion for the artificial fingers to measure and classify
natural textures from the friction-generated vibration [97]. They noted that measuring
acceleration rather than displacement is easier for high frequency measurements, as the
sensitivity of accelerometer to displacement amplitude evolves with the square of the
frequency. Reciprocally, for low frequency and static measurement, displacement gives
more signal than acceleration. In the spirit of biomimetism, some artificial fingers are
designed to sense the distribution of stick and slip region of the contact and use this
information to estimate the ratio of normal and friction force [122, 225]. Fine control
and manipulation is achieved by tactually sensing the contact state with the hand-held
object.

2.3.2 Reproduction by Force Feedback

To render tactile and kinesthetic sensations, force feedback devices are often used.
These devices amount to robotic mechanisms that apply forces relatively to the me-
chanical ground in response to the displacement of the finger or the hand.

The reproduction of tactual texture with force feedback has been initiated by Min-
sky during the development of the Sandpaper system [134]. They used a two degree-
of-freedom (dof) joystick to synthesize textures. The lateral forces were modulated as
a function of the position and of the gradient of the virtual height field. This method
produced a sensation on 2D plane that could be associated with roughness [133].

Other algorithms were proposed to extend the rendering of roughness to 3dof.
They used either a oscillating force that is normal, tangential or in both directions to
the virtual non-textured surface. Normal forces approaches tend to make the textures
feel ’frictionless’. Texture algorithms themselves can lead to unwanted artifacts and
oscillations [28].

The manipulandum and its control is also a critical element for the reproduction
with high fidelity. Campion and Hayward used Nyquist and Courant-Friedrichs-Lewy
conditions to draw the fundamental limits in terms of force, position and temporal res-
olution for correct reproduction [27]. For fine texture reproduction, the resolution of
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encoder should be as low as 1 µm and the force should be modulated by milli-newtons
increments to match human perception thresholds. They also explored the effect of the
bandwidth of force feedback and concluded that a device capable of stimulating the
finger from dc to 700 Hz with guaranteed stability was difficult to achieve. Commer-
cially available haptic devices, such as the Phantom, are limited by their first structural
modes, in this case at 30 Hz .

To overcome the bandwidth limitation several approaches are possible. Transient
and rapid mechanical events can be reproduced by vibrotactile shakers mounted on
the thimble of force feedback devices [80]. Another approach is to couple two motors
of different sizes. The small motor is fast but does not deliver large forces whereas the
larger motor produces more torque at the expense of a larger inertia [132]. Another
solution is to compensate the narrow bandwidth of a haptic display with an inverse
filter. The inverse filter however, should depend on the configuration of the device,
which makes the implementation complex [103].

Ordinary force-feedback devices in general suffer from the complexities of their
mechanical properties and are prone to introduce instabilities and artifacts.

2.3.3 Controlled Friction Displays Approaches

Grounded, electric powered, force-feedback devices are not the only approach to ren-
dering textures. An alternative approach consists of modulating the friction between
a surface and the fingertip. This family of devices is increasingly gaining attention
because of their compatibility with touchscreen interfaces and the simplicity of their
open-loop control.

It is known that surface acoustic waves propagating in rigid substrate can reduce
the coefficient of friction between the substrate and an object. Such effect was put to
practice by placing an aluminum foil between the fingertip and the surface, eliciting
a sensation of reduced stickiness (static reduction) and even roughness (alternative
forces) [192]. Electrostatic forces can also be used to change the frictional forces by
alternatively attracting and repulsing, regardless of the direction of motion [233].

Electrostatic attraction can also be achieved directly on the fingertip, eliminating
the need for an interposed slider. The range of force is greatly reduced and low fre-
quencies cannot be felt. However, if a alternative current of frequency greater than
100 Hz is applied to the electrodes, a vibrotactile sensation is induced when the finger
moves [195]. Recently, this technology have been implemented by TeslaTouch [8] and
Senseg [126] with the goal to be deployed in multi-touch devices.

Bare finger friction can also be modulated by the squeeze-film effect that exploits the
thermodynamic non-linearity of gases. When exciting a plate with normal ultrasonic
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vibrations, a film of air is pumped under the finger, reducing the friction with the
plate. Air pumping was first applied to tactile rendering by Watanabe and Fukui
[223]. Two groups, Biet et al. [15] and Windfield et al. [230], later presented devices
that uses this phenomenon almost simultaneously. The first group used a standing
wave in a berylium-copper plate to pump the air below the finger and the other used
the first bending mode of a disc piezoelectric transducer to achieve ultrasonic levitation.
Improvements have been made such as the use of multiple bending normal mode of a
plate to extend applicability to large displays [128].

2.3.4 Vibration Based Displays

Vibrotactile devices do not produce low-frequency forces like force-feedback devices
but rather focus on the fact that human perceptual system is most sensitive to high-
frequency signals. Exciting the skin with vibrations is an efficient way to elicit tactile
sensations.

2.3.4.1 Eccentric Mass Motors

The most common stimulators are the ‘rumble motors’ that are found in almost all
cellphones and game controller. Their low price and high efficiency make them the
technology of choice for alarm-type tactile signals. The stimulator is a dc motor with
an eccentric mass attached to the shaft. Activation creates rotating radial forces due
to the eccentricity. Despite its simplicity and efficiency, this technology is ill-suited
for generating rich sensations since signal amplitude and the frequency are inherently
coupled from the principle of operation. They also suffer from poor temporal resolution.

2.3.4.2 Electromagnetic Shakers and Recoil Motors

Richer vibrotactile sensations are made possible by the inertial motor based on voice-
coil transducers or on piezoelectric actuators. They can be applied to vibrate the
screen or the enclosure of a device to produce tactile sensations [54]. It can also or
be used to directly stimulate the skin [140, 236]. Voice-coil actuators use Laplace
forces to move a magnet suspended in the housing by a membrane. The magnet serves
as the inertial slug and moves over a single degree of freedom. The moving slug,
driven above the resonant frequency, creates a force that pushes back by conservation
of momentum on the housing and therefore on the skin. These recoil motors can
reproduce acceleration over a large bandwidth (typically 50 Hz to several kHz) being
limited in the low frequency by the suspension elasticity, maximum displacement, and
the mass of the slug. In the high frequencies, the structural modes determine the limit
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of the response. It is advantageous to design-in a low coefficient of quality to damp
the resonance and extend the flat bandwidth.

Recoil motors enable fine control over of vibrotactile signal without the need of a
ground reference. They have been used in many demonstrations. Yao et al. described
a stick equipped with such voice-coil motor to simulate a virtual rolling ball [235].
Textural sensations can also be created with pen-based interfaces by inducing vibrations
in the stylus [167]. Larger motors can be used to stimulate the foot, and give the
sensation of walking on virtual floor such as sand or ice [214].

2.3.4.3 Linear Resonant Actuators

Some application use linear-resonant actuators (lra) to create a tactile sensation by
amplitude modulation of a vibration at a resonant frequency. Lra have the same basic
construction a recoil motors, but their coefficient of quality is much higher and they are
usually less powerful. As a consequence only the resonant frequency can be felt [44].
Complex signals are usually generated by amplitude modulation. To increase efficiency,
the inertial slug can intentionally be designed to impact the enclosure, creating a strong,
but hard-to-control, acceleration pattern [234].

2.3.4.4 Piezoelectric devices

Many researchers attempted to replace electromagnetic drives by other actuation means
such as shape memory alloys, pneumatic, electroactive polymers and so on. These
novel actuation approaches rarely reach sufficient maturity to be attractive for the
consumer electronic market, due to various limitations arising from high drive voltages,
manufacturing difficulties or lack of reliability. Piezoelectric transducers on the other
hand can be exceedingly practical.

Piezoelectricity is the property of crystals to displace charges in a material when it is
strained. Conversely, electrostatic fields applied across the material induce mechanical
deformations. Owing to the large number of application of these transducers, ceramics
have been developed to enhance the achievable strains. A common material is the lead-
zirconate-titanate ceramic, also named pzt, which can deform to a maximum strain of
about 0.1%.

Stacking, and other mechanical arrangements of thin pzt plates, are often necessary
to achieve a workable stroke displacement for a given actuator size. Piezoelectric
actuators are often used in the form of bending bimorphs, which are composed of two
plates bonded together and actuated in opposition. The compression of one side and
the stretching of the other causes the blade to bend, achieving displacements that can
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reach several millimeters under reasonable voltages.
These piezoelectric bimorphs are, for instance, responsible of the motion of the pins

in Braille cells [203]. They are also used to move an inertial slug inside an enclosure,
or directly vibrate the screen of a portable device[166]. Their natural stiffness and low
damping makes them efficient when used at resonance.

Similarly to electromagnetic lra’s, tactile signals can be generated by amplitude-
modulation. Maeno et al. applied this idea to reproduce virtual textures by using an
ultrasonic motor modulated with the amplitude of the measurement made by a sliding
probe [124].

2.3.5 Simulated Material and Textures

Actuators are driven accordingly to the user’s input. In force-feedback devices, a force is
specified in response to a position input (the impedance approach). Another approach
is to regulate the velocity of a handle according to an input force (the admittance
approach). This section reviews the various algorithms that synthesize realistic tactile
sensation accordingly to a virtual representation of the world. Most algorithms are
based on the assumption that a contact can be approximated by the behavior of a
single point impacting or sliding in the virtual world.

2.3.5.1 Impact

Impact transients and high frequency oscillations add realism to haptic simulations
in virtual environments. Okamura et al. [148] proposed a methodology to acquire
oscillations generated by the impact with real materials. The measured response was
modeled by decaying sinusoids which coefficients that best fit the transient. Hard
material exhibit higher frequency and lower decay rate, whereas soft material like
rubber damp the collision. During the simulation, transients are replayed by adding the
decaying sinusoid with amplitude proportional to the impact velocity to the amplitude
of the force signal. Instead of using only one damped sinusoid, a sum of decaying
sinusoid can be used to model the modal response of more complex object to an impact
[206]. The impact location can also affect the vibration signature. For instance, a beam
produces modal vibrations that depend on the location of an impact. Reproducing this
effects is sufficient to give to the user the sensation of the impact location [184].

2.3.5.2 Roughness

Virtual textures synthesis tools rely on physical properties of real textures. Siira and
Pai noticed that many textured surfaces were characterized by a height Gaussian dis-
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tribution. As a result, they proposed a stochastic model to synthesize textures by
addition of a random component to the rendering of a smooth surface. They took
advantage of the fact that normal distribution is independent of resampling and that
the norm and standard deviation did not depend on velocity. This observation led to a
simplified computation able to generate white surface noise at every increment of time.
The simplicity of the rendering in the temporal domain has the disadvantage that the
spatial consistency is not maintained. As a result, the same point in space could be
rendered with different values [174].

The stochastic model was extended to render other features of textures. Bump
and deterministic geometries can be modeled by their Fourier decomposition and the
stochastic behavior described by a sum of Gaussian distributions. Other random pro-
cesses such as band-limited noise or banks of filtered noise can be used to replace the
Gaussian white noise distribution [52]. A texture model described in the spatial do-
main was then interpolated in the temporal domain for rendering. Perceptually, it was
found that the roughness sensations were correlated with the standard deviation of the
Gaussian distribution.

The idea of space-based description has been used by van den Doen et al. [205] to
render the sounds produced by stoking a stick on a surface at audio rates. To reproduce
the recording, they used a “phonograph needle” model. Samples were recorded at
constant speed, vref , and replayed at a rate of v/vref by interpolating the missing
samples. Moreover, the audio volume was scaled by the square root of the power
dissipated by friction. If friction is assumed to follow Amonton’s law of friction, then
the acoustic signal is a(t) ∝

√
µ |Fn v| where µ is the coefficient of dynamic friction,

Fn the normal force, and v the velocity.
Surface topology can also be described by fractal noise. Fractals are irregular self-

similar structures often found in nature processes [127]. Costa et al. [35] computed the
height profile of a textured surface by synthesizing the signal as a Fourier series which
coefficients generated by 1/fβ power spectral noise density. Experiment indicated that
the roughness estimates were strongly correlated with the root-mean-square of the
height profile. Different fractal dimensions evoked different textures.

2.3.5.3 Friction Related Events

Other phenomena, such as stick-slip oscillations, have been virtually rendered. Stick-
slip oscillations occur when the friction force is higher during the stuck state than
during the slip state and when there is a forcing term. When these conditions are met,
a system can oscillates between the stuck state and the slip state according to the mean
velocity. Konyo et al. proposed to trigger a 250 Hz decaying sinusoids produced by
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a piezoelectric transducer at the transitions to provide a simulated feeling of incipient
slip under the bare finger [101].

2.4 Conclusion
Texture is an important attribute of the objects; it has therefore received a commensu-
rate amount of attention in the literature. The amount of realism of virtual environment
depends greatly on the fidelity of the visual, audio, and haptic texture models. Much
work has been dedicated to the understanding of perception of texture through direct
contact with a bare finger. The consensus is that the sensation of roughness plays a
central role in the perception of textures and that roughness sensations are mediated
by rapid mechanical events rather than spatially coded information.

To date, research regarding the encoding of tactual roughness encoding and its
artificial reproduction has been mainly focused on the rigid-probe model. This focus is
easy to explain since recording the vibrations of a probe stroking a surface only requires
an accelerometer and reproduction can be accomplished with force-feedback devices
and/or vibrotactile transducers. In the case of a bare finger the contact condition are
fundamentally different from that of a rigid probe. The analysis and the modeling of
the mechanics of interaction no longer can be reduced to the movements of a rigid
body. It is necessary to account for the mechanical properties of a fingertip and for
skin tribology to gain an appreciation of the complexity of the interaction.

Research in biomechanics and skin tribology was to date mostly motivated by is-
sues in motor control (grip), as well as by health and cosmetics research. As a result,
the complex interactions arising during sliding on a surface have been by-and-large
ignored. For instance, most studies assume quasi-static conditions or very low fre-
quencies. Psychophysics of touch, in contrast, reveals that tactile perception operates
within a range that reaches DC to 700 Hz. Moreover, very little work has been devoted
to the characterization of vibrations generated when stroking a finger on surfaces.

If this challenges were solved it would be possible to transfer the knowledge of phys-
ical interactions to the rendering more realistic artificial sensations. The enhancement
of the rendering techniques could be the beginning of high fidelity tactile devices and
can possibly spread to several domains of applications. Transducer design would also
be improved and simplified by the knowledge of the mechanics of touch.
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Preface to chapter 3

This chapter is based on an article that describes a device able to record and reproduce
tactual textures, directly at the fingertip. The instrument comprises a bidirectional
piezoelectric transducer that can either be used to record the finger-texture interaction
force or, by changing its configuration, be employed to replay it. The high resolution
measurements (50 µN) can be acquired over a range of frequencies that covers the
tactile perception. Measurements are typically performed when sliding a finger on a
surface. The position of the finger is also recorded so that the interaction force can
be expressed as a function of space. Textures are reproduced by touching the surface
of the device, which in the display mode is mobile. During an exploratory movement,
the surface is vibrated, providing the sensation of touching a textured surface, minus
the net friction. The same device is used in the following chapters of this thesis to
identify, record, and reproduce several other textures with several aims in mind. A
psychophysical calibration method scales the signal amplitude between the measured
frictional force due to sliding and the stimulation of the fingertip during reproduction.

Abstract

When a finger scans a non-smooth surface, a sensation of roughness is experienced. A
similar sensation is felt when a finger is in contact with a mobile surface vibrating in
the tangential direction. Since an actual finger-surface interaction results in a varying
friction force, how can a measured friction force can be converted into skin relative dis-
placement. With a bidirectional apparatus that can measure this force and transform it
into displacement with unambiguous causality, such mapping could be experimentally
established. A pilot study showed that a subjectively equivalent sensation of roughness
can be achieved between a fixed real surface and a vibrated mobile surface.
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3.1. INTRODUCTION

3.1 Introduction

Roughness is an important attribute of things we touch [116]. Concomitantly, there
is a need for ever increasingly realistic virtual environments that can reproduce the

various attributes of objects, including their roughness. To date, the approaches used
to simulate roughness include the use of force feedback devices to replicate the micro-
geometry of surfaces, directly, or by reproducing its effects; see [28] for an extensive
survey. Other approaches modulate the friction force that arises when a finger slips on
an active surface. To this end, electrostatic fields [233], surface acoustic waves [192],
or the squeeze film effect [15, 230], can be employed.

3.1.1 Finger-Surface interaction

The steady slip of a finger on a surface induces a frictional force. If the surface in
question deviates from smoothness, then the interaction force varies over time as a
result of a complex interaction taking place between the finger and the surface. Mi-
croscopically, the variation is the consequence of the space-and-time-varying traction
distribution (i.e. tangential force per unit of contact surface) at the interface between
the finger and the surface. The traction distribution depends on the relative geometries
of these two bodies, on the materials they are made of, and on the possible presence
of fluids and foreign bodies.

In spite of this complexity, integration of traction over the (unknown) contact sur-
face results in a net force that can be measured. It is known that the variations of this
force correlate strongly with a sensation of roughness [178, 177]. While there is much
debate regarding the manner in which the nervous system mediates the sensation of
roughness peripherally and centrally, there is evidence that a variety of mechanisms are
at play. Because of the multiplicity of these mechanisms, diverse stimulation methods
can contribute to elicit roughness, see [124] among others.

3.1.2 Present Study

The present paper explores the possibility of stimulating the cutaneous system in order
to create roughness sensations through the simplest method possible: that of vibrating
tangentially a smooth surface in non-slipping contact with the finger, as the finger
undergoes net motion. Yet, when it comes to design a display based on this idea, this
simple approach poses a basic question which must be clearly answered: During tactile
exploration, does the finger-surface interaction force “cause” the finger to deform or
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does the deformation “cause” the interaction force? Visual or auditory displays, by-
and-large, radiate the same energy regardless of how they are looked at or listened to, so
the causality is clear, but for haptic displays the causality question cannot be answered
so easily, see [71] for elementary notions. The same question can be rephrased as follows:
Should the measurement and the simulation be based on the skin displacement or on
the force applied to it?

3.1.3 Bidirectional apparatus

To study this question, we build an apparatus that unambiguously establishes a causal
relationship between the measurement and the stimulation by operating both as a
sensor and as an actuator. In these two cases, the device was engineered to be very
stiff, that is, five orders of magnitude stiffer than a fingertip. This way, when used
as a sensor, the interaction force is known regardless of the finger movements and
deformations; when used as an actuator, displacement is specified independently from
the interaction force. To complete the symmetry, during recording operations, the
sensor is fixed with respect to the ground and the finger slips on a rough surface.
During restitution, the actuator is mounted on a slider and remains fixed relatively to
the scanning finger touching a flat surface. In both modes, the device operates with a
bandwidth spanning from 20 to 600 Hz, and has a maximum displacement of 0.2 mm
in actuator mode, thereby covering the range useful for conveying roughness.

3.1.4 Main result

We performed a preliminary psychophysical experiment aimed at finding the subjective
equivalence of roughness elicited by a rapidly varying measured force or by an imposed
displacement, hence realizing a causality inversion between the measurement and the
display. This approach is in contrast with the one employed with conventional haptic
devices where a force is measured, or computed, and then specified with impedance
devices; or where a displacement is computed and then specified with admittance
devices. It was found that, indeed, such subjective equivalence of roughness could be
established.

3.2 Apparatus

Referring to Figs. 3.1a and 3.3a, the apparatus comprises a rigid plate, A supported at
one end by a low stiffness blade, B, and connected to a multilayer piezoelectric circular
bender (cmbr07, Noliac Group a/s, Kvistgaard, Denmark), C, at the other. As a
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3.2. APPARATUS

sensor, a textured surface is glued to the plate and during scanning the interaction
force is measured within a very large dynamic range. As an actuator, the assembly is
mounted on a linear guide and the smooth plate is vibrated tangentially.

