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Abstract

Touch allows us to perceive the physical properties of the surrounding
world. The numerous tactile afferents innervating the hand faithfully capture
the complex mechanical interactions between the fingertips and the
environment. Despite the critical importance of tactile information in a
variety of tasks, the way the brain acquires and uses this information is still
unclear.

This thesis explores tactile interactions from a biomechanical point of
view. First, we present a new method to quickly measure friction at the
fingertip-object contact while capturing its dependence on the normal
contact force. Due to the compliant nature of the fingertips, localized slips
occur at the fingertip contact under tangential loading. We examine how this
partial slip phenomenon is related to the subjective perception of fingertip
slip. We show that subjects can anticipate full slip and propose a new slip
detection mechanism. To test this mechanism during manipulation, we
develop the ActiveTouch manipulandum, which can image the fingertip
contact and record fingertip interaction forces. Preliminary experiments
confirm the presence of partial slips during manipulation. We suggest that
these slips may help the brain to acquire information on the friction at the
fingertip contact and on the dynamics of the manipulated object. Finally, we
investigate how tactile afferent responses recorded in vivo are related to skin
strain patterns measured within the fingertip contact.

This work contributes to the fundamental understanding of the
biomechanical behavior of fingertips contacting objects in active and passive
conditions. This thesis provides useful information for the design of rich
tactile displays, bio-inspired tactile sensors, somatosensory neuro-
prostheses, and haptic-enabled teleoperation systems.
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Introduction and background
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“To succeed in research you need to know the field and to know yourself.

Vincent Hayward (IEEE World Haptics Conference 2017)

The sense of touch endows us with the capacity to perceive a rich variety
of physical properties of the surrounding world. This capacity arises from the
complex structure and mechanical properties of the fingertips. The
interactions between the fingertips, acting as probes, and the environment
are faithfully captured and sent to the brain by the numerous tactile afferent
fibers innervating the hand. Using this information, the brain is able to
manipulate objects with high dexterity. This chapter seeks to provide context
to the work described in this thesis by reviewing the current knowledge in
the following topics. First, we present the structure of the fingertip and
explain how its mechanical properties naturally arise from its anatomy.
Second, the tactile sensory system is described from the afferent fibers
innervating the hand up to the brain. Third, we review evidence showing that
the central nervous system critically relies on tactile information to
manipulate objects skillfully. Finally, the last section of this chapter presents
the research questions addressed in this thesis.
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1.1. Structure and mechanical properties of the
fingertip
1.1.1. Finger anatomy and functions

Bones and joints

Each fingertip is composed of three segments, except for the thumb,
which has two. Each segment is supported by one bone called a phalanx.
Phalanges are articulated together with highly flexible joints. This
arrangement confers a great strength and mobility to the hand, allowing
many configurations during manipulation.

Subcutaneous tissue

Bones are surrounded by subcutaneous tissue composed of collagen
fibers and lobules of fat (Fig. 1.1). A network of collagen fibers radiating out
from beneath the skin ensures that the finger pad is firmly attached of the
distal phalanx (Hauck et al., 2004). The subcutaneous tissue contains a dense
network of blood vessels and nerves, which supply the skin with blood
irrigation and sensory innervation.

Epiphysis Synovial membrane

Lateral band Extensor
Central tendon § mechanism

Nail matrix Articular cartilage

Nail root Middle phalanx

Eponychium
Sagittal section (cuticle)

Lunule

Nail bed
Flexor

g digitorum
superficialis
tendon

Body of nail

Fibrous tendon
sheath of finger

Synovial (flexor tendon)
sheath of finger

Flexor digitorum profundus tendon
Palmar ligament (volar plate)

Articular cavity

Distal anterior closed space (pulp)

Fig. 1.1. Fingertip anatomy. The fingertip is supported by phalangeal bones
articulated together by flexible joints. The subcutaneous tissue is composed of
lobules of fat and collagen fibers anchoring the finger tissues to the bone. It contains
a dense network of vessels and nerves providing the skin with blood irrigation and
sensory innervation. Glabrous skin constitutes the protective envelope of the finger
as well as a highly sensitive sensory organ. Finally, the fingertip terminates with the
nail, which is anchored deeply in the skin. Adapted from Netter (2014).
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Muscles

The hand contains two types of muscles: intrinsic muscles, both ends of
which lie within the hand, and extrinsic muscles, which take their origin from
the bones in the arm and forearm. As they approach the wrist, the bodies of
extrinsic muscles are replaced by tendons that terminate in the phalangeal
bones. Both types of muscles are involved in manipulation (Jones and
Lederman, 2006).