3.2.1 Sensor Operation

The piezoelectric bender converts tangential forces due to the interaction with the
finger into electric charges. These charges are transformed into voltage by an instru-
mentation amplifier (lt1789, Linear Technology Corp., Milpitas, ca, usa) as shown
in Fig. 3.1b. The signal is then digitized by a 16-bit data acquisition board (pci-6229,
National Instruments Corp., Austin, tx, usa). The piezoelectric transducer acts like
a generator Vp in series with a capacitor Cp and a charge resistance Rs. The rc circuit
corresponds to a 20 Hz high-pass filter. Such charge-based force sensor is capable of a
very high dynamic range response unachievable with conventional strain-gauge-based
force sensors.
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Figure 3.1 – Sensor operation. a: Setup. The finger position, measured by E, and the
interaction force, measured by C are recorded when the finger, D, slips on the surface,
A. b: Signal conditioning. c: Frequency response of the sensor.

The position of the finger, D, is measured with a linear variable transformer trans-
ducer (lvdt), E, (sx 12n060, Sensorex sa, Saint-Julien-en-Genevois, France) fastened
to the fingernail. The response, Fig.3.1c, shows a sensitivity of 26 V/N in the range
from 20 Hz to 600 Hz. The range is limited upward by the mechanical natural res-
onance. Output noise is lower than 20 µN/

√
Hz and 16-bit digital conversion pro-

vides 50 µN of resolution at a 2 kHz sampling rate. The high stiffness of the bender
(70· 103 N/m) ensures that the small deformation hypothesis is valid. Low frequency
force components are measured by a conventional force sensor (Nano 17, ati Industrial
Automation, Inc., Apex, nc, usa) mounted on the load path between the assembly
and a firm mechanical ground.

The interaction force components Ft and Fn and finger position x(t) are acquired by
the sensor during scanning, see Fig 3.2a. A typical measurement is seen in Fig. 3.2b.
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Figure 3.2 – Measurement a: The components Fn and Ft of the interaction force
during scanning. x(t) is measured by a lvdt. b: Typical force measurement from the
conventional force sensor. c: Wide range dynamic measurement of sliding interaction
measured by the piezoelectric sensor.

Notice how the tangential force Ft rises at the beginning of the motion and then
oscillate around a value. The high-pass filter preserves the variation of the tangential
force occurring within a wide dynamic range that a conventional force sensor would be
unable to resolve, as shown in Fig. 3.2c. The initial stick to slip transition and ensuing
transients have been edited out for clarity. This diagram is representative of the rich
variations of the friction force due to a finger slipping on a periodic grooved surface.

3.2.2 Actuator Operation

Referring to Fig. 3.3a, when used as an actuator, the assembly is disconnected from the
grounded force sensor and placed on a slider, E. Its position is measured with a 7.5 µm
linear resolution using an incremental encoder, F, (Model 2400, Fritz Kübler GmbH,
Villingen-Schwenningen, Germany). The participant’s third phalanx rests on a cradle,
G, connected to the slider so that the fingertip rests on the active surface, A. As the
finger scans to and fro, the transducer is driven by a voltage amplifier (Apex Precision
Power pa86u, Cirrus Logic Inc., Austin, tx, usa) such that the skin in contact with
the active surface is entrained by its oscillations without slip.

In order to ascertain performance, the output displacement was measured with a
laser telemeter (lt2100, Keyence Corp., Osaka, Japan). The response, Fig. 3.3b, shows
that the system is able to produce a displacement of ±20 µm/V from dc to 600 Hz,
limited by the system’s natural resonance. For a 5V input, the actuator is able to
achieve a maximum displacement of 100 µm.

The actuator is driven by a 2 kHz periodic realtime thread that reads the encoder
position xc(t), interpolates a force value fa from a given texture profile, multiplies it by
a gain Gψ and refreshes the amplifier output Va(t), see Fig. 3.3c. This control thread
runs under the Labview™ environment on an ordinary computer equipped with the
digital input-output board already mentioned.

44



3.3. EXPERIMENTAL PROCEDURE FOR PERCEPTUAL CALIBRATION

D

B

E
F

G

C

A
25

0

50

(μ
m

/V
)

-270
-180

-90
0

ph
as

e 
(°

)
10

1
10

2
10

3

(fi, xi)

frequency (Hz)

texture
interpolation

xc(t)

fa

Gψ

Va(t)

a b c
Unloaded
With �nger

Figure 3.3 – Actuator operation. a: The stimulator, C, mounted on a linear stage, E,
is fixed relatively to the finger, D. b: Frequency response of the none loaded actuator
(black line) and with a finger pushing at 1 N (dash line). c: Control.

3.3 Experimental Procedure for Perceptual Calibration

Having unambiguously converted a varying interaction force into a skin displacement
during the scanning of a surface by means of an apparatus designed to establish robust
causal relationships not achievable with conventional haptic devices, the question now
arises of the value of the conversion factor that could elicit an equivalent sensation of
roughness. Furthermore, if such a factor exists, does it vary from person to person? To
address these questions, a calibration procedure was carried out with six participants
in order to establish the point of subjective equivalent roughness between the natural
texture and its simulated version. A 2-alternative forced choice, constant stimuli pro-
cedure was employed to find the gains Ĝψ that would elicit an equivalent sensation of
roughness.

3.3.1 Stimuli.

The standard stimulus was a triangular grooved grating of 1 mm spatial period with
0.1 mm of depth. Without relative motion, the roughness of this texture was not per-
ceptible. The scanning force with this grating was measured using the sensor described
earlier with the help of a “standard” participant. During recording, the speed v and
the normal force Fn were held constant with a 10% tolerance. The signal was processed
as described in Section 3.2.1, then normalized to ±0.5 V. The filtered signal, expressed
in Newton, and its Fourier transform are shown in Fig. 3.4b. The comparison stim-
ulus was provided by the stimulator described in Section 3.2.2. Fig. 3.4a illustrates
the precautions that were taken so that both stimuli were presented in exactly the
same conditions: (a) The participants had their proximal phalanx resting in cradles
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connected to sliding guides so that the fingertip rested on the grooved texture or stim-
ulator in same manner; (b) Both surfaces were made in polycarbonate; (c) The two
sliders were mechanically connected so the same inertia and the same friction was felt
for the standard and the comparison stimuli. The experimental setup was hidden by a
curtain to avoid visual bias. Subjects wore sound isolation headphones (model k518,
akg Acoustics, Harman International Industries) playing white noise.
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Figure 3.4 – a: Experimental setup. b: Stimulus and its spectrum. The scanning
process transforms a simple surface waveform into a complex, broadband force signal.

3.3.2 Subjects and procedure.

Six volunteers participated in the experiment, two female and four male, all right-
handed, aged from 24 to 31 years. They were from cea list and two of them were
familiar with haptic technology. Their hand was guided to explore the setup and after
short instructions they were asked to judge whether the standard or the comparison
stimulus was rougher and to give an answer via a keystroke. Like in [29], no definition
of roughness was given except that “roughness is the opposite of smoothness”. Neither
training nor feedback was provided during the tests. Gain Gψ was randomly chosen in
a range of 1 to 10. Each value was tested at least 10 times.

3.4 Results

Subjects responded to gain changes following a typical psychometric curve, as shown
in Fig. 3.5. The data were fitted with a cumulative Gaussian distribution f(x) =
0.5

[
1 + erf

(
(x− µ)/

√
2σ
)]

where x is the gain, µ the mean gain and σ2 the variance.
The data fitting was achieved using a nonlinear least-square fitting procedure.

The point of subjective equivalence (pse) was extracted from the gain that cor-
responds to a 50% probability of judging the comparison rougher than the standard.
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3.5. DISCUSSION

Figure 3.6 shows the distribution of pse’s. The average across subjects is Ḡψ = 3.99
with a standard deviation of 0.93.

3.5 Discussion

The results indicate that the interaction force variation can be converted to skin dis-
placement variations to elicit an equivalent sensation of roughness for a virtual surface
compared to a real one. As a result, this particularly simple stimulation method is
shown to be effective at simulating the roughness of a surface. Moreover, partici-
pants frequently commented on the perceptual similarity of the sensations themselves
between real and simulated surfaces.

These results support the idea that as far as fine textures are concerned, spatial
information can be completely eliminated from the simulation, yet, the conscious expe-
rience can be that of a non-smooth surface. While similar observations have frequently
be reported in the past, our experiments, given to the care that we put in controlling
the causality as well as the quality of the transmitted signals, make it now possible
to quantify the conditions under which such phenomenon occur. Another aspect of
our results worthy of some comments is the relative constancy of the conversion factor
among individuals. Of the six individuals who lent themselves to the experiment, five
obtained very similar numbers. Only one required a significantly higher displacement
stimulus to achieve an equivalent level of roughness. Our efforts will be directed in the
future at understanding these individual differences.

3.6 Conclusion

With the help of a carefully engineered sensor, sliding frictional forces could be acquired
within a very high dynamic range. The same device was turned in a stimulator having,
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by construction, a compatible dynamic range that could convert this frictional force
into a displacement able to provide a simulated sensation.

This study has so-far considered only one texture for perceptual calibration. We
plan to investigate other aspects of texture signals, such as spectral content, in addition
to amplitude, and to study the conditions under which perceptual equivalence can be
achieved. The distribution of roughness perception across gain values was found to be
a monotonic function. As a result, one could employ fast calibration procedures such
as accelerated staircase methods as in [29].

A final implication of the present experiment is the possibility to replace force feed-
back stimulation by cutaneous displacement stimulators which may lend themselves
to more favorable engineerings tradeoffs, particularly with subminiature devices. Such
miniature devices could for instance be embedded in the gripping surfaces of conven-
tional force feedback devices.
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CHAPTER 4. THE SPATIAL SPECTRUM OF TANGENTIAL SKIN DISPLACEMENT

Preface to chapter 4

The previous chapter described a device for reproducing roughness and texture sensa-
tions on the fingertip as well as an experiment that validates the approach. The present
chapter provides a more detailed description of the apparatus, the development of a
electromechanical model, and a calibration procedure to assess the quality of the mea-
surements and of the stimulation. Next, a psychophysical experiment was carried out
to test the ability of participants to matched the reproduction of five virtual textures
with their real counterpart. A second experiment was aimed at testing the ability of
subject to discriminate the spatial frequencies of virtual gratings. The results were
compared with published results found with actual samples. This chapter also hypoth-
esizes the existence of a spatial code for texture roughness which is not referenced to
the skin but to the touched surface.

Abstract

The tactual scanning of five naturalistic textures was recorded with an apparatus ca-
pable of measuring the tangential interaction force with a high degree of temporal
and spatial resolution. The resulting signal showed that the transformation from the
geometry of a surface to the force of traction, and hence to the skin deformation ex-
perienced by a finger is a highly nonlinear process. Participants were asked to identify
simulated textures reproduced by stimulating their fingers with rapid, imposed lateral
skin displacements as a function of net position. They performed the identification
task with a high degree of success, yet not perfectly. The fact that the experimental
conditions eliminated many aspects of the interaction, including low-frequency finger
deformation, distributed information, as well as normal skin movements, shows that
the nervous system is able to rely on only two cues: amplitude and spectral infor-
mation. The examination of the “spatial spectrograms” of the imposed lateral skin
displacement revealed that texture could be represented spatially despite being sensed
through time and that these spectrograms were distinctively organized into what could
be called “spatial formants”. This finding led us to speculate that the mechanical prop-
erties of the finger enables spatial information to be used for perceptual purposes in
humans without any distributed sensing, a principle that could be applied to robots.
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4.1 Introduction

Texture — the organized deviation from smoothness of the surface of objects —
typically is first apprehended visually but once contact is made with the hand,

touch must take charge. Katz, in 1925, noted that there are two ways in which or-
ganisms can become tactually aware of the texture of objects [102]. One way is to
determine directly the relevant spatial features of the geometry of a touched surface.
To illustrate how this could be done, consider a deeply grooved grating, such as a
knurled knob. Under reasonable normal static loading, the skin interacts with such
a surface through a collection of minute contact surfaces. Assuming that the sensory
apparatus is able to detect these individual contact surfaces, then presumably a coarse
notion of the surface geometry can be acquired. If such surface has any degree of fine-
ness, however, the individual contacts become so numerous that such strategy becomes
highly implausible. Most psychologists and neurophysiologists agree with Katz that
the experience of surface texture must result from mechanical signals brought about
by finger sliding that change through time, in addition to mechanical signals that vary
through space.

To the haptics engineer interested in devices and transducers able reproduce tactile
and haptic sensations, these observations are very significant since the overriding ob-
jective is to extract from the complexity of the ambient physics those aspects that are
the most significant to the perceiver and to discard the others in the name of technical
feasibility.

Of course, tactual texture is an ill-defined notion. In a single sentence, it is hard
to discuss the sensations caused by rough burlap, those resulting from finely machined
bronze, or those derived from the velvety skin of an apricot. To make things worse,
from a physical view point, and even restricting attention to hard materials, texture
and roughness can be characterized in many different ways that also depend on the
method used to measure it [198, 11]. With soft materials the situation is even more
inextricable.

The many studies in the psychophysics of texture and roughness perception unfor-
tunately contribute little insight to the haptics engineer because these studies rarely
speak of the same quantities, although there is a general agreement that roughness has
perceptual significance [189, 69, 111, 138, 21, 34, 76, 30, 178, 165, 119], even if it is
nearly impossible to define it unambiguously from the physical characteristics of the
touched object [14].

If roughness, and more generally, if tactual texture is hard to discuss directly from
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the physics of an object, then perhaps a more productive approach from the view point
of interface design would be to focus on the characteristics of the mechanical interaction
of the skin with an object, although the prospects for identifying simple signals are
rather bleak at first sight. The finger is a soft, highly deformable object which, besides
its complex detailed geometry, exhibits several types of nonlinearities that are manifest
at different length scales of interaction with surfaces [161, 159, 217, 222, 4]. Even
under the extremely simplified assumption of linear visco-elasticity and perfectly clean
contacts free of foreign bodies and liquids, the contact of deformable bodies with rough
surfaces gives rise to theories of considerable complexity that are unlikely to yield simple
interaction models [163]. These observations justify the measurement-reproduction
approach adopted in this study.

4.2 Roughness and Texture in Manufacturing and Vir-
tual Reality

Numerous industrial processes, from mirrors to roads, depend on the measurement of
roughness. It is achieved using profilometers based on slow mechanical scanning with
a sharp stylus (the tip radius can be as small as a few nanometers) or by optical meth-
ods (confocal microscopy, laser triangulation, interferometry). Reporting roughness is
mostly a function of the intended application. In part machining, for instance, rough-
ness is traditionally characterized in terms of the relative heights of a set of asperities
specifying their standardized moments: 0th, 1st, 2nd, 3rd. Interestingly, the latter mea-
sures report zero roughness for any regular grating and therefore cannot be applied to
perceptual studies. Other measures report the statistics of the peak-to-valley distances
of sets of asperities which makes them more relevant. Some measures consider auto-
correlation, some account for spatial wavelength or for extrema density. Some others
take into consideration the magnitude of the slopes of asperities, and yet others their
curvature. The later measure is probably one of the most relevant to tactual roughness
of these different approaches.

The measurement process is typically slow (minutes, hours) and provides details
that are not necessarily relevant to tactual sensing. On the other hand, it is an everyday
experience that the roughness of a surface can be felt, or that two textured surfaces
can be discriminated, or even that a wood grain can be identified in a fraction of a
second by the scanning finger.

These observations have let researchers in virtual reality to adopt the more expedi-
tious method used by humans to sense texture, rather than to rely on industrial-type
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methods. Examples of this approach can be found in [150] where the scanning interac-
tion force is measured, in [237] where the scanning acceleration of a stylus is measured,
or in [209] where the scanning velocity is measured. The reader is referred to a recent
survey where 50 articles on the subject are commented [110].

For texture reproduction, the most widely adopted approach is the force-feedback
device with a position-dependent textured virtual wall, also extensively surveyed in [110].
A more recently introduced technique is to modulate the friction force between the fin-
ger and a mechanically grounded active surface. The friction force modulation can be
achieved, for instance, by electrostatic fields [233], ultrasonic amplitude modulation
[124], surface acoustic waves [192] or with the squeezed film effect [15, 230].

4.3 Design Motivation for a Texture Transducer

The above considerations led us to engineer a new device capable of accurate mea-
surement and reproduction of a surface-finger interaction, having a bandwidth and a
dynamic range able to do justice to the biomechanics and sensory performance of the
human finger. This device is already briefly described in reference [229] where it was
shown that it was able to provide perceptually equivalent sensations of roughness be-
tween a virtual and a real surface. The surface used in these preliminary experiments
was a “simple” triangular grating of spatial period 1.0 mm with groove depth 0.1 mm.
Although the surface was periodic, the force of interaction during sliding turned out to
be a complex, broadband signal having a complicated harmonic signature which can
be appreciated by consulting Fig. 4.1 and caption. The transformation from geometry
to signal is highly nonlinear, a fact that is hardly surprising considering that friction
is the primary phenomenon involved [227].

In the present article, we describe this device in greater detail and we employ it in
a experiment where it is used to reproduce various textures. We show that the textural
recording-reproduction obtained with this device is of sufficient quality to enable several
participants to correctly match a virtual surface with a real surface included in a set of
five. The mechanical consequences of net friction were eliminated by the transduction
process and so was distributed skin deformation within the finger contact area. As
a result, the apparatus reproduced accurately the oscillatory components of the skin
tangential displacement at the exclusion of other mechanical consequences of sliding a
finger over a rough surface.

A particular feature of our device is that the same mechanical structure was used in
the sensor and actuator modes. It is based on the piezoelectric effect which, as is well
known, is reversible. In sensor mode it operates like a high-quality, stiff force sensor.
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Figure 4.1 – Spatial spectrogram produced by sliding a finger on a perfectly periodic
triangular grating. The methods used to construct such plots are described in detail
later in this article. For now, it can be appreciated that the transformation from a
triangular profile to a force signal is far from straightforward. A triangular wave has
only odd harmonics. While the fundamental “formant”, or spectral peak, at 1 mm−1

is present, it is actually weaker than the first even-harmonic spectral peak. Notice also
the present of energy in the sub-harmonic frequencies. These are the hallmarks of a
nonlinear transformation.

In actuator mode it provides accurate isometric stimulation to the skin. The questions
regarding the reciprocal signal causalities are discussed in [229].

4.3.1 Performance Considerations

The device should be orders of magnitude stiffer than the fingertip to provide unam-
biguous measurement and stimulation, noting that the converse possibility is consid-
erably harder to achieve due to the difficulties met in reducing the effects of inertia to
sub-threshold levels [132].

Other design considerations include the level at which interaction forces should be
resolved. In absence of knowledge on the smallest dynamic forces able to stimulate
the skin, an estimate can be obtained by considering that the elasticity of the fingertip
is roughly of the order of 103 N·m−1 and that a detectable skin displacement is of
the order of 10−7 m. One could infer that the sensor should resolve 10−4 N, which is
far beyond the reach of commercial strain-gauge force sensors. In terms of actuator
displacement, similar considerations indicate that 10−4 m would be needed to create the
10−1 N peak-to-peak force oscillations that can be encountered when stroking texture
as can be seen from Fig. 4.1. This requirement has been, in hindsight, the hardest
to meet and, due to saturation, has somewhat limited the scope of our investigations.
Finally, it is commonly accepted that a 500 Hz bandwidth is needed to represent tactile
interactions. Interestingly, this figure was actually proposed by Katz almost a century
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ago [102].