Skin

The skin covering the hand acts both as a protective envelope and as a
sensory organ. More precisely, it is involved in the following functions
(Peckham et al., 2017):

e Protection: the skin protects the body against UV light,
mechanical, thermal and chemical stresses, dehydration and
invasion by microorganisms.

e Sensation: skin has receptors that sense vibrations, pressure,
pain, and temperature. The human hand is innervated by more
than 17.000 tactile afferent nerves encoding mechanical stimuli
(Vallbo and Johansson, 1984), whose response properties and
functions will be detailed later.

e Thermoregulation: various elements of the skin tissue are
involved in regulating the temperature of the body, like sweat
glands, hair, and adipose tissue.

e Metabolic functions: subcutaneous adipose tissue is involved in
the production of vitamin D and triglycerides.

Two types of skin are found on the human body. The largest part of the
body is covered with hairy skin. However, areas where there is a lot of
abrasion, i.e. fingertips, palms and soles of the feet, are covered with the so-
called glabrous (hairless) skin, which is thicker than the hairy skin. The
glabrous skin on the volar surface of the hand is relatively rigid, but capable
of bending along the flexure lines of the hand when objects are grasped.
These folds enhance the security of the grasp and demarcate the areas of the
hand where the skin is mobile as compared to the adjacent areas that are
tightly bound to the underlying tissue and bones. In contrast, the hairy skin
on the dorsal side of the hand is thin, soft and pliable (Jones and Lederman,
2006; Peckham et al., 2017).
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Structure of the human glabrous skin!

There are three main layers in the skin: the epidermis, the dermis and
the hypodermis (subcutaneous tissue) as illustrated in Fig. 1.9 later in the
text. The epidermis is a thin membrane that forms the outer part of the skin
and is directly in contact with the external environment. It is important for
the protective function of the skin. The basal layers of the epidermis are
folded to form dermal papillae (“pegs”). The epidermis is a keratinized,
stratified, squamous epithelium, which means that it is composed of densely
packed layers of dead keratinized cells that are continuously shed, and
replaced with new cells. The glabrous skin epidermis is further divided into 5
sublayers. Cell divide in the basal layer, and move up to the layers above,
changing their appearance as they move from one layer to the next. It takes
around 2-4 weeks for this to happen. This continuous replacement of cells in
the epidermal layer of the skin ensures that damaged cells exposed to the
environment are continuously replaced by new ones. The epidermis of the
glabrous skin is not smooth but instead folds into epidermal ridges and
valleys forming characteristic patterns at the surface of the skin and
responsible for fingerprints (Fig. 1.2). The periodicity of the ridges is
approximately 400um and sweat pores are found regularly along the ridges
with a spacing of approximately 200-400um.

Pores of sweat
gland ducts
Epidermal
ridge

Fig. 1.2. Epidermal ridges of the glabrous skin responsible for fingerprints. Sweat
pores are found regularly at the top of the ridges. They are the termination of the
sweat ducts from eccrine sweat glands. Adapted from Martini et al. (2012).

! The material from this section is adapted from Peckham et al. (2017) unless
otherwise stated.
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The outermost layer of the epidermis is called the stratum corneum
(“horny layer”). This layer is only composed of dead flattened cells
(“squames”) filled with keratin. It plays an important role in the frictional
interactions between fingertips and objects. The stratum corneum is
particularly thick in the volar side of the fingertips and is thicker in men than
in women. It is thickest at the thumbs (around 400um for men and 300um
for women), which are often in contact with objects. This thickness decreases
linearly towards the little finger where it reaches approximately 300um for
men and 200um for women (Fruhstorfer et al., 2000). In comparison, the
thickness of the stratum corneum in the volar side of the forearm falls down
to around 20um, which is an order of magnitude smaller (Egawa et al., 2007).
Thus, parts of the skin that are more in contact with objects exhibit a thicker
stratum corneum than parts that are less in contact with objects are
therefore less subject to abrasion. Besides, the water content varies
dramatically across the thickness of the stratum corneum, dropping from
approximately 70% at the inner stratum corneum to only 30% at the skin
surface (Bielfeldt et al., 2009). In addition, moisture content of the stratum
corneum is highly variable across individuals and influenced by many factors
(Pires et al., 2016). Variations in the moisture content of the stratum
corneum has dramatic impact on its mechanical properties and thus on the
friction between fingertip and objects, as will be developed later.

Below the epidermis lies the dermis, a thicker inner portion of the skin
involved in sensation, protection and thermoregulation. This is a tough and
hydrated layer with a high water absorption and retention capacity. Water
accounts for 60% of its weight. Beside water, the dermis is composed of
collagen fibers (80% of its dry weight) that give the skin its tensile strength,
and elastin fibers (4% of its dry weight) that provide elasticity and resilience
to the skin (Uitto, 2008). The dermis also contains nerves, blood vessels, and
sweat glands. It extends up into the epidermis in structures called dermal
papillae, which have two functions. First, they help adhesion between the
dermal and epidermal layers. Second, they provide a large surface area to
nourish the epidermal layer, which does not have its own blood supply and
therefore relies solely on the blood supply from the dermis.