4.3.2 Description

The main components, shown in Figure 4.2a, comprise a multilayer, 40 mm piezoelectric
disk-bender (cmbr07, Noliac Group a/s, Kvistgaard, Denmark) connected to a 20 mm-
wide tray that can hold a sample. The bender is clamped vertically by two epoxy
ridges of semi-circular section that apply uniform pressure on the bender. A treaded
rod connected to the hollow center of the bender transmits motion to the tray which
is linearly guided by a flexure made of two leaf springs. Connection to the bender is
realized by two Delrin© washers that can tolerate ± 0.5o of misalignment. The texture
samples are bonded to the tray using double-sided adhesive tape.

During sensor operation, the interaction forces induce flexural deformations of the
blade along x and in the piezoelectric element, as indicated in Fig. 4.2b. Through
the piezoelectric effect, the deformation of the ceramic causes charges to appear on
the electrodes that are picked up by an instrumentation amplifier. Conversely, when
applying a voltage to the electrodes of the bender, the piezoelectric effect causes the
transducer to operate as an actuator. In this case, displacements of the tray impose
deformations in the fingertip resting on it.

leaf springs

tray 20 x 45 mm bender

clamp

base

a b y

xz

Figure 4.2 – a. Transducer schematic. b. Cross section of the system at rest (solid
lines) and during deformation (dashed lines).

4.3.3 Transducer Modeling

Since the mechanical constitution of the transducer is common to the sensor and to the
stimulator, their models include the same lumped parameters. They differ only by the
electronics. In sensor mode, a high gain, low noise instrumentation amplifier collects
charges and convert it into readable voltage, whereas in actuator mode, a high voltage
amplifier, with a low output impedance is used to drives voltage on the electrodes of
the piezoelectric bender and therefore the tray’s displacement.
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4.3.3.1 Mechanical Flexure

The flexure acts like a mass-spring-damper system with stiffness kr according to Fig. 4.3a.
Damping due to internal and external friction is by and large dominated by losses in
the bender. It arises mostly from hysteresis in the piezoelectric material. As further
discussed later, it is reasonable to represent it by viscous damping. The inertial term
corresponds to the equivalent moving masses of the tray and of the bender. The ac-
tuator force is shown as an external force, fp, acting in the opposite direction of x.
Another external force, fd, models the finger interaction through its contact with the
sample.

a by

xz
fd

kr

br

x(t)

fp fp

q̇−

q̇p

q̇+
v−

v+
m

Figure 4.3 – a. The plate, the sample and the bender are modeled by a mass
m. It is suspended by a spring of stiffness kr connected to a damper br. Forces fp
and fd represent the piezoelectric actuator and finger interaction forces, respectively.
b. The piezoelectric effect causes charges to appear on the electrodes as a result of
displacement.

Applying Newton’s second law and converting to the Laplace domain gives

(ms2 + brs+ kr)X(s) = −Fp(s) + Fd(s), (4.1)

where X(s), Fp(s) and Fd(s) represent the Laplace transform of the variables x(t),
fp(t) and fd(t).

4.3.3.2 Static Constitutive relationships

The Y-poled bimorph piezoelectric element has two external electrodes plus one central
electrode located in the neutral fiber. Bending deformation results in the compression
of one layer and traction of the other. Layers are polarized which creates charges q+,
qp and q− through the piezoelectric effect. Operating as an actuator, imposed voltages
v+ and v− push the charges on the armatures to induce axial deformation as a result
of the radial strain. The linear, static constitutive relationships can be expressed in
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matrix form as follows [182],


x

q+

q−

 =


1/kp β β

β Cp 0
β 0 Cp



fp

v+

v−

 , (4.2)

where β = δmax/2vmax is the ratio of the largest unloaded deflection to the total maxi-
mum operating voltage applied to one layer, kp is the flexural stiffness in open circuit
and Cp is the capacitance of one piezoelectric layer when no stress is applied. In this
model, the dynamic parameters like mass and damping are not taken into account.

4.3.3.3 Transfer function in sensor mode

Only one layer is used. The voltage generated by an external force can be written
from (4.2) by summing the piezoelectric induced voltage, vp, with the voltage due to
the circulation of charges,

v+ = q0 +
∫
q̇+dt

Cp
− β

Cp
fp = q+

Cp
+ vp.

The transducer acts electrically like a voltage generator in series with a capacitor Cp.
The generated voltage, v+, is amplified by a high input impedance (1012 Ω) instrumen-
tation amplifier (lt1789, Linear Technology Corp., Milpitas, ca, usa), see Fig. 4.4.
Load resistances, Rs, combined with the capacitor form a first-order high-pass filter
which can be expressed in the Laplace domain by

V+ = − 2βRs s

1 + 2RsCp s
Fp = 2RsCp s

1 + 2RsCp s
Vp. (4.3)

piezo

Gs

Rs

Rs

Cp

vp
vs

Figure 4.4 – Schematic of the sensor circuit. The electrode of the upper layer is
connected to an instrumentation amplifier. Resistors create a high-pass filter.

Neglecting the contribution of vp to the mechanical behavior, the mechanical con-
stitutive equation is x(t) = 1/kp fp(t). Combining it with (4.3), Vs(s) = GsV+(s) gives
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the output voltage, Vs(s), as a function of the displacement X(s) :

Vs(s) = −Gsβkp
2Rs s

1 + 2RsCp s
X(s)

Using (4.1), the transfer function of the sensor, Hs(s), becomes

Hs(s) = Vs(s)
Fd(s)

= −2GsRskpβ s

(1 + 2RsCps)(ms2 + brs+ kr + kp)

4.3.3.4 Transfer function in actuator mode

The bender is connected to a power source (pa86u, Cirrus Logic Inc., Austin, tx,
usa) which drives the central electrode as in Fig. 4.5. The amplifier is connected
voltage-mode with a gain Ga = 20. A resistor, Ra, in series with the output tunes
the frequency response since a low pass filter is formed with the capacitance of the
piezoelectric element.

v+

vp
v−

q̇p

q̇−

q̇+
Ra

Ga

va

−vmax

+vmax

Figure 4.5 – Circuit in actuator mode. Upper and lower electrodes are connected to
fixed voltages ±vmax. The power amplifier drives the central electrode voltage, vp.

By application of Kirchhoff’s law at the output node,

q̇+ + q̇p = q̇−, (4.4)

with q̇+ = Cpv̇+, q̇p = (1/Ra) (Gava − vp) and q̇− = Cpv̇−. Using these values in (4.4)
and substituting v+ = vmax − vp and v− = vp + vmax yields in the Laplace domain,

1
Ra

(GaVa − Vp) = Cp(Vp + Vmax) s− Cp(Vmax − Vp) s,

finally giving,
Vp = Ga

1 + 2RaCp s
Va. (4.5)

The power stage acts as an amplifier of gain Ga with a first-order low-pass filter of
cutoff frequency νcut = 1/(4πRaCp). The first line of (4.2) combined with (4.1) gives

(ms2 + brs+ kr + kp)X(s) = 2βkpVp(s) + Fd(s). (4.6)
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The two last lines of (4.2) can be simplified since the voltage driver supplies and draws
charges as necessary such that (4.2) becomes

q+ = CfV+ and q− = CfV−.

The transfer function of the unloaded stimulator is found by combining (4.5) with (4.6),

Ha(s) = X(s)
Va(s)

= Gakpβ

(1 + 2RaCp s)(ms2 + brs+ kr + kp)
.

4.3.4 Identification

The model parameters could be initially estimated from the data provided by manufac-
turers, as well as from the design of the leafs and of the tray. Parameter identification
was then performed to obtain a better model and to take into account nonlinearities
and parameter deviations from their manufacturing specification. Because the mechan-
ical parameters are common to the sensor and the actuator, it is more convenient to
identify the system first in actuator mode.

4.3.4.1 Actuator mode

The frequency response was determined using a frequency sweep from 10 Hz to 1000 Hz,
applying 4 Vpp voltage signal, va, (using a digital-to-analog converter pci-6229, Na-
tional Instruments Corp., Austin, tx, usa). Output displacement was measured using
a laser telemeter (lt2100 with lc2210, Keyence Corp., Osaka, Japan). At each fre-
quency, amplitude and phase were measured after a 200 ms pause to let the transients
subside. The response was determined under the following conditions: unloaded, with
a finger resting on the tray (normal force ≈ 0.5 N) and with a finger pushing down
the plate (normal force ≈ 1 N). The result is shown in Fig. 4.6. The system exhibits
the intended natural resonance at 500 Hz followed by a small un-modeled resonance at
800 Hz.

Since the actuator is two order of magnitude stiffer than the finger, finger loading
has a negligible impact on response in a 10–400 Hz band. At resonance, however,
damping due the fingertip causes a 3 dB attenuation of the resonant peak. In the
experiments, caution was taken to roll-off the signal with 3 dB attenuation at 500 Hz,
flattening the response. The effects of the finger damping as well as of the second
resonance can therefore be neglected. Least-square fitting (R2 = 0.85) provided the
parameters shown in Table 4.1. As can be seen from the figure, the model and the
uncorrected system responses are graphically indistinguishable up to 500 Hz.
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Figure 4.6 – Frequency response of the actuator. Measurement are in grey dot and
the model in plain black.

Table 4.1 – Electro-mechanical parameters.
Mechanical Electrical
δ = 82.35 µm Cp = 818 nF
kp = 76.47× 103 N·m−1 vmax = 100 V
m = 6.8 g Gs = 100
br = 4.49 N·mm−1 · s−1 Rs = 12 kΩ
kr = 4.05× 10−3 N · m−1 Ga = 20

Ra = 680 Ω

It is known that piezoelectric ceramic transducers have significant hysteresis which
affects the quasi-static and the dynamic responses. Fig. 4.7 plots the response of
the transducer to 0.1 Hz sinusoidal 10 V peak-to-peak amplitude signal showing a 16%
hysteresis. The hysteresis introduced by piezoelectric ceramics is of non-saturating type
and hence introduces small amplitude distortion of no consequence in our experiments,
since the minor loops are very small. It does introduce constant phase lag of 8◦ which,
at a given frequency, can be represented as linear damping [36]. It is the actuator
hysteresis that accounts for the nicely damped resonance of the system at 500 Hz but
is neglected in the low frequences. In summary, the actuator is capable of a maximum
peak-to-peak displacement of 200 µm, with a quasi-static gain of 20 µm/V in the range
from dc to 500 Hz.

4.3.4.2 Sensor mode

A known external force, calibrated using a conventional force sensor (Nano 17, ati
Industrial Automation, Apex, nc, usa), was applied to the sensor. This force was
used as an input for the model described earlier. Fig. 4.8 the fit of the model with
the measurement (R2 = 0.91). The simulated output is 10 times more noisy than the
actual measurement from the sensor because of the noisy input measurements from the
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Figure 4.7 – Quasi-static measurement of the actuator response (gray circles). Data
show a non saturating hysteresis that can be approximate by a 8◦ ideal phaser (black
line).

strain-gauge force sensor.
The model predicts a sensitivity of 26 V·N−1 for a gain of Gs = 100 in the

bandwidth 10–500 Hz with the resistor Rs set to 12 kΩ. Like in the actuator mode,
the sensor has a natural resonance at 500 Hz. The signal is acquired with the data
acquisition board already mentioned. With 16 bits of resolution, the force signal can
be measured with 10−5 N resolution. The experimentally measured noise floor is as
low as 25 µN/

√
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Figure 4.8 – Fit of the sensor model with actual measurements.

4.4 Experiment 1 : Texture Identification
As described in [229], the transducer was used in a causality inversion process: record-
ing force and stimulating with displacement, but instead of asking participants to sim-
ply compare the roughness of a virtual surface with that of a real one, we asked them
to identify different textures, thereby showing that they could discriminate textured
surfaces in the complete absence of stimulation distributed in space. The principle of
the experiment was to first record interaction with five different texture samples. A
group of participants were then asked to identify three of these virtual samples among
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the five real samples, and another group of participants to match three of the real sam-
ples with the five real samples, leaving much possibility for confusion. We expected
participants to be able to identify the real or the virtual textures with an equivalent
level of performance. We also expected that a learning effect would be made apparent
from the order of testing.

4.4.1 Methods and Materials

4.4.1.1 Design

We used a 5-alternative forced-choice matching procedure during which the participants
were asked to identify a comparison stimulus with the five standard textures. With
the first group of five participants, in a first session, the comparison stimulus was a
real surface picked randomly in a set of three and the standard stimuli were the five
real textures. They were then tested in a second session with a simulated surface
picked randomly among the same set of three as the comparison stimulus and the
standard stimuli were also the five real textures. A different group of five participants
was also tested, but with the simulated stimuli first, and then with real comparisons.
The two missing textures in the comparison set served as ‘catch samples’ to test the
participants’ ability to detect non matching textures. They also acted as distractors
since the participants were looking for them.

4.4.1.2 Sensing apparatus

The transducer was used to measure the interaction force of the author’s finger sliding
on a textured surface as in Fig. 4.9. The samples were placed on the tray of the
transducer. The aforementioned strain-gauge based force sensor measured the low
frequency components of the interaction force. The finger position was located by
a precision lvdt sensor (sx 12n060, Sensorex sa, Saint-Julien-en-Genevois, France)
attached to the fingernail.

The position of the finger, the net force, and the tangential force sensed by the
transducer were recorded at 10 kHz, i.e. with sampling period T = 10−4 s. The
transducer signal was processed by computing its Fourier transform, truncating the
spectrum to 15–500 Hz and then reconstructing the signal. This method ensured that
the signal was restricted in the band where the transducer had a flat frequency response,
excluding any artifact and phase distortion.
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Figure 4.9 – Sensor operation. A textured sample is bonded to the central plate. The
finger position is measured by a lvdt sensor and the total interaction force monitored
by a six-axis force sensor.

4.4.1.3 Stimulating apparatus

The friction force is correlated with the position of the finger, hence the signal is better
expressed in the spatial domain and must be converted into this domain. Since the
speed of a finger is of the order of 50 mm· s−1 the displacement resolution had to be
better than 5.0 µm. An interpolation procedure was employed to reconstruct the signal
in the spatial domain with the required resolution from the time-sampled force, fT(jT ),
and from the time-sampled finger position xc(jT ), j ∈ N. The discrete functions xc(jT )
and fT(jT ) were first fitted with piecewise cubic Hermite functions, Sx(t) ' xc(t) and
Sf (t) ' fT(t), and then re-discretized. Given a space sampling period, ε, position was
resampled into samples xi = iε, i ∈ N. The force could then be represented in the
discrete space domain following

fT(xi) = Sf (S−1
x (xi)). (4.7)

The spatial sampling period was chosen to match the smallest step achievable with the
apparatus, ε = 1.0 µm.

The transducer was guided by a precision linear bearing, E, located by an encoder,
F, (Model r119 Gurley Precision Inc, Troy, ny, usa) that could resolve position with
1.0 µm precision. The fingertip rested on the tray, A, and the transducer tracked the
position of the proximal phalanx, D, resting in a cradle, G, see Fig. 4.10a, relieving
the fingertip from lateral loads. As the slider moved with the finger, the transducer
stimulated the fingertip as shown in Fig. 4.10b. Each 0.5 ms the position of the slider
was read, the software interpolated the drive signal from a pre-recorded texture profile.

A gain Gψ was adjusted to calibrate the stimulation for perceptually equivalent
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roughness with the real sample as described in [229]. To ensure that the drive sig-
nal matched the mechanical bandwidth of the transducer, an active analog 3th order
Butterworth filter with a cut-off frequency 600 Hz (Salen-Key configuration with am-
plifier op2177, Analog Devices Inc., Norwood, ma, usa). The filter served as a signal
reconstruction filter and also compensated for the mechanical resonance.

F

D

A

E

G

texture

interpolation

a

b

fT(xi)

xc(t) Gψ
va(t)zoh

2 kHz

Figure 4.10 – Stimulator operation. a. The transducer is mounted on linear bearing.
The slider is located by an encoder. b. The control voltage is updated of piezoelectrical
actuator as a function of the position and the texture profile used. The open loop
command used.

Assuming that the Fourier transform of the texture signal exists, the accuracy of
its restitution can be analyzed in terms of the maximum achievable spatial frequency
for particular speeds, ẋc(t), of the finger. The signal generated digitally was filtered at
νcut = 500 Hz. It had for effect to limit the largest reproducible spatial frequency to,
Fmax = νcut/ẋc [27]. Assuming a finger velocity of 50 mm· s−1, the finest represented
grating had a 0.1 mm period. The spatial resolution of the device was ε = 10−3 mm,
the largest spatial frequency was Fmax = 10 mm−1 so the textures were represented by
at least 100 samples per period. At higher speeds, the temporal sampling became the
limiting factor. In terms of the Nyquist sampling frequency, the fastest variations were
reconstructed with at least ẋc/(FmaxT ) = 12 temporal samples.

This analysis shows that the device could reproduce spatial grating as low as
0.1 mm, with high fidelity and a low sampling noise, both in spatial and temporal
domain.
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4.4.1.4 Test bench

In order to ensure that the matching of virtual and real textures were performed under
conditions that were as similar as possible, a test bench was constructed where the
simulated and the real surfaces had to be touched under the same constraints, see
Fig. 4.11a. In the two conditions, the user’s finger was resting on a cradle that was
attached to the stimulator. Since all moving parts were rigidly attached, participants
felt the same inertia and the same mechanical imperfections in the two conditions. To
ensure that the real and simulated surfaces felt thermally equivalent, a smooth pvc
plate was glued to the tray of the stimulator.

sample

a

cradle

stimulator

rigid link

b

comparison bench

participant

curtain

experimenter

standard samples
buttons

sample holder

cradle

Figure 4.11 – Experimental setup. a. The comparison stimuli bench. The stimulator
and a real sample are side by side. During exploration, the participants experienced the
stimuli under identical conditions. b. Participants were asked to feel the comparison
texture and to match it with the standard textures. They answered by pressing one of
the five buttons.

4.4.1.5 Stimuli

Five textured samples were used as stimuli. They were 40 mm long, 20 mm wide, 3 mm
thick, and made out of pvc plastic (see Fig. 4.12). The texture on each sample was
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created using different machining processes as described in Table 4.2. The resulting
micro-geometries were not perceivable without relative motion. The interaction force
resulting from scanning with a finger was acquired as described earlier. To do so, one
of the participants scanned the surfaces at a constant speed of 50 mm/s ±15 mm/s
and a constant normal force of 0.5 N ±0.25 N to match the typical values of natural
exploratory movements [179]. Before each measurement a solvent was used to clean the
surfaces and that participants washed their hands. Recordings were resampled using
the method described earlier.

Figure 4.12 – Photos of the five samples.

Table 4.2 – Machining processes.
texture process parameters observations

A handheld drill speed: 6000 tr/min melted the surface
polishing disk

B milling speed: 100 tr/min 1.5 mm ridge
40 mm endmill feed rate: 1 mm/s 0.1 mm high
multiple teeth depth: 0.1 mm

C milling speed: 5000 tr/min 3 mm period
2 mm endmill feed rate: 2 mm/s 0.1 mm deep
two-flute grating

D coarse sandpaper P40 grade random scratches
E drilling with 60o depth: 0.1 mm quincunx pattern

conical end-mill 0.5 mm spacing

4.4.1.6 Participants

Ten volunteers were recruited for the study. They were seven male and three female
from the staff of cea-list, aged 25 to 31. Three of them had experience with haptic
devices, but all of them were naive as to the purpose of the experiment. They all were
right-handed. They all gave their informed consent and did not report any motor or
tactile deficit.
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4.4.1.7 Procedure

Participants were placed in front of the setup hidden by a curtain, as illustrated in
Fig. 4.11a. They were explained verbally and by a schematic the overall layout, with-
out disclosing the details of the apparatus and then were explained their task. They
then donned acoustic isolation headphones (1015210, Sperian Protection, Roissy-cdg,
France) that provided 30 dB of sound attenuation. White noise was also played through
the headphones, and the volume could be adjusted to a comfortable level. There was
a small light attached to the curtain to cue the participants to the next trial.

The five real textures samples were placed on a jig right behind the curtain and
each was associated to a push-button, see Fig. 4.11b. Behind the answer panel was the
comparison stimulus bench slightly elevated so that the jig did not perturb exploration.
The experimenter guided the third phalanx of the participants to rest in the cradles.
Three of the five textures, C, D, and E were used as comparison stimuli whether real
or simulated.

Before each session, all five comparison stimuli, either real or simulated, were pre-
sented successively to the participant until they would be familiar with them. They
typically became familiar with the stimuli after two rounds, but did not have to mem-
orized them. A group of five participants were presented simulated textures first, and
the other five real textures as comparison stimuli first. They were then all tested in
the other condition in the second session. During the trials, the comparison stimuli C,
D, and E were presently randomly. Participants identified the samples by matching
them with one of the five standard textures.

When real textures were used as comparison, the experimenter manually changed
the sample according to the instructions of the computer. The trials stopped whenever
the session duration exceeded 15 minutes, typically after 30 or 40 trials, or when the
trial number reached a hundred, whichever came first. In the case of virtual textures,
since the process was faster, all participant performed 100 trials under 15 minutes. The
volunteers were interviewed after each session to record their subjective experience.

4.4.2 Results

The overall results can be summarized by the confusion matrices shown in Fig. 4.13.
The answer rates are shown by a gray scale from no match (white) to perfect match
(black). When the real textures were used as comparison stimuli, Fig. 4.13a, identifi-
cation was nearly perfect, which showed that it was possible to identify the samples.
There was some confusion with the textures that were not used as comparison. After
the experiment, the participants reported that they felt the need to detect them even
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Figure 4.13 – Confusion matrices. a. Matching real textures. b. Matching simulated
with real textures. The gray scale represent the proportion of correct answers.

though they were never presented. All noticed, however, that some samples were miss-
ing. When the comparison textures were simulated, Fig. 4.13b, the pattern was similar
and the identification rate high but there was noticeably more confusion between sam-
ples A and E.

The rates of success of each participant in the two conditions are presented in
Fig. 4.14. Although no detailed statistics were computed due to the small amount of
data, it is apparent that the participants who were tested with the real comparisons
first, participants 4, 5, and 6, performed better than their counterparts, but more
importantly, that there was transfer due to learning from the real condition to the
simulated condition.

The overall success rate in the real texture condition was 0.93, with 0.10 of standard
deviation. In the simulated texture condition the mean success rate was 0.75 with 0.14
of standard deviation among all participants. The group who performed the task in
the real condition first had a success rate of 0.79 with standard deviation of 0.11 in the
simulated condition.

Upon debriefing, we learned that all the participants, except one, felt a difference
between the two sessions. They also described realistic sensations of rough textures,
but the lack of an associated sensation of friction disturbed them somewhat. Six of
them noticed the absence of relative motion between the stimulator and their finger.
The confusion between sample A and E seems to be due to the fact that the perceived
magnitudes of roughness were almost identical.

68



4.5. EXPERIMENT 2: TONE DISCRIMINATION

0.0

0.2

0.4

0.6

0.8

1.0

su
cc

es
s 

ra
te

1 2 3 4 5 6
participants

real texture condition simulated texture condition

7 8 9 10

group 1 group 2

Figure 4.14 – Success rates at the matching experiment with real and digital tactile
textures.

4.4.3 Discussion

The results suggest that the texture recognition task can be adequately performed
but say nothing regarding the fidelity of the representation. Key indications regarding
the perceptual accuracy of the sensations given by the apparatus concern the spectral
properties of the stimuli in addition and their intensity. The ability of the apparatus to
convey stimulation magnitude was already tested in [229], so we designed an experiment
aimed at testing the participants’ ability to discriminate the spatial frequency of pure
tones.

4.5 Experiment 2: Tone discrimination

We characterized the realism of the display by asking participants to discriminate pure
spatial tones and by comparing the results with data found in the literature. The
participants were asked to discriminate the frequency of a single sinusoidal grating
that of a simulated counterpart. The Weber fraction, extracted from the data, was
then compared to the results of [145].

4.5.1 Materials and Methods

4.5.1.1 Participants

Eight volunteers, 6 male and 2 female were recruited from the staff of cea list (age 23
to 31). Two of them had experience with haptic interfaces, but were naive about the
purpose of the study. They all were right-handed and did not report any somatosensory
deficits. They verbally gave their inform consent.
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4.5.1.2 Stimuli

The reference stimulus was a single sinusoidal wave epoxy grating accurately repro-
duced by a molding process of the very same 1.76 mm-spatial-period and 12.8 µm-
amplitude grating used in [145]. The process used rtv silicon that can reproduce
details as small as 1 µm. The first author’s finger response was recorded as described
in Experiment 1. The average finger speed was 64 mm/s and the normal force was
0.74 N. Comparison stimuli were delivered as previously described, with the difference
that the spatial scale was stretched with a ratio r. The samples was then truncated
and stiched to adjust the length of the records. The amplitudes of the virtual gratings
were scaled by the factor r so the slope of the undulation would have the same value as
described in [120]. Six stretching factor were tested : -70%, -50%, -30%, -10%, +10%,
+30%, +50% and +70%, that is, the spatial period of the simulated textured varied
from 0.53 mm to 2.99 mm.

4.5.1.3 Procedure

A 2-afc constant stimuli procedure was carried out using the same bench as in Experi-
ment 1, Fig. 4.11b. The standard stimulus was rigidly bonded to the support of the left
of the bench. The comparison stimuli were presented as described earlier. Participants
sat behind a curtain that concealed the apparatus and listened to the same white noise.
They were ask to sense the texture by resting their finger in a cradle to experience the
comparison and the standard stimulus alike. After a short instruction of the task, they
could experience the standard stimulus and the comparison stimuli from the small-
est spatial period to the largest twice. They were then presented randomly stretched
samples and asked to tell which one of the two had the smallest spatial period. They
gave their answer by keystrokes. The procedure stopped when all the samples were
presented at least 10 times. The total procedure took 30 minutes at most.

4.5.1.4 Analysis

The data analysis described in [145] was carried out. The results were fitted cumulative
gaussian distribution using a Maximum Likelihood techniques. The 0% stretching
corresponds to the point of subjective equivalence, so its value should correspond to
the 50% proportion. We used a prior on the position of the inflection point of the
statistic distribution at 0% of stretching coefficient. Therefore, only the slope of the
distribution was adjusted. The Weber fractions were retrieved from the stretching
factor that led to the 75% threshold. One of the participant, had abnormal results
that are not reported.
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4.5.2 Results and Discussion

Figure 4.15 shows the results for each participant. The average Weber fraction is 25.3%
with a standard deviation of 5.8%. Using similar procedure but with real samples, Nefs
et al. found a Weber fraction of 15.5% [145].
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Figure 4.15 – Spatial frequency discrimination performance for all participants.

While the discrimination performance using our apparatus caused a small deficit
in performance compared to real samples, the results show that participants could
discriminate spatial frequencies adequately.

4.6 Discussion: Implications for Human and Robotic
Touch

This discussion follows directly from the above findings that were obtained from the
performance of human participants. In fact, they apply also to robotic touch if robots of
the future are to be endowed, like humans, with the faculty to detect, discriminate, and
identify textured surfaces instantly. The discussion is organized as a set of observations.

4.6.1 The Absence of Spatially Distributed Information Does Not
Imply Temporal Representation

The experimental conditions in which we placed the participants forced them to base
their judgement on just two perceptual cues: stimulation magnitude and spectral con-
tent, since spatially distributed information was completely eliminated, as well as low
frequency signal components and vertical movements. Yet they performed very well at
matching textures and the majority reported a high degree of realism despite missing
cues such as relative slip. This observation begs the question of the choice of domain
in which spectral content of tactual textures should be represented, implicitly implying
the domain in which textures might or should be processed.
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One possibility is to represent the mechanical signal of interaction, the rapid skin
lateral displacements specifically, in the time domain, like in acoustics. Several facts
argue against this option. First, in contrast to acoustics, the representation would
depend crucially on the condition under which the signal is acquired, namely on the
scanning velocity, and hence would not be invariant, something which is perceptually
troublesome. Secondly, while touch is capable of fine temporal discrimination (5–10
ms), unlike audition, its time-domain spectral processing abilities are poor [62, 12, 125].
In fact, when experiencing the signals that we have collected directly and without
correlated movement is not felt by naive participants as texture but as what it is:
vibrations. In fact, it is quite difficult to discriminate the textures tactually on the
basis of temporal information only.

4.6.2 Candidate Representation: The Spatial Spectrograms and
The Spatial Formant Organization

Another option is to represent texture in the space domain, even if it was acquired
through regular time intervals, by expressing the interaction force as a function of finger
position, that is, using a transformation such as that discussed in Section 4.4.1.3. An
analysis in terms of the variation of spectral components through space gives rise to
“spatial spectrograms” that express at each point in space the distribution of signal
energy in terms of spatial frequencies: from ‘smooth to sharp’, rather than ‘low to
high’ in the time domain.

The spatial spectrograms of the five standard texture where computed using a short-
term fast Fourier transform with a 10 mm Blackman window and with zero-padding to
match the length of the temporal representation. The results can be seen in Fig. 4.16
where each texture corresponds to a distinctive, highly structured pattern. This fact
is quite intriguing. Recall from Fig. 4.1 that a texture profile, a triangular wave in this
case, is converted through scanning into a complex interaction signal by a highly nonlin-
ear transformation, despite the fact that the finger is a soft, deformable, low curvature
object, but with high frequency details [178, 170]. After nonlinear transformation by
the finger, the five textures are compactly represented by highly distinguishable struc-
tured patterns.

Each has a particular “formant” organization, to adopt a notion from acoustics,
which are two-dimensional regions of high signal energy and that are not necessarily
harmonic or even quasi-harmonic. The presence of this organization further argues
against the notion of time-domain texture processing. For instance, in texture B, the
original 1.5 mm-wide geometrical ridge is tactually represented by a round energy peak,
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10 mm-wide and one-decade high. That texture samples A and E were hardly confused
in the real condition but that in the simulated condition texture E was relatively
frequently mistaken for A is interesting. The corresponding spatial spectrograms do
share some common features but are shifted in spatial frequency. It could be that
the very low frequencies of A contained spatially distributed information that was
eliminated by the experimental conditions. Surprisingly, samples D and E were not
confused frequently. Although their spatial formants differ, E is noticeably stronger
than D, thus supporting a two-cue hypothesis. If one cue fails to provide reliable
information, the other takes over.

4.6.3 Other Possibilities Based on Neurophysiology

Of course, other representations would be possible and with appropriate transforma-
tions could even be equivalent to the spatial spectrograms. Chiefly among them in
the context of textures, are scalograms. These representations would also be compact
and informative but have the inconvenience of depending on the arbitrary choice of a
particular wavelet function—unless some optimality principle could be invoked. The
short-time Fourier transform has the advantage that the only arbitrary parameter is the
window length, which is worth discussing. The 10 mm window used in the short-term
Fourier transform was selected simply because it is about the size of the contact surface
of a scanning finger. In essence, this means that an isolated spatial feature should give
signal inside a 10 mm window during scanning and be silent outside. Other window
sizes could also be based on other optimality properties, for instance, be based the size
of receptive fields of particular classes of mechanoreceptors in the skin [204, 107].

4.7 Conclusion

We designed an apparatus that was able to record with high precision and wide band-
width the force of interaction between a finger and a textured surface. We first found
by examining the results of scanning a “simple texture” that the interaction mechanics
were complex and nonlinear that transform the underlying geometry into a broadband
signal with little harmonic connection with the original geometry. We then used this
apparatus to record different textures and inverted the process to reproduce as precisely
as we could the original vibrations of the skin, but discarding distributed information
and normal movements. Participants were still able to identify those textures with a
high rate of success and several reported a keen yet imperfect experience of realism. In-
terestingly, the deficit of realism was not due, consciously, to the absence of distributed
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spatial frequencies and position) and the average spectrum of each measurement made
on the original textures.
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information or vertical movement but rather to the absence of the sensation of sliding
friction, something we intend to correct in the near future.

For about a century, the notion that tactual texture perception is dependent on the
relative sliding of a finger against a surface has been the subject of much discussion.
Underlying this discussion is the assumption that the signals of interest to the sensing
organism is a vibration pattern dependent on time, like in acoustics, combined with a
spatial detection mechanism distributed on the skin. In our method we stimulated the
finger with vibrations arising from a bare finger scanning naturalistic, textured surfaces,
but dependent on space, that is, the stimulation depended on how the subject moved
which they were free to choose, and there was no information regarding the distribution
of stimulation on the skin. We then computed spatial spectrograms using a short-term
Fourier transform with a 10 mm window and found that fingers transformed the original
textures into a signal that could be represented as a spatial formant organization that
compactly encoded the original surface. Our experiments are not incompatible with
the hypothesis that these, or similar space-based transformations, could be employed
by the nervous system to identify textures at perceptual speed. Such an approach
might also be applicable to texture-aware robots.
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CHAPTER 5. TRANSDUCER FOR MECHANICAL IMPEDANCE TESTING

Preface to chapter 5

The signal calibration presented in chapter 3, was performed assuming that the fingertip
could be modeled by a simple elastic element. The next two chapters are devoted to
investigating this assumption. This chapter describes a tunable mechanical probe with
a view to test the mechanical impedance of the fingertip over a large bandwidth. The
impedance measurement is performed by coupling the probe with the fingertip and by
comparing the acceleration of the probe to the force applied to it. Since the impedance
of the unloaded probe must be subtracted from the measurement to recover that of
the load, the instrument is as sensitive as the probe’s impedance is low. To enhance
sensitivity, an closed-loop feedback was applied to decrease the impedance of the probe.
Calibration of the apparatus and a preliminary measurement is reported.

Abstract

We describe a feedback-controlled active mechanical probe which can achieve a very low
mechanical impedance, uniformly over a wide frequency range. The feedback produces
a state of quasi-resonance which transforms the probe into a source of force used to
excite an unknown load, resulting in a precise measurement of the real and imaginary
components of the load impedance at any frequency. The instrument is applied to the
determination of the mechanical impedance of a fingertip.
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5.1 Introduction

The present article describes an apparatus which is primarily intended for the mea-
surement of the fingertip mechanical impedance, and of other objects of similar scale.
The characterization of the bulk mechanical properties of the human finger plays an
important role in the study of touch perception, in the design of tactile and haptic in-
terface devices, in rehabilitation systems involving mechanical interaction of the hand
with surfaces, and in other fields such as the detection of skin pathological conditions
[66, 82, 81, 104, 45, 53, 221]. For instance, the study of the stability and robustness
of the control of haptic devices depends on such knowledge [61]. Another example
is in the area of tactile stimulators, where an accurate recording and reproduction
of tactual signals depends on the knowledge of the mechanical characteristics of the
skin [229, 220].

The concept of impedance and of its inverse—the concept of mobility—is useful to
model and analyze the dynamics of mechanical, electrical, acoustic, hydraulic systems,
and combinations thereof [51, 147]. In the mechanical domain, one considers the rela-
tionship between the force applied to an element and the resulting displacement. When
linear, lumped analysis applies, an impedance can be represented as a combination of
interconnected masses, springs, and dampers.

There are several approaches to measuring mechanical impedance. At the meso-
scale, a widely used device is the so-called ‘impedance head’ employed in conjunction
with an electrodynamic shaker. This device simultaneously records force and accelera-
tion signals using two separate sensors. The inertial term resulting from the movements
of the probing peg is subtracted from the force readings in order to access force and
acceleration at the interaction point. Measurements involve activating the shaker to
excite the region or the object to be probed. Excitation can also be achieved though
inertial forces, rather than from ground reaction [168]. Achieving collocated sensing,
a prerequisite for accurate measurements, is difficult and colocation defects result in
significant errors in the final impedance measurement [25]. Another approach is to
recover the mechanical impedance from the variation of the electrical impedance of an
electromagnetic transducer which can be measured accurately [46].

In nanotechnologies, the options are more limited. An approach to measuring
mechanical properties at a very small scale is to use a vibrating cantilever driven at
its natural resonance. The measurement then involves detecting amplitude changes for
the same frequency (amplitude modulation) or the resonance frequency shift for the
same amplitude (frequency modulation) of the tip of a cantilever in contact with a
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sample to be probed [6, 60, 155, 1]. This approach is particularly effective in vacuum
since the Q-factor of the instrument, and hence its sensitivity, can reach large values.
The displacement amplitude at resonance can then be much above the noise floor of
the sensors, resulting in a high signal-to-noise ratio. Exciting a transducer at resonance
is akin to reducing its impedance to a small value.

The instrument about to be described employs a resonance approach, yet, it is ca-
pable of operating over a wide range of frequencies, instead of just one. The system
is driven by a closed-loop controller that reduces the apparent impedance of an elec-
tromagnetic transducer by almost an order of magnitude. Error propagation analysis
shows how the feedback loop reduces measurement uncertainty. The impedance of
the probed object can be recovered by subtraction of the unloaded response from the
measurement made during testing.

The instrument is applied to produce frequency sweeps of the probing force to
recover the impedance of a fingertip over a wide bandwidth. A complete measurement
example is provided, revealing interesting properties of the mechanical behavior of the
human fingertip.

5.2 Impedance masking approach

In the foregoing, a symbol in capital case designates the Fourier transform of a signal
identified by the corresponding lower case symbol. Capital letters also denote the
Laplace transform of a transfer function.

5.2.1 Principle

Referring to Fig. 5.1, the apparatus comprises a force generator, f(t), acting on the
probe associated to an impedance, zp, having a tuned response. The response is affected
by coupling the probe to an unknown load impedance, zu, e.g. a finger. If the two
impedances share the same velocity by mechanical connection, recovering the unknown
impedance involves subtracting zp from the total impedance z. In frequency domain
we have,

Zu(jω) = Z(jω)− Zp(jω), ∀ω ∈ B,

where ω is the pulsation and B is the frequency range considered.
An impedance can be found by comparing the force applied, F (jω), to the acceler-

ation Ẍ(jω), the velocity Ẋ(jω), and the displacement X(jω),

Z(jω) def= F

Ẋ
(jω) = jω

F

Ẍ
(jω) = − j

ω

F

X
(jω).
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kp
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f(t)
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x(t)
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mechanical probe

Figure 5.1 – Principle of operation. The unknown load, zu, perturbs the response of
the probe.

If Zp is known, the unknown load mechanics can be deduced at any frequency from
the measured impedance using b = <(Zu(jω)) and mω − k/ω = =(Zu(jω)).

This approach is effective only if the impedance of the probe is commensurate with
or smaller than that of the load. In general, the smaller is zp before zu, the better is
the measurement. In this article we describe a closed-loop control approach to reduce
the impedance of the probe without suffering from sensor noise amplification.

5.2.2 Error Analysis

The unknown impedance zu is calculated from

zu = f

ẋ
− f

ẋp
,

where F is the force output from a transducer, Ẋ the velocity of the probe coupled to
the load, and Ẋp the velocity of the unloaded probe. Assuming white Gaussian noise
in the sensors and a rigid probe, the variance of the measurement can be expressed in
terms of individual components,

σ2
z =

(
σ2
f

f
+ σ2

ẋ

ẋ

)(
f

ẋ

)2

+
(
σ2
f

f
+
σ2
ẋp

ẋp

)(
f

ẋp

)2

.

If σf and σẋ can be considered to be constant, it follows that in order to minimize
the variance of σZ , the unloaded probe displacement should be as high as possible, i.e
the probe mobility should be as high as possible,

lim
ẋp→∞

σ2
z =

(
σ2
f

f
+ σ2

ẋ

ẋ

)(
f

ẋ

)2

.