Finally, the innermost layer of the skin is the hypodermis, which lies
below the dermis. This layer mainly contains adipose tissue, which has a
metabolic function: it is responsible for the production of vitamin D and
triglycerides.
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Sweat glands

Three major types of sweat glands are found in the skin: the sebaceous
glands, the apocrine sweat glands, and the eccrine sweat glands. The
sebaceous glands secrete an oily substance called sebum to lubricate the skin
and help keep it waterproof. They are associated with hair follicles and are
therefore not found in the glabrous skin. The apocrine sweat glands are
present in the axillae (armpit), breast, perineal, and genital regions. They
start secreting at puberty. The decomposition of their secretion by skin
bacteria produces an acrid odor. They are most active in times of stress and
sexual excitement. They open and secrete into the hair canal. Therefore, they
are also not found in glabrous skin (Peckham et al., 2017; Wilke et al., 2007).

The third type of glands, the eccrine sweat glands, constitutes the
majority of the sweat glands of the human body. They populate the entire
skin but their density is highest in the glabrous skin of the volar side of the
hands, reaching 600 glands per cm?. The morphology of eccrine sweat glands
is illustrated in Fig. 1.9 later in the text. They are formed of a tangled
secretory portion, located deep in the dermis or in the superficial layers of
the hypodermis, followed by an excretory duct that ascends to the superficial
layers of the skin. The excretory duct penetrates an interpapillary peg of the
epidermis, coils into the epidermis and then reaches the surface of the skin
at the top of an epidermal ridge, forming a sweat pore (Fig. 1.2). Eccrine
glands secrete a watery fluid (“sweat”) that contains water, sodium chloride,
potassium, urea ammonia and lactic acid (Peckham et al., 2017; Wilke et al.,
2007). They are stimulated by sympathetic innervation as a result of
fluctuations in body temperature. Secretion can also be induced by emotions
such as anxiety, fear, stress and pain. They play an active role in
thermoregulation by cooling the skin thanks to evaporation of the water
contained in the secreted sweat (Gartner and Hiatt, 2015). They have also
been shown to regulate skin moisture to maximize fingertip friction during
object manipulation (André et al., 2010).

Finger nails

Nails can be used as tools, weapons, or for body care (Finlay, 1988).
These functions are made possible by the combination of their hardness and
flexibility. Nails consist of a strong plate of hard keratin that grows out from
a nail bed. This constant growth ensures that nail portions damaged due to
their interaction with the environment are replaced by new ones, similarly
to what is observed with the human skin (Peckham et al., 2017). Nails must
not be too hard otherwise they would become brittle. Moisture significantly
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influences the hardness of the nail: nails with a higher moisture content are
more flexible and drier nails are more brittle (Farran et al., 2008). Previous
investigations showed that the fingernails are optimally hard and flexible at
ambient moisture levels (Farran et al., 2009). Finally, nails are involved in
mechanosensation, with their tactile discrimination thresholds being
comparable to those of the finger pad for dynamic stimuli and only slightly
worse for static stimuli (Seah et al., 2013).

1.1.2. Intrinsic mechanical properties of the finger pad
The anatomy of the finger pad gives rise to complex mechanical
properties that are described in this section.

Finger pad deformation

During tactile interactions, finger pad experiences large deformations
even at small loads. An indentation depth of 1mm is observed for a flat
indenter pressed with a normal force of 1N (Pawluk and Howe, 1999a). In
addition, the finger pad exhibits a strongly non-linear force-displacement
relationship with hysteresis (Serina et al., 1997). The non-linear stiffening of
the finger pad observed for large deformations is due to the nature of the
collagen fiber networks in the fingertip skin. The collagen fibers themselves
are very stiff (Wenger et al., 2007) but arranged in a randomly coiled fashion
so that they do not carry stresses at rest. When loaded, fibers become
oriented and straightened out in the direction of the load and start carrying
stresses. As more and more of these fibers are loaded, the effective stiffness
of the skin increases (Daly, 1982; Fratzl et al., 1998).

Fingertip skin itself is not a homogeneous medium since the epidermis
folds to form fingerprint ridges. The effective Young’s modulus of the skin
along and across the ridges is markedly different and skin is on average three
times stiffer along the ridges than across them. This allows the skin to
undergo large deformations perpendicularly to the direction of the ridges
while preserving its strength along the ridges. As a result, fingertip skin can
sustain a local relative deformation of 100% in stretching or in shearing
without damage (Wang and Hayward, 2007). Besides, fingerprints have been
shown to shape fingertip skin deformation, with fingerprints aligning
perpendicularly to the tangential loading direction (Delhaye et al., 2016).