This relationship is at the core of the resonant measurement principle. Low-loss trans-
ducers oscillating at resonance have an impedance that is close to zero, displacement is
maximized, and the measurement of the load impedance is optimal. At this point, there
are two possible paths to follow in order to achieve an active reduction of impedance
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for any frequency using a single transducer. They are discussed in the next section.

5.2.3 Active Feedback Control Approaches

A first approach would be to use feedback to construct a closed-loop system that be-
haves like a high-Q resonant system whose frequency can be placed arbitrarily. The
resonant tuning approach is attractive, but is only applicable over a narrow range.
Given a certain physical transducer, forcing the closed-loop system to resonate above
the transducer’s natural frequency becomes increasingly difficult with rising frequen-
cies, since the input drive signal amplitude must also increase, leading to saturation.

Another inherent limitation comes from the sensitivity behavior of closed-loop sys-
tem [47]. Given G, the system transfer function and C, the feedback, the magnitude
of the sensitivity function, |S| = 1/|(1 + GC)|, cannot be kept low when |G| becomes
small, since there is no freedom in the choice of C. The result is an increasing sensi-
tivity to parameter errors, precluding the achievement of high-Q closed-loop behavior
in the high frequencies. Such an approach also limits the measurement options since
identification techniques employing random signal excitation are precluded.

Another approach, adopted here, is to employ feedback to reduce the impedance of
the closed-loop system over a targeted range of frequencies. If the system impedance
can be kept uniformly low in this range, then many measurement options are possible,
including the sine sweep excitation technique that is exemplified in this article. Intu-
itively, the objective is to maximize displacement by increasing the apparent mobility.
The choice of the transducer is therefore critical. Laplace-force transducers or electro-
static force transducers have the desired natural, low-impedance characteristics. At the
targeted length-scale (1–10 mm displacements), however, electromagnetic transducer,
i.e. the voice-coil is the transducer of choice.

In the control diagram, Fig. 5.2, Yp = 1/Zp represents the mobility of the probe, Zc
the impedance of the active feedback, γ the combined drive factor of the transducer
and the gain of the amplifier, u the reference input, and i the current driven in the
coil.

-

+

γ Yp

Zc

fpu ẋ
n

ud

Figure 5.2 – Closed-loop control. Position, velocity and acceleration are fed back to
the transducer to modify the apparent impedance.

The output, ẋ, is a combination of sensor noise signal, n, injected in the loop and
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of the reference signal ud,

ẋ = γYp
1 + γYpZc

ud + 1
1 + γYpZc

n.

Assuming that the noise from the sensor is zero-mean, Gaussian with variance σ2
n, and

that the sensor is the dominant source of noise, the measurement variance is

σ2
ẋ =

∣∣∣∣∣ 1
1 + γYpZc

∣∣∣∣∣
2

σ2
n,

and the mean velocity is
〈ẋ〉 = γYp

1 + γYpZc
.

The ratio σẋ/〈ẋ〉 does not change under closed-loop control, hence the measurement is
not affected by closing the loop, as long as the feedback does not introduce additional
significant errors. The control problem boils down to a pole placement problem to
produce a uniform response over a range of frequencies, while achieving a reduction of
the apparent impedance of the transducer at a value significantly smaller than that of
the load to be measured.

5.3 Implementation

The concept was applied to the particular case of the measurement of the fingertip
impedance. A device was constructed from a voice-coil motor driving a eight-bar
flexural guide able to support the pressure of a finger. Since a voice-coil accurately
transforms a current into a force, the sensors are expected to be the dominant source of
noise and error. To avoid the need to design a state-observer, sensors directly measuring
displacement, velocity and acceleration were included in the design.

5.3.1 Electro-Mechanical Arrangement

Referring to Fig. 5.3 a fingertip was constrained by a holder and was pressed against
a surface which was guided by a flexure driven by a voice-coil motor (frs8, visaton
gmbh, Haan, Germany). A force-sensor (Nano 17, ati Industrial Automation, Apex,
nc, usa) was placed under the ground link of the flexure to monitor the normal force
component. It was also used to measure the tangential force component acting on the
flexure for calibration the motor drive factor.

The flexure was of the eight-bar type which has the benefit of exact compensation
of off-axis stresses and which therefore provides accurate linear guidance, even for large
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voice coil motor
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Figure 5.3 – Mechanical implementation of the impedance-meter.

deflections [181]. It was cut out of acetal plastic.

+
- voice coil

R1

R2 Rs

u i

v

us

eZe
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Figure 5.4 – Current-mode coil drive.

The voice-coil was driven by a voltage-controlled current amplifier in order to com-
pensate for the coil inductance and the back-emf. The Laplace force generated by
the coil was then proportional to the command voltage, u, see Fig. 5.4. The circuit
was built from an operational amplifier (opa548, Texas Instruments, Dallas, tx, usa)
where the feedback was provided by a precision shunt resistance Rs. The transconduc-
tance gain was i/u = −R2/(R1Rs). Given a voice-coil with drive factor Bl, the total
gain was

γ = f

u
= −Bl R2

R1Rs

.

5.3.2 Impedance feedback control loop

The objective was to reduce the apparent impedance of the system in order to maximize
the difference between the unloaded and the loaded configurations. The control was
obtained by feeding back position, velocity, and acceleration to the transducer through
three gains that respectively modified the apparent stiffness, damping, and mass of the
system. The open-loop transfer function in the Laplace domain was

γu = (ms2 + bs+ k)x,
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where m, b and k are the mass, damping coefficient and the stiffness of the actuator,
and where s is the Laplace operator. In closed-loop operation, the position, x, the
velocity, ẋ, and the acceleration, ẍ, were fed back through gains lk, lb, and lm, leading
to

γu = [ms2 + bs+ k − γ(lms2 + lbs+ lk)]x.

The apparent dynamic parameters were

m̄ = m− γlm, b̄ = b− γlb, and k̄ = k − γlk.

Thus,
Z(s) = γu

sx
= Zp(s)− γZc(s), (5.1)

where Zc(s) = lms
2+lbs+lk, represents the controller impedance as in Fig. 5.2. Stability

was ensured as long as the apparent dynamic parameters were strictly positive.
The feedback was implemented using analog circuits employing operational am-

plifiers (lmc660, Linear Technology Corp., Milpitas ca, usa) to compute the gains,
sums, and differences that the control required.

5.3.3 Sensing

The position sensor was built from a hall-effect sensor (ss49, Honeywell, Morristown,
nj, usa) responding to the magnetic field of a semi-Halbach magnet configuration that
created a uniform gradient over a large region. With three 5 mm cuboid neodymium-
iron-boron magnets, a 4 mm region with a 0.1 T/mm gradient at a distance of 2.5 mm
away from the magnets was achieved, see Fig. 5.5. A finite-element analysis showed
good linearity over ± 2 mm range (linear regression with R2 > 99.9%). This configu-
ration exhibited a five-fold advantage over the convention single-magnet arrangement.
The noise floor of the position sensor was 2 µm.

Velocity was measured from the back-emf generated by the voice-coil. The voltage,
v, across the coil terminals and the current, i, flowing through it (through the Rs shunt
resistor) were measured. The circuit included the voice-coil electrical impedance, Ze, in
series with a voltage generator, e = Blẋ, and a known voltage generator, v. Kirchhoff’s
law gives e = v − [(Ze + Rs)/Rs]us from which ẋ was easily derived with the analog
electronics.

A commercially available accelerometer (2250a-10, Endevco, San Juan Capistrano,
ca, usa) measured acceleration. Its mass was 0.4 g and its size was 5× 10× 3 mm.
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Figure 5.5 – Magnet arrangement. Arrows point to the magnetization direction.
Magnetic field at 2.5 mm away from the surface of the assembly. The gray area shows
the region of constant gradient.

5.3.4 Control

The resulting system could be represented by a second-order system, but this approx-
imation did not hold in the high frequencies. Since we aimed at wide bandwidth
operation, the higher modes reduced or eliminated the stability margin at high gains.
Autoregressive identification showed that the actual system could be well approximated
by a 6-pole and 2-zero transfer-function from 20 Hz to 10 kHz. The lower two poles
accounted for the second order behavior, and the remaining poles and zeros modeled a
low-Q anti-resonance around 800 Hz and a sharper resonance at 3 kHz. The frequency
response of the system and of the model are shown in Fig. 5.6.

20 100 1000
frequency (Hz)

10000

10

100

1

1000

(m.s  /N)-2

|ẍ/f |

Figure 5.6 – Mobility response retrieved from the accelerometer (thick gray) and
fitted model (dashed).

From this model, the root loci for each feedback gain, acceleration, velocity, and
position, were computed, see Fig. 5.7. Acceleration feedback decreased the apparent
mass, but also reduces stability as the other poles moved toward the right-hand-side
of the imaginary plane. Velocity feedback reduced the apparent damping. Stability
was ensured only when the apparent damping was strictly positive. Position feedback
modified the apparent stiffness. Stability was ensured as long as the apparent stiffness
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Figure 5.7 – Root loci. Effects of acceleration, velocity, and position feedback. Arrows
show the effect of increasing gains. Crosses and circles are the poles and zeros of the
open-loop transfer function, respectively.

was strictly positive. With the aid of these diagrams, the system was tuned to achieve
the response described in the next section.

5.4 Results

5.4.1 Unloaded closed-loop response

The closed-loop frequency response in the targeted frequency band of the unloaded
actuator is shown in Fig. 5.8, where it can be compared to the original open-loop
response. With a good stability margin, the mobility was increased by a factor 5. The
closed-loop accelerance was the same as the accelerance available in open-loop at the
natural resonant frequency. A limiting factor of the present realization was the 800 Hz
resonance. Performance could be increased in future realizations by optimization of
the structural response of the suspension.

5.4.2 Proof masses

Validation was performed using calibrated masses of 0.5 g and 1.25 g. Using sine sweep
excitation for the measurements of the unloaded and loaded response, the impedance
in 30-500 Hz band was retrieved, see Fig. 5.9. The standard variation was evaluated
from 50 measurements. These measurements were extracted from the accelerometer
signal which is the most accurate of the three sensors used in the system.
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Figure 5.8 – Instrument response (solid line) and original response (dashed). The
impedance is approximatively 5 times smaller.
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Figure 5.9 – Proof mass calibration. Standard deviation at all frequencies. Above 80
Hz the measurement of the accelerance error lower than 0.1 g.

Above 100 Hz, measurement errors never exceeded 10%. The standard deviation of
the measurement follows the same amplitude pattern as the impedance and the relative
acceleration was higher above 80 Hz. The uncertainty in the low frequency is caused
by the low value of the masses impedance. Therefore measurements fall into noise.

5.4.3 Proof cantilever

We fabricated a small elastic cantilever beam out of acetal plastic. Its response was
measured independently from an impulsive test using a Laser Doppler vibrometer (ovf-
2500 with ovf-534 head, Polytec Inc., Irvine, ca, usa). The tip of the cantilever was
bonded to the moving plate of the apparatus using double sided tape and impedance
measurements were performed in the 30-500 Hz bandwidth. The results can be seen
in Fig. 5.10. The very low damping of the proof cantilever explain the difference in
the results in the high frequencies but the low frequencies the measurement followed
the expected decrease of impedance with a rate of -20 dB/decade. The impedance
value dropped around the resonant frequency. In the high frequencies, the impedance
measurement showed the expected inertial behavior since the impedance increased at
a rate of +20 dB/decade.

88



5.4. RESULTS

frequency (Hz)
20 100 500

10

0.1

Impedance 
(N.m  .s)−1

1

from impulse response

from apparatus

0.01

Figure 5.10 – Measurement of the proof beam. The impedance from the impulse
response was obtained from displacement measurement divided by frequency.

5.4.4 Fingertip measurement

We can now show an example of a complete mechanical behavior measurement made
while touching the probing plate of the instrument with a finger pushing on it with a
normal force of 0.6 N, see Fig. 5.11. In the low frequencies, the probing displacement
was of the order of one millimeter.
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Figure 5.11 – Complete mechanical characterization of a fingertip.

It can be seen from the real part of the measured impedance that the fingertip
behaved essentially like a spring, up to a frequency of 100 Hz. Damping was significant
and dominated above 150 Hz. The apparent mass of the fingertip was quite small, viz.
0.2 g, and its contribution to the response could be neglected within the range from
dc to 500 Hz. Therefore, the finger could be modeled as a spring and a damper, with
a transition at about 100 Hz.

These results are consistent with previous observations reporting that the fingertip
skin can track unilateral stimuli up to about 100 Hz, albeit with normal excitation,[33]
the cited study being the only one which, to our knowledge, has tested the fingertip
skin behavior within the full frequency range that we can consider with our apparatus.
Other measurements, not reported here, showed that the fingertip impedance varied
significantly according to several factors.
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5.5 Conclusion
We have described an apparatus able to probe the bulk mechanical impedance of a
sample over a wide range, using a single actuator. A feedback loop was used to reduce
the apparent impedance of the actuator, producing a state of quasi-resonance at any
frequency. From proof masses and a proof cantilever, we could determine that the
apparatus could detect a 0.1 g mass within the 20 to 500 Hz range.

The intended application is the measurement of the fingertip mechanical properties.
Initial measurements revealed that the fingertip could be modeled by a spring and a
damper—a Kelvin element—in the range from dc to 500 Hz, but that the impedance
varied according to the testing conditions, a phenomenon which the subject of ongoing
investigations.

The closed-loop operation principle for the reduction of apparent impedance, im-
plemented here with a mesoscale electromagnetic device, could be easily extended to
larger or smaller devices. In the small scales, electrostatic comb devices would scale
favorably for actuation and sensing. Finally, state observers could be included in the
control design to reduce the number of sensors, but their impact on the accuracy of
the measurements would have to be investigated.
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Preface to chapter 6

As mentioned in the preface of chapter 5, this chapter is aimed at the precise determi-
nation of the dynamic properties of the fingertip, over the 20-500 Hz frequency band.
This determination is accomplished by means of the mechanical probe described in the
previous chapter. The identification of mechanical impedance of the fingertip stimu-
lation in the tangential direction was performed under several conditions. The study
revealed that fingertips behaved elastically with a stiffness closed to 1 N/mm until a
corner frequency of about 100 Hz, above which damping became dominant. A damp-
ing value of 2 N· s/m could be attributed to the viscosity of subcutaneous tissues.
Inertial terms were swamped by the dominant viscosity and elasticity. It was found
that the effective equivalent inertia of the fingertip was of the order of 200 mg or less.
This study vindicates earlier assumption but also suggests that tactile display, haptic
displays and synthesis algorithms should account for finger viscosity when operating
at high frequency.

Abstract

In the past, it was observed indirectly that the mechanical properties of the fingertip
could be characterized by elasticity from dc to about 100 Hz and by viscosity above
this frequency. Using a high mobility probe specifically designed to test the mechanical
impedance of small viscoelastic objects, we measured accurately the impedance of the
fingertip of seven participants under a variety of conditions relevant to purposeful
touch. Direct measurements vindicated the previous observations that interactions
forces could be explained by linear elasticity up to an average of 100 Hz and by linear
viscosity beyond this frequency, while inertial contributions could be neglected. We also
characterized the dependency of the fingertip impedance upon normal load, orientation,
and time. We discuss the implications of these results with regard to microscopic nature
of fingertip tissues and the tactual perception of textures.

92



6.1. INTRODUCTION

6.1 Introduction

There is indirect evidence that contact with the fingertip can be represented by a dom-
inantly elastic load, in the small displacement range and up to a frequency of about
100 Hz. Above this corner frequency, the load presented by the fingertip becomes
essentially viscous. This evidence was obtained by Cohen et al. [33, Fig. 6] using stro-
boscopic illumination in combination with an optical proximity detector to observe the
movements of the glabrous skin when excited by a probe vibrating in the range 0.5 to
240 Hz and with displacements up to 1 mm. They found that the probe had a ten-
dency to decouple from the fingertip skin for increasingly smaller probe displacements
past a frequency of 80 Hz, an occurrence which is indicative of phase shift between
force and displacement. Lamoré et al. [106] employed a clever paradigm to stimulate
mechanoreceptors through two different excitation methods. One method was a con-
ventional sinusoidal excitation and the other was through the amplitude modulation
of a 2 kHz carrier. They found that the behavior of the skin could be represented by
a high-pass mechanical filter with a corner frequency at 80 Hz [106, Fig. 4].

These two findings are mutually consistent when considering that the skin operates
as a transmission medium in the latter experiment, whereas it acts as a load to the
environment in the former. These findings are also in accordance with earlier results
obtained from vibrating the skin of the arm or of the thigh [216]. Although the finger
and these body areas differ anatomically, a probe contact area of 2.17 cm2, which is
commensurate with the contact area of a finger on a flat surface, gives a cross-over
frequency of 100 Hz [137, Fig. 2].

We hypothesized that the fingertip could be well represented in the tangential
direction by an elastic load up to about 80 Hz, and by a viscous load above this
frequency. In addition we hypothesized that the inertial contribution to the response
of a fingertip would be negligible over the entire frequency range relevant to touch. In
order to test these hypotheses we developed a specific instrument, a mechanical probe
achieving a very high mobility (having a stiffness smaller than 1.2 N/m, a damping
smaller than 0.5 N· s/m, and an accelerance smaller than 10−3 N· s2/m) which could
closely approximate a pure source of force compared to the load of a fingertip.

With this instrument, we found that the tangential elasticity of the index fingertip
of seven participants ranged from 0.6 103 to 2.0 103 N/m, a result that is inline with
the results obtained by previous studies. Moreover, we found that the viscosity of
the fingertip load ranged from 0.75 to 2.38 N· s/m and that the inertia of the tissues
entrained by a light touch ranged from 110 to 230 mg. These figures show that, indeed,
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viscous forces dominate the elastic and inertial contributions above 100 Hz.
Detailed test protocols were developed to evaluate the effects of normal load, stim-

ulation orientation, and of time on these parameters. We also computed an estimate of
the effective Young’s modulus of the fingertip from contact mechanics considerations.

6.2 Previous Approaches To The Direct Determination
Of Fingertip Mechanics

The development of haptic display technology has motivated several studies related to
the determination of the dynamics and statics of the human upper extremities. The
study which is the closest to the present one is that of Hajian and Howe [66] who
identified the mechanical impedance of the finger and found that a finger could be
represented by a mass-spring-damper system. Their results refer to the behavior of
an entire finger and were obtained through a impulsive test delivered by a pneumatic
piston directed against the finger. The excitation contained little high-frequency energy
and therefore the identification was reliable only in the low frequencies and where the
finger underwent significant rigid-body displacement. Another single-finger study is
that of Kern and Werthschützky [95] who used conditions that are more comparable
to those of the present study. In these works, the measurement approach is that of the
‘impedance head’ whereby force and acceleration signals are simultaneously measured
in the proximity of the interface between the probe and the sample, in order to infer
the mechanical impedance of the unknown load. Such an approach is known to provide
unreliable results in the high frequencies owing to a lack of confidence in truly co-located
measurements [25].

Several other studies were performed in quasi-static conditions [172, 161, 84]. With
specific reference to loading through lateral traction, Nakazawa et al. [144] modeled the
fingertip as a spring and a damper, and found the values of 0.5 N/m and 2 N· s/m,
for elasticity and viscosity respectively. Pataky et al. [159], using similar methods,
modeled the elastic behavior of the fingertip and the relaxation effect and found values
ranging from to 1 N/m and 11 s, for stiffness and relaxation duration.

The computational modeling of the fingertip pulp, which may be viewed as a
membrane—the skin—filled a viscous liquid or gel—the subcutaneous tissues—, [187,
171, 39, 191, 232] could be employed to predict the bulk response of a finger from
elemental material properties [175, 218, 152, 55], but the results are dispersed due to
the numerous assumptions that must be made to construct and solve the models, not
mentioning the lack of anatomical realism that these models must contend with [68].
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6.3 Materials and Methods

To perform direct, accurate measurements of the mechanical properties of a load, it is
crucial to use an instrument, an excitation probe, that stores small amounts of energy
compared to that circulating in or being dissipated by the sample. In other words,
the probe should have a small mechanical impedance (or high mobility) compared
to that measured. The converse approach, to maximize the impedance of the probe
so that all the energy in the sample is reflected in the sample—the impedance head
approach—has the shortcomings alluded to earlier. Other approaches involving, for
instance air pressure modulation through jets or ultrasonic waves, would not do justice
to the contact mechanics in effect during actual tactual behavior. For these reasons,
we developed a mechanical probe, described in the next section, that possesses the
required properties.

To ascertain the validity of the small-signal approximation we performed measure-
ments at different excitation amplitudes and collected the results. Similarly, since the
finger mechanics was expected to vary with the normal load, we performed series of
measurements for various normal loads. Furthermore, since the mechanical proper-
ties of the fingertip were not expected to be isotropic, we performed measurements
in different directions of stimulation. It is known that the finger exhibits viscoelastic
properties operating at different time-scales. To ascertain this effect, we performed
repeated measurements over periods of 20 s. With the results of measurements made
under these conditions, we could paint a fairly complete picture of the response of a
fingertip to tangential loading operative during purposeful touch.

6.3.1 Apparatus

The measurement apparatus, see Fig. 6.1, comprised a probing plate suspended by an
eight-bar flexure that guided its movements in the tangential direction. It was stiff
in the normal direction. The probe was driven by a voice-coil actuator. To reduce
its impedance, and therefore enhance the signal-to-noise ratio of the instrument, an
analog closed-loop feedback control was implemented.

Position, velocity, and acceleration measurements were fed back to the transducer
as show in Fig. 6.2, where fd(t) is the desired force applied to the contact and ẋ(t)
its velocity. The system was tuned using the pole-placement approach that reduced
the effective impedance of the system to a small value accross the entire dc-500 Hz
frequency range. Let Yp = 1/Zp represent the mobility of the probe and Zc be the
impedance of the active feedback, the closed-loop apparent impedance of probe was
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Figure 6.1 – Impedance measurement apparatus. The tested finger was fixed in a
hinged cradle. An electrodynamic transducer drove a flexure guiding a contact plate.

Za = (1 + Yp Zp)/Yp, where Zp was accurately identified. The load impedance was
acquired by comparing the unloaded probe response to the response when the finger is
in contact.

-
ẋYp(s)fd

Zc(s) = lk/s + lb + lms

Figure 6.2 – Closed-loop control diagram of the probe implemented with analog
electronics feeding back sensed position, velocity and acceleration.

With this system, the impedance of the probe was always smaller than that of
the load. In fact it was possible to consider the probe to be a pure force transducer
over most of the frequency range, with the exception of the highest frequencies. The
instrument was mounted to a fixed, strain-gauge force sensor (Nano 17, ati Indus-
trial Automation, Apex, nc, usa) that measured the averaged normal and tangential
components of the interaction force for calibration purposes and contact condition
monitoring. A detailled description of this apparatus is provided in [226].

The tested finger was immobilized by a strap onto a hinged cradle that could be
adjusted around the last phalanx. The hinge allowed the participants to push freely
on the probe surface. The finger was fixed relatively to the ground but the probe could
be oriented by 15◦steps by means of an indexing table that rotated about a vertical
axis passing through the center probe plate.

The evaluation of the load impedance was made from two measurements. The input
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signal, fd, was given the form of a frequency sweep and the output of the accelerometer,
ẍ, was recorded. Using the Fourier transform of the two signals (Welch method), F
and Ẍ, the impedance Z was computed from

Z(jω) = jω
F (jω)
Ẍ(jω)

,

where j =
√
−1 and ω was the angular pulsation. To determined the fingertip

impedance, the unloaded probe impedance was first measured and then subtracted
from the impedance of the probe coupled to the fingertip.

6.3.2 Contact Condition

The contact surface was made from polycarbonate plastic and the surface finish was
smooth. First, we experimented with bonding the fingertip to the plate using double-
sided adhesive tape. We found that this condition created a dependency of the force-
displacement curves upon loading or unloading the contact owing to a modification
of the contact mechanics. We estimated that the coefficient friction, the ratio of the
tangential interaction force component to the normal force component, µ = Ft/Fn,
was always higher than 1.2. Given this high value, we restricted the measurements
conditions to values where there was no slip and did not introduce foreign elements at
the interface. Moreover, we found that the force needed to detach a finger from the
plate never exceeded 0.05 N, so that adhesion effects could be neglected.

6.3.3 Participants

Seven volunteers participated in the experiment, among which were four males and
three females. They gave their informed consent. None of the participant reported any
skin condition nor any injury to their fingers. The right index finger was measured in
all participants. The participants’ ages ranged from 23 to 32 with a mean of 25 years.

6.3.4 Procedure

Subjects washed and dried their hands before the procedure. Their index finger was
fastened to the cradle. At the beginning of each experimental protocol, the impedance
of the unloaded probe was measured 10 times using a logarithmic sinusoidal sweep
modulation signal. The mean values and standard deviations were recorded.
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6.3.4.1 Small-Signal Linearity Protocol

The impedance of the finger pulp was measured for various tangential stimuli ampli-
tudes. Participants were asked to remain as steady as possible and to regulate the
normal force to 0.5 N via a visual feedback available from a computer screen. Once
they could stabilize the normal force, the impedance was recorded during frequency
sweeps lasting 1 s. Both proximal-distal and medial-lateral tests were performed. The
signal amplitude varied from 0.1 to 0.8 N by steps of 0.1 N.

6.3.4.2 Normal Force Dependency Protocol

The relationship between the normal force and the impedance was evaluated using
a 20–500 Hz frequency sweeps lasting 1 s with a standard amplitude of 0.25 N. The
visual display of the normal force enabled the participants to control the normal force
component and adjust it to a reference. One she or he could remain longer than 10 s
within a 10% tolerance range, and if the standard deviation of a measurement was
smaller than 0.1 N, then the measurement was recorded and the reference force was
changed. The normal force references values followed the sequence 0.25, 0.4, 0.5, 0.6,
0.75, 1.0; 1.25, 1.5, 2, 1.5, 1.0, 0.5, and 0.25 N.

6.3.4.3 Directional Dependency Protocol

The finger was tested with the same stimuli and in the same manner than in the
normal force dependency protocol but the index table was used to vary the angle
between the stimulation direction and the finger proximal-distal axis. The requested
normal force component was 0.5 N and measurements were made each 15◦for a total of
180◦range. Impedances were recorded from both left to right and right to left direction
then averaged in order to avoid drift of mechanical properties.

6.3.4.4 Time Dependency Protocol

This protocol aimed at investigating the change of impedance during steady finger
pressure. In order to achieve higher temporal resolution, the length of the frequency
sweep was reduced to 0.25 s and the bandwidth to 80–300 Hz. Participants stabilized
the pushing force to remain within 10% of an initial value of 0.5 N. Only medial-lateral
stimulation was tested.
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6.3.4.5 Young’s Modulus Estimation

Th estimation of the effective Young’s modulus from impedance measurements required
the knowledge of the contact surface area. To this end, participants were ask to press
their right index finger on a sponge filled with ink and then leave their fingerprints on
a sheet of paper set on a scale. They pressed down slowly until reaching a normal force
component of 0.5 N. They repeated this procedure four times.

6.3.5 Data processing

6.3.5.1 Lumped Parameters Determination

The mechanical impedance of the fingertip in tangential traction was modeled by a
mass-spring-damper system. In the frequency domain the mechanical impedance is
expressed by

Z(jω) = b+ j

(
mω − k

ω

)

where ω is the angular frequency,m is the moving mass, b is the viscosity coefficient, and
k is the stiffness. The coefficient b was estimated from the real part of the impedance
averaged over the frequency range. Stiffness and mass were determined using non-
linear curve fitting on the imaginary part of the impedance. This procedure gave good
estimates of stiffness and damping but it is apparent that a small moving mass cannot
be accurately obtained from the above expression. It is far more effective to find the
frequency for which the imaginary part of the impedance crosses zero and then to use
the known stiffness to estimate the mass from m = k/ω2.

6.3.5.2 Effective Young’s Modulus

The bulk stiffness and damping was the consequence of the deformation of the fingertip.
Mechanical parameters of the material were estimated by assuming that the finger could
be approximated by a sphere in contact with a flat, rigid plane. Further assuming
that the material was linear, isotropic and homogenous, contact mechanics allowed
us to recover a value of an effective, averaged Young’s modulus that could explain
the measured behavior. Then, assuming first-order Kelvin-Voigt viscoelasticity of the
fingertip, the complex modulus of the fingertip could be estimated.

For low tangential loads, it was fair to consider that the fingertip did not slip at any
point of the contact surface and that the displacement was uniform inside the totality
of the contact area. In polar coordinates, from [89] the no-slip condition leads to a
distribution of traction that follows q(r) = q0 (1 − r2/a2)−1/2 where a is the contact
surface radius and where q0 = Q/(2πa2) is the average traction. Deformation is given
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by the Boussinesq and Cerruti integral of a distributed tangential traction on a elastic
half plane with the restriction r < a,

δ = 1
2π G

∫∫
S
q(ξ, λ)

(
1− ν
ρ

+ ν
(ξ − x)2

ρ3

)
dξdλ,

with ρ2 = (ξ − x)2 + (λ − y)2, ν the Poisson coefficient, and G the shear modulus.
Young’s modulus was found from G = E/[2(ν + 1)]. The evaluation of the above
integral with the traction profile, q0 (1 − r2/a2)−1/2, leads to an expression for the
tangential stiffness,

K = Q

δ
= 8a G

2− ν ,

from which E could be extracted given a and ν (taken to be equal to 0.5 for soft
tissues).

To capture the dynamic behavior into the previous model, we followed Lee [117] in
assuming that the stress can be expressed by the history of deformation. In the case
of the Kelvin-Voigt model it follows that

σ(t) = E ε(t) + η
dε(t)
dt

,

where σ is the stress, ε is the strain and η is the viscosity. When driving the material
with an oscillatory motion, the stress and strain follow σ(t) = σ̄ ejωt and ε(t) = ε̄ ejωt−φ,
respectively. It is then possible to represent the material by a complex modulus

E∗ = σ(t)
ε(t) = E + η jω.

Complex moduli were extracted from the impedance measurements using K∗(ω) =
Z(ω) jω where K∗ = k + b jω is the complex tangential stiffness derived from the
expression of stiffness in combination with the complex modulus.

6.3.5.3 Contact Surface Area

The fingerprint marks were imaged using a flat bed scanner. An intensity threshold was
used to removed the background and to isolate the prints. Morphological operations on
the image filled the holes and cleaned isolated pixels. At this stage of the processing,
the image was a blob representing the total area of contact. Ellipses were fitted to
recover the major and minor axis and their half averages were used as a measure of the
radius of the contact surface.
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6.4 Results

6.4.1 Frequency Response

A representative example of the frequency response of the fingertip is plotted in Fig. 6.3.
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Figure 6.3 – Typical measurement. The real part represents damping. The imagi-
nary part represents elasticity and inertia. The fingertip exhibits a second-order filter
characteristic with dominant damping (dashed lines).

The results show that the behavior of fingertips can be approximated by a highly
damped second order system. From dc to approximatively 100 Hz, fingertips behave
like an elastic spring. Beyond this frequency, damping is dominant. This results
justify the adoption of a Kelvin-Voigt model for the fingertip in many applications.
The imaginary part of the impedance exhibits a clear resonance at 300 Hz indicative
of a transition from an elastic regime to an inertial regime.

The measurements frequently exhibited high frequency modes (400-500 Hz) in the
imaginary part of the response. These higher modes had a fleeting character. They
appeared and vanished seemingly randomly. They probably corresponded to the es-
tablishment and destruction of standing wave patterns in the skin according to certain,
precise contact conditions. They were not investigated further.

6.4.2 Mechanical Parameters

Table 6.1 summarizes the fitted mechanical parameters for all participants as well as
the extracted effective elastic and viscous moduli.
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Table 6.1 – Dynamic parameters of the fingertips, Kelvin-Voigt model for a normal
force component magnitude of 0.5 N.

part. a k b m E η R2

mm N/mm N· s/m g kPa Pa· s %
medial-lateral direction

cr 4.36 0.92 1.52 0.17 118 196 85
el 4.95 0.94 1.39 0.08 107 158 89
gt 4.80 1.67 2.38 0.16 195 279 85
lb 4.82 0.59 1.00 0.11 69 117 92
ma 4.26 0.75 0.80 0.08 98 106 93
mw 4.50 0.74 1.26 0.17 92 157 84
ss 4.40 0.78 0.94 0.12 98 119 90

proximal–distal direction
cr 6.27 1.84 1.99 0.23 164 179 88
el 6.65 1.52 1.53 0.17 127 128 87
gt 6.14 2.08 2.09 0.23 191 191 88
lb 7.40 1.10 1.19 0.14 83 90 83
ma 5.38 0.71 0.75 0.07 74 78 84
mw 6.20 1.56 1.64 0.18 131 149 87
ss 6.60 1.23 1.25 0.14 98 106 90

One-way anovas revealed that stiffness, damping, and mass were dependent on
gender (p=0.026, p = 0.001 and p=0.0021 respectively). The same dependance is found
for elasticity and viscosity (p < 0.01 in both cases). Stiffness did show a dependency
on direction of stimulation (p = 0.035 whereas p = 0.55 and p = 0.37 for damping and
inertia, respectively). Elasticity and viscosity failed to rejected the null hypothesis of
a correlation with direction (p = 0.27 and p = 0.36).

6.4.3 Small-Signal Linearity

Stiffness and damping values were found for varying excitation force amplitudes (from
0.1 N to 0.8 N). From these values and the force amplitudes the position-force and
velocity-force relationships were reconstructed as shown in Fig. 6.4. The actual force on
the fingertip was measured to be in average 60% of the excitation force, the remaining
being lost in the self-impedance of the probe. The Spearman correlation coefficient,
ρ, between stiffness and amplitude for each trials was always higher than 0.87 except
for one outliner (gt) who obtained ρ = 0.31, on a scale of 0 to 1. Damping was also
correlated with amplitude since the Spearman correlation coefficient was higher than
0.92 for all participants, also with an outlier (gt) for whom ρ had a value of 0.49. Linear
fitting the position-force and the velocity-force characteristics led to a goodness of fit
of R2 = 93± 4% for stiffness and R2 = 97± 2% for damping.
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Figure 6.4 – Plots of mechanical parameters values for all participants.

At high amplitudes, however, it is apparent that stiffness and damping had a ten-
dency to decrease. It is unlikely that the decrement was due to changes in the mechan-
ical properties. It is plausible that at higher amplitudes, partial slip may have taken
place. In fact for highest amplitudes, the coefficient of static friction would have to be
of about 1.6 to ensure adhesion where preliminary tests shown that the value of 1.2
was a reliable lower-bounds.

For the range of values relevant to touch (lateral deflections smaller than 2 mm,
lateral component of force smaller than 0.5 N, normal component of 0.5 N) the mea-
surements strongly support the conclusion that the finger may be considered to behave
linearly in the bulk.

6.4.4 Normal Force

The normal component of force had impact on all three dynamic parameters. Their
evolution as a function of normal force can be seen in Fig. 6.5 for all participants.
Non-parametric Spearman correlation performed between the force and the dynamic
parameter, gave a minimum value of 0.87 for stiffness, 0.88 for damping, and with the
exception of three outliers, inertia produced correlations greater than 0.89.

The relationships were fitted with zero-intercept power-law regressions of the form,
β Pα, where α and β are coefficients and P is the normal force component. Mean
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Figure 6.5 – From left to right, stiffness, damping, and inertia, respectively, as a
function of normal force for all participants.

values and standard deviations of the coefficients as well as the goodnesses of fit are
summarized in Table 6.2. The α coefficients are close to 1

3 , which consistent with the
prediction made by Hertzian contact theory.

Table 6.2 – Power-law coefficients for the stiffness, damping and inertia dependency
on normal force.

α β R2

stiffness [N·mm−1] 0.35 ± 0.09 1.48 ± 0.60 96 ± 4.5
damping [N·m−1 · s] 0.35 ± 0.10 1.78 ± 0.60 96 ± 3.6
mass [g] 0.26 ± 0.19 0.20 ± 0.06 71 ± 20

6.4.5 Orientation

Polar plots of the dependency of the mechanical parameters on orientation for all
participants can be inspected in Fig. 6.6. It is evident that no two fingers are alike.
For instance, subject ma has a low-stiffness, low-damping, low-inertia fingertip, whereas
subject gt exhibits very different values. Participants lb, cr, el, and ss showed sharp
direction tuning of the fingertip stiffness whereas other have a more uniform elasticity.
We performed a one-way anova in order to test the influence of stimulation. Stiffness
significantly depended on orientation (p = 0.054) but the null hypothesis of dependency
of damping and inertia on orientation was rejected (p = 0.95 and p = 0.99 respectively).
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Figure 6.6 – Stiffness [N·mm−1] (black lines), damping [N·m−1 · s] (grey lines),
and inertia [g] (thinner black lines) as a function of testing direction angle for all
participants.

6.4.6 Time

Here, in order to enhance the temporal resolution of the measurements, the high fre-
quencies were not tested. Therefore, the effects of inertia were not visible in the
impedance measurements and cannot be reported. Representative results for two par-
ticipants can be seen in Fig. 6.7. Figure 6.7 shows the rates-of-change of stiffness and
damping for each participant when pushing down with a normal force of 0.5 N for 20 s.
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Figure 6.7 – Representative examples for participants gt and lb of the temporal
evolution of stiffness and damping. The gray lines show linear regressions.

Figure 6.8 shows, for all subjects, how the mechanical parameters drifted through
time. The rates were obtained by fitting linear regressions through the measurements.
Because the slopes were shallow, the R2 measure did not represent the goodness of fit
well. The hypothesis of a correlation of the dynamics properties with time failed to be
rejected (10−10 < p < 0.055), however.
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6.5 Discussion

Using an instrument featuring very high mobility (stiffness lower 1.5 N/m, damping
lower than 0.5 N· s/m, and inertia smaller than 1 g) we measured with high reliability
the mechanical impedance of the index fingertip of seven participants under a number
of loading conditions. We found that fingertips behaved like elastic springs up to a
frequency of about 100 Hz, that the damping term dominated the interaction force
beyond this corner frequency, and that the inertial term could be neglected in the
range from dc to 500 Hz.

In some participants, the medial-lateral stiffness could be half of the proximal-distal
stiffness but in other participants the two values were similar. In all participants,
however, damping and inertia did not exhibit marked orientation selectivity. Under
average loading conditions, the fingertip has a lateral stiffness of about 0.8 N/mm and
a damping coefficient of about 1.2 N· s/m, but these figures can vary greatly among
people. When loaded, the mechanical parameters drift upward at a rate of about
0.5% per second. The corner frequency of (1/2π)(800/1.2) ' 100 Hz vindicates the
observations of Cohen et al. [33] and Lamoré et al. [106].

Assuming uniform bulk mechanics of the fingertip, the effective Young’s modulus
and viscosity were extracted from contact mechanics considerations. The Young’s mod-
ulus mean values, 114.9 kPa in medial-lateral direction and 137.5 kPa in the proximal-
distal direction, were found to be much lower than previously reported in other testing
conditions. [218] found a average value of 2.5 MPa for the skin only. [152] found an
average Young’s modulus of 458 kPa in the forearm skin. [55] found an average of
2.5 MPa for the skin whereas the epidermis has an elasticity of 10 kPa. These differ-
ences are easy to explain, considering that a fingertip is not a homogenous medium but
a complex, fibrous, multi-phase structure. It therefore risky to extrapolate bulk prop-
erties from the characteristics of individual components. The structural organization
of the fingertip therefore gives to this organ surprising compliance to external loading
and make it appear like a viscous load at higher frequencies.
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Finite element studies implied that the fingertip could resonate at 100–125 Hz [232].
We did not find any evidence of such phenomenon, quite the opposite was the case,
owing to the high value of the damping coefficient. Viscous forces swamped out inertial
forces over the entire frequency range. The values that we found are quite inline with
those reported earlier. Nakazawa et al. [144] found an average damping coefficient in
lateral displacement of 2.0 N· s/m during force-step testing to be compared with the
1.6 N· s/m average found in our study. Viscosity extracted from the contact mechanics
considerations is also of the same order than those found with other techniques. The
large amount of dissipation can be attributed to fluid displacement in the skin and in
subcutaneous tissues [83].

When pushing the fingertip onto a flat surface, the area of contact grows rapidly [171,
160] such that it almost reaches its final value even at low normal loading. We found
that the dependence of stiffness, damping, and inertia on the contact surface area, by-
and-large, followed a 1

3 power-law, which can be related to the size of the contact area
in Hertz’s contact theory. From the identification of the small equivalent mass that is
entrained by fast oscillatory traction of a fingertip, viz. 100 mg, we can surmise that
only a very small amount of tissue stores and releases kinetic energy during contact.
In other words, only must the superficial layer of the fingertip oscillate macroscopi-
cally during contact (a 1 mm thick over a 1 cm2 contact surface gives 100 mg). The
remaining energy must correspond to waves that dissipate in the body.

Our results could be applied to the interpretation of findings related to the per-
ception of tactual textures, which are felt when sliding the fingertips over irregular
surfaces. It is well accepted that for texture appreciation, the central nervous system
relies on temporal information, i.e. transitory and persisting vibrations generated in
the fingertips, at the detriment of spatial information, i.e. strain distributions in the
fingertip [99, 72].

We have mentioned earlier that considering the fingertip to be a simple viscoelastic
solid was an oversimplification of the actual physics. Recent studies have shown that the
sliding interaction of a fingertip with flat, smoothly undulating, and textured surfaces
engendered oscillations having energy in the whole frequency range [228, 227]. A high-
level of bulk viscosity would be more consistent with the behavior of a bi-phasic solid,
that is to say, a porous medium. While the mechanics of these media are notoriously
difficult to model, it is know that beyond a characteristic frequency, they tend to
behave as dispersive medium [17, 18]. In other words, the fingertip can be viewed
as a mechanical filter that attenuates the high spatial frequencies when the temporal
frequencies become high, yet high frequency transmission of temporal information is
preserved.
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CHAPTER 7. VIBRATIONS OF A FINGER SLIDING ON FLAT AND WAVY SURFACES

Preface to chapter 7
This chapter focuses on the vibrations generated by a finger sliding on a surface. The
study is motivated by the need to create algorithms that can synthesize virtual textures.
We recorded the interaction force between a finger and six different surfaces made
of smooth epoxy. The first surface was flat, and the vibrations generated by the
friction with the finger revealed the presence of a background noise that followed a 1/f
trend. The other five surfaces were sinusoidal gratings with varying wavelength and
amplitude. The analysis of the spatial spectra of the force produced by sliding made
the nonlinearities of the interaction quite evident. The resulting data could be used to
design texture synthesizers using, for instance, waveshapping techniques.

Abstract
The fluctuations of the frictional force that arise from the stroke of a finger against flat
and sinusoidal surfaces were studied. We used a custom-made, high-resolution friction
force sensor able to resolve milli-newton forces, we recorded those fluctuations as well
the net, low-frequency components of the interaction force. Measurement showed that
the fluctuations of the sliding force were highly unsteady. Despite their randomness,
force spectra averages revealed regularities. With a smooth, flat, but not mirror-finish,
surface the background noise followed a 1/f trend. Recordings made with pure-tone
sinusoidal gratings revealed complexities in the interaction between a finger and a sur-
face. The fundamental frequency was driven by the periodicity of the gratings and
harmonics followed a non-integer power-law decay that suggested strong nonlineari-
ties in the fingertip interaction. The results are consistent with the existence of a
multiplicity of simultaneous and rapid stick-slip relaxation oscillations. Results have
implications for high fidelity haptic rendering and biotribology.
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7.1 Introduction

When sliding on most surfaces, human fingers generate audible noise. If the surface
in question is able to acoustically radiate— as in the case of the sounding board

of a guitar—the noise can actually be quite loud, denoting that a significant portion of
the work done during sliding is transformed into acoustic energy which is dissipated in
part in the tissues and in the solid object. Although originating from the skin it has
recently been found that these vibrations can propagate far, and over a wide frequency
range, in the tissues of the arm [40]. The reader can easily verify that such noise is
generated even when sliding a finger on the mirror finish of a glass surface, unless the
contact is lubricated.

Since the early works of Katz [102], as well as with more recent studies [76, 99, 75,
178, 14], it is generally accepted that these vibrations play a determinant role in the
perception of textures, or absence thereof. One factor behind the generation of the
oscillations by the sliding skin is the distribution and nature of asperities on surfaces
which result from erosion, wear, manufacturing, or growth of the material. Another
factor is the nature of the material (or fabric) of which the surface is made, since two
surfaces having the same geometry can create very different acoustic signatures. The
finger also contributes peculiar geometrical and material properties that determine the
tribology of the contact [2, 200].

The motivation for our research is in the area of haptic virtual reality and computer
simulations, where tactual texture plays an important role in realism [205, 28, 29].
Interestingly, the synthesis of rich, artificial tactual textures have tended to resemble
audio rendering techniques, being based on generating a spatial waveform that is played
at the speed of exploration [205]. The artificial waveform can be created either from
measurements [65], or procedurally from stochastic or fractal models [174, 35]. All
these synthesis processes are based on the assumption that the contact is made by a
rigid probe that obeys an elastic linear law, and on simplified solid friction models to
generate stimuli. As previously presented, these assumptions break down completely
in the case of a bare finger [228].

Almost no work has been dedicated to this analysis of the dynamics of finger-surface
interactions during steady sliding, with the perspective of simulating it. The fingertip
exhibits non trivial friction phenomena that are not well understood [2], yet even under
the assumption of linear elasticity, the frictional properties of soft material with rigid,
rough surfaces are not trivial to model [163]. The output of a measurement depends
on many parameters such as the viscoelasticity and the non-linearity of the finger and
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the skin [161, 159, 217]. The friction force itself varies according to various conditions
including normal loading and hydration of the skin [222, 4].

In the present study, we asked whether the vibrations generated during the slip of a
finger on smooth and sinusoidal surfaces could be characterized in terms of their spatial
spectrum content. In other words, we wondered whether these vibrations presented
characteristics of invariance or regularities with respect to the applied force and the
slip velocity, that is to say, whether these vibrations encode the underlying surface
geometry.

Employing a specially engineered sensor [229], we recorded the force fluctuations
of a finger sliding on accurately manufactured flat surfaces and sinusoidal gratings.
This sensor can resolve sub milli-newton forces with a high dynamic range. We then
performed a spectral analysis of the tangential force component in the spatial domain
and sought to discover invariants. The analysis of the spatial frequency content of
these vibrations gave some insights into the mechanisms that can possibly be at play.

The friction force signal can be represented by the superposition of two contribu-
tions. One being a background noise that follows a 1/f relationship, and the second
being, on average only, a harmonic expansion of the original frequency that decays
according to a non integer power-law, suggesting a relaxation oscillatory process. Re-
sults have implications for the synthesis of artificial tactile stimuli and in the field of
biotribology.

7.2 Choice Of Surfaces

The motivation for the choice of sinusoidal profiles was not that they represent “pure
tones” in the spectral domain, but rather that they provide a smooth change of cur-
vature within the contact regions with the skin. In effect, in the range of amplitudes,
periods and interaction force magnitudes that we studied, a finger is not guaranteed to
interact through one single connected region and can possibly touch only at the apices
of the individual ridges. We did not control for this possibility, but from a general
perceptive, such occurrences are part of the normal tactual exploration process and
were left intact. In any case, sinusoidal profiles guaranteed that the curvature varied
smoothly within restricted intervals.

Other profiles that were considered include triangular and square profiles, all having
first-order discontinuities to which the skin would be exposed. For the purposes of the
present study, discontinuities have the grave inconvenience that sharp edges translate
into undefined (infinite) local strains. Physically, undefined strains correspond to dam-
age, a type of interaction which can include abrasion, delamination and other effects,
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and which are interactions that are normally avoided during tactual slip.
In the choice and manufacturing of the surfaces, we also considered the question

of length scales, which is central to the concept of roughness. An undulating or a flat
surface is compatible with the presence of irregularities at length scales that are 2 or 3
orders of magnitude smaller that the main textural components, the so-called ‘surface
finish’ in plain language. Even if, due to the St Venant’s principle, small-scale asperities
are of no mechanical consequences a few microns inside the skin during static touch,
such is not the case during sliding because their presence or absence has impact on
skin tribology. There is a variety of phenomena at play including the possible presence
of trapped foreign bodies and liquids that modify tribology according to the nature of
small-scale asperities.

Healthy fingers permanently exude sweat and the stratum corneum, specifically, is
a highly hydrophilic milieu. The presence of small-scale asperities, in contrast to amor-
phous glassy finishes, have impact on skin keratin plasticization and on the behavior
of interfacial water, modifying adhesion [2].

7.3 Finger-surface interaction measurement

From the above considerations, to approach the question of the vibrations induced by
sliding, we performed highly accurate measurements of the tangential force component
of the interaction force, that due to friction, during steady sliding of the finger on flat
and undulating sinusoidal surfaces with controlled surface finishes.

The apparatus comprised a finger position measurement device, a specifically de-
signed friction force transducer, and a conventional six-axis force sensor for a complete
characterization of low frequency interaction force components.

7.3.1 Hardware Components

The three hardware components measured three different aspects of the interaction,
namely: the position of the finger, the friction force fluctuations, and the net normal
and tangential forces. Sliding velocity was estimated from suitably processed differ-
entiation of the position signal. Fig.7.1 shows a picture of the apparatus during a
measurement.

The main component is a custom-made piezoelectric sensor that operates in the
direction tangential to the scanned surface in the 2.5–350 Hz frequency range and
with a sensitivity of 13 N/V. The sensor was engineered to perform with noise floor
of 50 µN. The friction-force fluctuation transducer was built around a disk multilayer
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Figure 7.1 – Measurement Bench. The texture is double-sided taped to the piezo-
electric force transducer that measures frictional force arising from the finger sliding
on it. The finger is located by a lvdt fixed to the finger through a universal joint.

piezo bender, A, (cmbr07, Noliac Group a/s, Kvistgaard, Denmark) that converted
the tangential load force into electrical charges. The piezoelectric sensor acted as a
voltage generator coupled in series with a capacitor. The voltage was conditioned by
an instrumentation amplifier (lt1789, Linear Technology Corp., Milpitas, ca, usa).
Two resistances passed the generated charges to the ground and therefore create a high-
pass filter. The value of the resistances were chosen to produce a first-order, high-pass
filter response with a 2.5 Hz cutoff frequency.

The interchangeable gratings, B, were bonded to a plate with double sided tape.
The plate was suspended between two leaf springs, C, connected to the hollow center of
the piezoelectric bender with a flexural joint that was very stiff in the axial direction.
The resulting stiffness was 8.0 × 104 N/m, which is two orders of magnitude stiffer
than a finger [159]. Hence, it provides a non-ambiguous measurement of the tangential
sliding force. The suspended mass was estimated to be 12 g and therefore the natural
frequency of the sensor was at 410 Hz. Figure 7.2 shows the response of the sensor
derived from its impulse response.

The second element of the apparatus was a conventional strain gauge force sensor,
D, (Mini 40, ati Industrial Automation, Apex, nc, usa) which responded to the low
frequency force components along the normal and tangential directions. It was placed
underneath the piezoelectric transducer on the load path to the mechanical ground, E.
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Figure 7.2 – Sensitivity of the sensor as a function of frequency from its impulse
response. The flat band is the range 2.5 Hz to 350 Hz.

In order to maximize bandwidth, the mechanical arrangement, see Fig. 7.1, minimized
the distance between the point of application of finger interaction force and the sensor
flanges by mounting it ‘upside-down’. The resolution was about 50 mN.

The subject’s finger was located by a lvdt transducer (sx 12n060, Sensorex sa,
Saint-Julien-en-Genevois, France) that could resolve 3 µm on a 40 mm stroke. Prior
calibration was performed using precision micro-stage. The finger was rigidly linked
to the movable core of the linear transducer, F, by a clip mounted on the nail side of
the finger via a joint, G, totaling 5 degrees of freedom. The alignment of the lvdt was
provided by adjustable linear stages.

Analog signals were acquired by a 16-bit data acquisition board (pci-6229, National
Instruments Corp., Austin, tx, usa) hosted by standard microcomputer. The sampling
period was set at 10 kHz in order to have a comfortable sampling margin and reduce
distortion during post-filtering.

7.3.2 Digital signal processing

The raw data were sampled in the temporal domain and therefore depended on the
sliding velocity. In order to express the data with the velocity as a parameter, it had
to be resampled in the spatial domain using a fixed spatial sampling period. The data
retrieved from the measurement of a finger sliding on a given texture, Fig. 7.3a, were
interpolated at each multiple of the discrete position steps obtained from the position
trajectory as in Fig. 7.3b. The steady slip region was cropped out by truncating
the initial transitory period of the recordings such that the samples were kept in the
range 5 mm < xc < 35 mm. The interpolation-resampling procedure was applied to
the tangential force measurements , fT , from the piezoelectric transducer and to the
normal and the tangential forces measured from the strain-gauge sensor.

The force frequency components above 350 Hz were filtered out of the measure-
ments by performing a fast Fourier transform on the signal, truncating the spectrum
and then reconstructing the signal using the inverse Fourier transform. The spectral
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Figure 7.3 – Resampling procedure. (a) Raw position data. (b) Raw force data. (c)
Resampled force as a function of position.

domain processing provides a sharp cut-off, phase distortion-free signal conditioning.
Velocity was computed by differentiating the position after applying a zero-phase mov-
ing average filter over 9 samples. It was then interpolated in space domain using the
same procedure as above.

7.3.3 Gratings

We used sinusoidal gratings with height profiles expressed by h(x) = A sin(2π/λ). One
profile, termed the nominal profile, had an amplitude of A = 25 µm and a spatial period
of λ = 1.96 mm. The other four had different amplitudes, A = 12.8 and A = 50 µm,
and spatial periods, λ = 1.76 and 2.5 mm.

The gratings were cast from the exact same stainless steel gratings that were em-
ployed in the study in reference [145]. We first made silicon molds (rtv 181, Esprit
Composite, Paris, France) and then duplicates were manufactured by casting epoxy
resin (ep 141, Esprit Composite, Paris, France). This process can reproduce details as
small as 1 µm. Perceptually, the resulting epoxy duplicate gratings feel as rough as
their steel originals. Microscopic inspection did not reveal any surface imperfections.
They were milled down to 50 × 30 mm rectangular samples.

A flat surface was made with the same epoxy resin. The surface was rectified with
a milling machine with a very low feed rate and a high speed. The resulting roughness
was homogeneous with an Ra smaller than 1 µm and the surface finish felt similar to
that of the sinusoidal surfaces.

7.3.4 Participants and procedure

Two participants made the recordings. One of them was the first author. They were
aged 24 and 26 and did not present scars or burn marks on their fingertips. They
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washed their hands before the session. They practiced the skill of maintaining the
normal force and the velocity as constant as possible during recordings.

They sat in front of the apparatus such that their arms could move without resis-
tance and recorded the sliding interaction force. Velocity and normal force were held
as constant as possible during a single recording. The trials were selected according
to how steady was the velocity and the normal force. Each participant made 50 satis-
factory recordings with each texture. Recordings lasted less than one second, so that
slowly varying effects due to viscoelastic behavior of a fingertip would not interfere
with the results.

The velocity and normal force during every measurement matched standard ex-
ploratory conditions. Velocities ranged from 14 mm/s to 339 mm/s with a mean of
127 mm/s. Normal forces were in the range of 0.14 N to 2.44 N with a mean of 0.8 N.

7.4 Observations On The Results

The frequency content of the measurements made on the texture reveals multiple fea-
tures of the transformation between the single wave grating and the engendered force
fluctuations. Each of the following section discusses a feature of the signal. The first
observation is that two recordings made in similar conditions do not produce the same
spectral content. Nevertheless some properties emerge from the averages of large num-
bers of trials. Signal energy decays in a 1/f fashion and all harmonics are present with
decreasing amplitudes according to a non-integer power law.

7.4.1 Lack of Stationarity

Even with similar interaction forces and velocities in, recordings presented great vari-
ations of amplitude and frequency content. Figure 7.4a,b,c shows the spectra of three
measurements taken in similar conditions. In the low frequencies, the spatial spectra
can have different decays and the amplitude of the fundamental changed. Its frequency
is fixed, however, since it corresponds to that of the underlying surface. Harmonics are
all present in most, but not all, of the recordings and their amplitudes also varied in
each recording.

Averaging the spectra of many recordings, however, as shown in Fig. 7.4d, smooth
the variations of spectra and a pattern emerges. The overall spectral content appears
to be composed of two major components. The first component is a background noise
that follows a 1/f law. The second component is, on average only, a periodic compo-
nent with fundamental and harmonics. This 1/f noise and harmonics appear in the
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Figure 7.4 – Three typical measurements with a finger sliding on a a 50 µm amplitude,
1.96 mm spatial period grating. One hundred measurements in grey, and their average
spectrum in black.

recordings in a non-predictable fashion, and not all the measurements exhibit these
properties.

As one can expect, the fundamental frequency component is well represented and
corresponded to the spatial frequency of the single-wave grating used. In addition to
this fundamental, all harmonics appeared, suggesting the presence of strong nonlinear-
ities in the transformation.

7.4.2 Energy Decay In Background Noise

Using recordings made with the flat surface, we further investigated the pattern of
background noise. Figure 7.5 shows each individual measurement in light gray and the
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average spectrum in black. Furthermore, the spectrum of each individual measurement
are fitted with a power function S(k) = β/kα with k = 1/λ being the spatial frequency,
α and β the fitting coefficients. The distribution of the fitted coefficients can be seen
in Fig. 7.6.
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Figure 7.5 – Individual measurements spectra (light gray) and average (black) of the
measurement made with the smooth flat surface.
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Figure 7.6 – Distribution of fitted coefficients α and β on the 100 measurements made
with the smooth flat surface.

The distribution of α coefficients reaches a maximum at 0.9. This feature indicates
that the background noise is a fractal noise, found in numerous natural and man-made
processes [127, 16]. The β value represents the magnitude of the fluctuations. This
parameter is not related in any simple manner to any other parameter. The reader
should keep in mind, however, that this noise behavior might be different for other
materials than smooth epoxy.

The goodness of the fit for the power law is better than R2 = 0.93 for most cases.
Fifteen outliers out of a hundred have a goodness of fit around 0.8 and in one case the
fit has a value of 0.3.
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7.4.3 Fundamental and Harmonic Amplitudes

As it might be expected, averaging the measurements made on the three gratings with
same amplitude A = 25 µm but varying spatial frequencies shows that the fundamental
peak of the force variations always coincided with spatial frequency of the original
surface.

All harmonics are present in all three cases. Their decay can be well represented
by a power-law function, Sh(k) = βh/k

αh . Fitting the data shown in Fig. 7.7 gives
estimates of the decay coefficient αh = {1.5, 1.3, 1.3} and magnitudes of βh =
{e−2.2, e−2.5, e−2.3} for the spatial periods λ = {1.76, 1.96, 2.5} mm, respectively.
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Figure 7.7 – Spectrum average on the 3 spatial variations of the 25 µm gratings in
plain black. Power law fitting on the amplitude of fundamental and its harmonics is
plotted in dashed grey.

7.4.4 Influence of Grating Magnitude

The effect of the magnitudes of the gratings on the spatial spectra of the friction force
fluctuations was studied with the three textures described earlier. Each grating was
used to produce 100 measurements. The averaged results for all three gratings are
plotted in Fig. 7.8.

The average spectra suggest that the magnitude of the surface undulation affects the
amplitude of the fundamental component. The relationship is monotonic but probably
not linear. Interestingly, however, the harmonic components do not seems to be affected
by the gratings magnitude, at least within the range that we tested.
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Figure 7.8 – Spectrum averages of 100 measurements made with three gratings with
same spatial period of 1.96 mm and variable amplitudes. Spectra were normalized
relatively to their maxima in the low frequencies, below the frequency of the gratings.

7.5 Discussion

The results presented above gives us a better understanding of the dynamic of the
finger from a signal processing point of view and from the viewpoint of the mechanics
involved.

7.5.1 Background noise

The 1/f background noise, present in the recordings, shed some light on the energy
repartition of the vibration. This particular noise is found in many processes and has
for particularity that the energy is constant in every decade band.

From a mechanical point of view, this trend can be explained by the fact that the
height repartition of the smooth surface is close to white noise as its height density
is a Gaussian function. By stroking our finger on the grating, this white noise drives
a mechanical first order filter that represents a fingertip modeled by a spring and a
dashpot.

It is worth noting that in signal generation, there is no simple way to spontaneously
generate 1/f noise. The common approach to synthesize this signal is achieved by
filtering random white noise with a first order filter.

7.5.2 Harmonic behavior

The fact that the harmonic behavior of force fluctuations is different from the back-
ground noise cannot be explained simply. The decay of the harmonics is non-integer
which does not fit with viscous nor with inertial dynamics. One possible element of
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answer is that the finger impedance and the friction conditions are strongly nonlinear,
and therefore, the original sinusoidal forcing term becomes distorted and harmonics
are created. The nonlinear transformation cannot simply be extrapolated from the
measurements and requires analysis with more powerful tools such as Volterra series
or Wiener kernels.

Another hypothesis can be formulated by supposing that the finger behaves like a
distributed collection of oscillators forced by traction from the surface. Each of these
oscillators undergoes stick-slip relaxation oscillations that are driven by the surface
undulations. When one region of the skin sticks at one of the apices of the undulation,
the skin is tangentially loaded, corresponding to a ramp in the interaction force. When
the contact breaks away, energy is rapidly released corresponding to a cliff. The force
waveform associated with one element will be close to sawtooth waveform. The later
picture is consistent with an interaction force signal exhibiting a decay of all the har-
monic amplitudes since the harmonics of a sawtooth signal have amplitudes that are
inversely proportional to their number. The occurrence of these oscillations would be
hidden in the temporal domain by the superposition of several out-of-phase oscillators.
This enticing possibility merits further investigations.

7.5.3 Energy dissipation

Van den Doel et al. proposed a scaling law for the ‘audio force’ based on the instan-
taneous motor power delivered when scanning a surface (i.e. the square root of the
product of tangential force and velocity) [205]. They assumed that the mechanical
energy spent during the exploration is dissipated by friction and entirely transferred
into propagating vibrations. This assumption is valid for rigid probe friction on rough
surface, however a bare finger may behave differently. Viscoelasticity and soft tissue
friction generate vibrations, but when stroking a finger on a smooth unlubricated sur-
face, an elevation of skin temperature can be felt. It is the evident that some of the
motoric work is transformed into heat.

For each trial, we estimated the work done by the participant to slide his finger
and compared it to the vibratory signal energy. The motor work was calculated from
W =

∫ d
0 Ft(x) dx, where d is the distance traveled, x is the net finger position and

Ft is the tangential force component measured by the strain-gauge force sensor which
is sensitive to dc and low frequencies components. The vibratory signal energy was
determined from Es =

∫D
0 |fT (t)|2 dt where D is the duration of the movement, t is the

time parameter and fT (t) is the force signal from the piezoelectric transducer since it
is sensitive to frequencies above 2.5 Hz.

Fig. 7.9 shows the relationship between the spent motor work and the signal energy

122



7.6. CONCLUSION

data point

 

20 40
motor work (mJ)

0

0.05

0.1

0.15

si
gn

al
 e

rn
er

gy
 (N

 .s
)

0

2

2.5

zero intercept
linear regression

Figure 7.9 – Relationship between the work spent during a recording and the corre-
sponding measured force signal energy. Each dot represent one trial. The first-order
fit represents the data better than the zero-order fit (R2 = 0.88 vs 0.76).

for each trial. The linear regression with zero intercept of the vibration energy against
motor work, shown in dashed grey, shows an acceptable fit with R2 = 0.76. A first-order
linear fit, shown in black, however, represents the data much better with R2 = 0.88.
The abscissa intercept is approximately at Wmin = 2.5 mJ. This measurement, alone,
does not inform us on the proportion of energy spent on heat and on vibrations. It
nevertheless suggests that the work of bare-finger friction is transferred for the greatest
part into vibrations originating at the finger-surface interface. The residual energy is
dissipated into heat and probably radiated as sound waves.

The conditions that modify the surface-finger tribology are expected to greatly
influence the proportions of the forms of dissipated energy, influencing in turn the
information available for perceptual purposes. For instance, the vibrations arising
from the frictional force can propagate in the surrounding air, giving acoustic cues,
and in the skin giving tactile cues. Measurements of the finger and arm transmittance
properties show that vibrations in the range 50 to 1000 Hz can travel as far as the
forearm [40]. These results suggest that textures can possibly be sensed by very large
populations of far flung mechanoreceptors located on the path of waves propagations.

7.6 Conclusion

We recorded accurate measurements of the force fluctuations generated by a finger
exploring smooth flat and undulating surfaces. The spatial spectra of the signal shows
that the vibrations are non deterministic but exhibit some interesting properties. With
the smooth epoxy surface, we can characterize the background vibrations as a fractal
noise with coefficient 0.9. The measurements with sinusoidal gratings reveal the non-
linearity of the skin interaction producing decaying harmonics compatible with the
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occurrence of a multiplicity of simultaneous relaxation oscillations.
These findings are the first steps toward the creation of virtual texture synthesis

algorithms that are sensitive to various contact parameters and can generate appropri-
ate vibrations. These findings can also possibly have perceptual implications since it
can be proposed that the tactile system is sensitive to the peculiar dynamics involved.
They also have possible contributions to make to the field of biotribology.

Future work will include finer experimentation on the influence of the material on
the coefficient of the fractal noise, and its connection to the tribology and roughness.
Moreover, other parameters such as the pose of the finger and hydration are likely to
play dominant roles in the generation of tactual vibrations.
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8Conclusions

The research reported in this thesis describes the first attempt, to my knowledge, to
reproduce artificially the sensation of textured surfaces directly at the fingertip.

It provide techniques for recording and reproducing finger-surface interaction forces
accurately. These techniques required the investigation of the mechanical behavior of
the fingertip in the range of displacement and frequencies relevant to touch as well as
the influence this behavior on the reproduction of the vibrations caused by sliding on
surfaces. The resulting biomechanical data are also useful for the design of transducers
targeted at rendering textures at the fingertip and other applications. The mechanical
signal measurements techniques and the analysis of the properties of these signals could
be valuable tools for the design of realistic virtual textures rendering algorithms.

The main contributions address, (1) the design of new transducers for tactual in-
teraction, (2) a study of mechanical phenomena subserving touch, and (3) the analysis
of the vibration signal resulting from sliding a finger on a surface.

8.1 Transducers
Three electromechanical transducers were developed. The first was intended to provide
for the accurate measurement of the finger-surface interaction forces, the second for
the reproduction of tactual textures, and the last for the measurement of the fingertip
mechanical behavior.

The interaction of a finger with a surface is a complex mechanical process that
involves a variety of phenomena that depend on numerous parameters including the
topography of the surface, the stress distribution at the interface, the moisture flow,
and other factors. Psychophysics experiments, however, indicate the existence of a
marked phenomenon of perceptual constancy. Thanks to this constancy, vastly different
mechanical stimuli can result in similar percepts as far as fine textures are concerned.

Despite the complexity of the physical interactions taking place during sliding,
spatially distributed forces at the interface seem to be integrated, and thus, only net
variations of the force strongly can determine a percept of texture. As a result, the
frictional force and its rapid variations generated by fingertip slip, can be a sufficient
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representation of the interaction.
A measurement bench was designed and implemented to capture this frictional

force within a frequency band and with a resolution that are compatible with the
discriminative abilities of the human perceptual system. Since mechanical events occur
in time, and also in space, the net position of the finger was also acquired at a resolution
that matches the lowest characteristic lengths accessible to human touch.

To reproduce recorded textures, a second apparatus was developed using the same
piezoelectric transducer. This transducer was designed to be five orders of magnitude
stiffer than the fingertip. As a consequence, the actuator imposed its displacement
over the fingertip seen as a load. By this technique, interaction with a surface was
reproduced by shearing the pulp of the fingertip by a known quantity. Modulating the
amount of shearing as a function of net finger position relatively to pre-recording data
elicited a salient sensation of roughness. Several psychophysical experiments assessed
the realism of this type of reproduction using roughness judgements, texture recognition
and spatial period estimation.

This devices developed were designed for experimental purposes and were rather
cumbersome. A miniaturized version of the tangentially skin shearing device is presently
under development. This device can achieve up to 2 mm of deflection and is capable
of stimulation in the plane rather than along one single direction,

Another apparatus was designed to quantify the mechanical impedance of the fin-
gertip. The knowledge of this function allows one to predict the force to produce a
specific velocity for any frequency. It is hope that the knowledge of this property will
help clarifying tactile mechanisms taking place during sliding. It also provides us with a
model of the fingertip that can be used to convert force measurements to displacement
for purpose of tactual reproduction of virtual interactions.

This apparatus employs a novel approach to mechanical impedance measurement
testing that draws its inspiration from the resonant measurements systems used in
nanotechnologies and in other areas. It is built around a voice-coil actuator and uses
wide-bandwidth analog feedback to reduce its apparent impedance by closed loop con-
trol. It is possible to lower the probe impedance sufficiently to match the impedance
of the finger, thereby maximizing the exchange of mechanical energy, and hence, the
signal-to-noise ratio of the measurement.

8.2 Skin Mechanics

It was found that the bulk impedance of the fingertip in lateral traction exhibits an
elastic behavior in the low frequencies and after a corner frequency of about 100 Hz,
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exhibit essentially a viscous behavior that prevails both the elasticity and inertia. This
bimodal behavior might explain the decrease of the spatial frequency resolution of
human cutaneous perception when temporal frequency increases. It is likely that this
bulk behavior is the result of the structure of the fingertip that is nothing else but a
fluid-saturated porous medium. In such media, the propagation of mechanical waves
are disturbed and are frequency-dependent. High spatial frequencies and interferences
are not preserved in the high temporal frequencies. When stimulated in by a complex
surface, the skin would still undergoes bulk displacement that preserves the temporal
information of the stimulation.

The knowledge of the fingertip impedance is equally important for transducer de-
sign. In audio technologies, all transducers work against similar loads — i.e. the
impedance of free air if the wall are far enough. Measuring pressure, velocity or ac-
celeration is a matter of proportionality. In the case of vibrotactile transducers, the
load impedance is the skin being excited, and the transduction depends on frequency.
Over the frequency band relevant to tactile perception, the skin behave as a first order
mechanical filter. As a result, if a high-impedance transducer is used it is essential to
convert a measured force signal into a displacement signal which implies the use of an
inverse filter. Such filters should be included in the tactile signal processing pipelines
in order to ensure the integrity of the vibrotactile signal perceived by the user, see
Fig. 8.1a.

Alternatively, transducers used to generate vibrotactile stimuli can have a impedance
that is of the same order of magnitude than the fingertip. In this case, the compensa-
tion filter should take into consideration the impedance bridge that is created by the
fingertip coupled to the transducer. The two impedances are connected in series and
when the actuator is excited, the resulting force will depend of the combination of the
two. The resulting filter should be the inverse of the force divider created by the two
elements, as illustrated in Fig. 8.1b.

8.3 Signal Encoding

The modeling of the vibrotactile behavior of a sliding finger was achieved by repre-
senting the signal as a function of finger displacement. Interpolation in spatial domain
localized mechanical events, a property that touch is known to be sensitive to. Using
this representation, slip velocity became a parameter of the measurement and not an
intrinsic property of the signal. In fact, even though the finger-texture interaction mea-
surements were made at an almost constant velocity, variations persisted which resulted
in a shift of temporal frequencies of the signal that blurred the temporal spectrum.
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This signal transformation privileged the spatial features of a surface and the short-
term Fourier transform became a useful tool to analyze the properties of the sliding
friction. The representations of complex textures in the spatial domain revealed an
organization of the signal made around what could be called “spatial formants”. In
audition, temporal formants in a sound signal are known to contribute to the classi-
fication of sounds and speech. In touch, the discrimination of the temporal spectral
organization is known to be quite poor, whereas the opposite is true for spatial or-
ganization. It is therefore possible to surmise that spatial spectral organization is an
important perceptual cue for texture recognition even if the signal is sensed temporally.

It is well known that the perception of texture requires motion of the fingertip rela-
tively to the surface to generate temporal vibrations. I was found however, that when
a fingertip slides on simple undulated surface, the spatial frequency spectrum revealed
a complicated non-linear transformation from the profile into tactile vibrations. We
can therefore conclude that it no trivial matter to transform a surface into a tactile
signal for synthesis and, conversely, to extract surface characteristics from a vibration
for perception of its properties.

8.4 Future Work
The main result of this work is a complete tactile analysis/reproduction system that
shears the fingertip as the finger undergoes a net relative motion. The method has
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shown its efficacy to reproduce fine virtual textured surfaces and its simplicity makes
it possible to integrate miniature devices in more complex virtual environment systems
in order to enhance the immersion.

The high impedance approach used in this work for the reproduction of textures is
effective but require a powerful and stiff actuator. It would be possible to use a low
impedance actuator in conjunction with a closed loop system. The control could then
be tuned to emulate a stiffer system by mean of a fast position feedback. Such system
would have to advantage to enabling the control adjust the transducer’s impedance
to match that of the fingertip. Doing so would optimize the power transfer from the
actuator to the skin. A further advantage would be to make it possible to include in the
feedback system the mechanical impedance bridge compensation in order to ensure of
the integrity of the signal transmitted to the finger. Lower impedance of the actuators
would also have the likely benefit of providing more amplitude from skin displacement.

Participants reported that the sensations elicited by the apparatus included rough-
ness, but not the stickiness of the original textures. In fact, low frequencies and dc
components of the frictional force were removed during reproduction to avoid actuator
saturation. This reduction is probably the cause of the absence of stickiness sensation
since the fingertip is displaced around a zero-mean value during reproduction of virtual
textures. However, even if the net force taken into account, there is still the question
of its perception. A more complete virtual reality system would unavoidably need to
reproduce stickiness sensations as well.

To investigate the reproduction of stickiness, the vibrotactile transducer could be
coupled to a force-feedback. Similarly to a tweeter and a boomer in a loudspeaker
system, the low frequencies and high forces would be provided by force-feedback and
high frequencies by vibrotactile transducers embedded in the manipulandum. The large
inertia and artifacts arising from the force feedback devices could then be overcome by
combining the two approaches.

Stickiness is not the only sensation that cannot robustly be rendered by vibrations.
Sliding over virtual surfaces was sometimes experienced during experiments but often
not. Some participants were able to feel that their finger was fixed to the transducer.
The mechanical stimulus responsible for given the sensation sliding is not clearly iden-
tified, but it seems that vibrations can also mediate it. In fact, a simple experiment
can be invoked to support this hypothesis. The sliding motion an object through a
light mechanical filter such as a sheet of paper is still perceptible although the spatial
information is strongly blurred. To our knowledge, a complete psychophysics and me-
chanical investigation of the sliding sensation have not been done yet but is necessary
to lead to haptic interfaces able to provide more realistic simulations.
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Abstract
The textures of surfaces are tactually perceived mostly from the vibrations generated when
sliding our fingertips on them. Despite its prevalence in everyday behavior, the study of
the interaction of a finger with a textured surface, for virtual reality purposes, has not been
much studied.This thesis explores some factors that contribute to the mechanics of interaction
between a bare finger and a surface with a view to their artificial reproduction.

The recording and reproduction of tactual textures are first discussed, along with a specif-
ically designed apparatus able to precisely measure the interaction force arising from the
friction of a sliding finger. The same piezoelectric-based apparatus was employed to rapidly
deform the fingertip during exploratory movement, in order to replicate the presence of a tex-
ture, resulting in a new approach to simulate the roughness and texture of virtual surfaces.

The problem of recording-reproducing textured surfaces motivated the question of the
determination of the mechanical behavior of the fingertip. Investigations revealed that fin-
gertips behave like elastic springs at low frequencies, and that after a corner frequency of
about 100 Hz, the response is dominated by viscous damping, something that was never
directly shown before.

Next, the features of the vibratory signals created by the friction of a finger on various
textures were analyzed. Expressing the fluctuations of the frictional force as function of space,
rather than of time, indicated a number of possible signal characteristics that could play a
key role in the tactual perception textures.

The thesis highlights the importance of the mechanics and biomechanics during the haptic
exploration of surfaces and their possible contribution to perception. Collectively, the findings
reported in this thesis are pertinent to the design of effective virtual reality systems and other
applications.
Keywords: tactual roughness rendering, tactile devices, fingertip biomechanics, psychophysics
of perception.

Résumé
La texture des surfaces est tactilement perçue principalement par les vibrations générées
lors du glissement de nos doigts sur celles-ci. Malgré sa prévalence quotidienne, l’étude de
l’interaction du doigt avec une texture, dans le cadre de la réalité virtuelle, n’a pas été appro-
fondie en détail. Cette thèse explore une partie des facteurs qui contribuent à la mécanique
de l’interaction entre un doigt et une surface avec pour objectif sa reproduction artificielle.

L’enregistrement et la reproduction des textures tactiles sont premièrement discutés, ac-
compagnés de la conception d’un appareil capable de précisément mesurer la force d’interaction
émanant de la friction d’un doigt qui glisse. Le même dispositif piézoélectrique fut employé
pour déformer à haute vitesse le bout du doigt, dans le but de reproduire la présence d’une
texture. Ce travail est une nouvelle approche pour simuler la rugosité et la texture d’une
surface virtuelle.

La question de l’enregistrement et de la reproduction des surfaces texturées a motivé
l’étude du comportement mécanique du bout du doigt. Cette étude révèle que le bout des
doigts se comporte comme un ressort élastique dans les basses fréquences, et qu’après une
fréquence de coupure d’environ 100 Hz, la réponse est dominée par l’amortissement visqueux,
un fait qui n’a jamais été directement observé auparavant.

Ensuite, les spécificités des signaux vibratoires créés par le frottement d’un doigt sur
plusieurs textures furent analysées. L’expression des fluctuations de la force de friction en
fonction de l’espace plutôt que du temps, indique que plusieurs caractéristiques du signal
peuvent jouer un rôle majeur dans la perception tactile des textures.

Cette thèse met en lumière l’importance de la mécanique et de la biomécanique pendant
l’exploration haptique des surfaces et leur potentielle contribution à la perception. Collec-
tivement, les résultats présentés dans cette thèse sont utiles pour la conception de meilleurs
systèmes de réalité virtuelle et à d’autres applications.
Mots clés: rendu tactile de la rugosité, interfaces tactiles, Biomécanique du doigt, psy-
chophysique de la perception.
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