Finally, the mechanical properties of the stratum corneum are
dramatically affected by its moisture content. In a dry state, the stratum
corneum is brittle; when hydrated it becomes plastic and highly compliant.
The elastic modulus of the stratum corneum has been shown to vary by two
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orders of magnitude over the range 40%-100% relative humidity (Adams et
al., 2007; Lévéque and Rasseneur, 1988). The plasticization of the stratum
corneum with moisture also dramatically affects its frictional properties as
will be developed in the next section (Pasumarty et al., 2011).

Visco-elastic properties

During dynamic loading, the finger pad exhibits a visco-elastic behavior.
Its mechanical properties are characterized by elasticity for stimulation
frequencies ranging from DC to 100Hz and by viscosity above this frequency
(Wiertlewski and Hayward, 2012). This visco-elastic response of the finger
pad has been measured for normal (Jindrich et al., 2003; Pawluk and Howe,
1999a; Serina et al., 1997) as well as lateral loadings (Pataky et al., 2005).
During unloading, the finger pad displays a non-linear behavior with marked
hysteresis and an exponentially decaying relaxation with a time constant of
about 10s (Pataky et al., 2005; Pawluk and Howe, 1999a; Serina et al., 1997).
Fingertip skin is also locally visco-elastic during loading with a large amount
of hysteretic loss upon unloading (Wang and Hayward, 2007).

Vibration propagation and tuning

Vibrations generated at the fingertips during tactile exploration travel
throughout the hand up to the forearm without losing their information
content. They spread through the tissues via different mechanisms including
bone and tendon conduction and surface waves in the skin. The skin has been
proven to act as a linear medium for wave propagation, therefore allowing
for the application of the principle of superposition when studying vibration
propagation (Fradet et al., 2017). These vibrations allow the tactile system to
capture mechanical events generated at a distance from the transduction
sites, as will be exposed later (Delhaye et al., 2012; Manfredi et al., 2012;
Shao et al., 2016).

Besides, fingerprints also play a role in the transmission and tuning of
vibrations generated during texture exploration. Indeed, they have been
shown to enhance those vibrations in a frequency range corresponding to
the peak sensitivity of tactile afferent fibers involved in the perception of fine
textures (Manfredi et al., 2014; Prevost et al., 2009; Scheibert et al., 2009).

1.1.3. Finger pad tribology
After looking at the intrinsic mechanical properties of the finger pad, this
section focuses on the mechanical behavior of the finger pad in contact with



Chapter 1. Introduction and background | 9

a countersurface. The tribology? of the human skin is inherently complex due
to the layered nature of the skin, its visco-elastic properties and its sensitivity
to humidity (Persson et al., 2013).

Contact area

The surface of the fingertip skin is discontinuous at several length scales.
The epidermal ridges form the gross, visible asperities of the skin. However,
ridges themselves present irregular asperities (Dzidek et al., 2017b). The
roughness of the fingertip skin can therefore be modeled as a random height
profile following a normal distribution with self-similar asperities at different
length scales (Persson, 2007; Persson et al., 2013; Wiertlewski et al., 2016).
Because of this particular roughness profile, the contact area formed by a
fingertip pressed against a flat, smooth and rigid surface can also be
considered at different length scales (Dzidek et al., 2016). The apparent or
gross contact area (Agrqss) is defined as the contour of all asperities in
contact with the countersurface and has an elliptical shape. However, not all
parts of Ay are actually in contact with the surface. The ridge contact area
(Ariage) only considers the ridges in contact with the surface and excludes
the interstitial spaces between them. A;4 4, is therefore smaller than Ay,
and closer to the real contact area A,..4;, formed by the asperities actually
contacting the countersurface. Several studies showed that the real contact
area varies with the normal load W following a power law of the form given
in equation (1.1), where n is the load index and k is a scaling factor (Adams
et al., 2007; Dzidek et al., 2017b; van Kuilenburg et al., 2013). The Hertzian
theory of contact predicts that n has a value of 2/3 for a large elastic sphere
normally loaded against a flat, homogeneous, and elastic surface. Empirical
measurements found values of n ranging from 0.15 to 1.33 (van Kuilenburg
et al., 2013).

Areqr = kW™ (1.1)

The Hertzian theory of contact provides only a simplified view of the
mechanical interactions between two bodies in contact. The JKR model of
adhesive contact extends Hertz’s model by taking into account the presence
of adhesive forces between the two bodies in contact (Johnson et al., 1971).
Another model of adhesive contact extending Hertz’s theory is the DMT
model (Derjaguin et al., 1975; Muller et al., 1983; Pashley, 1984). Recently,

2 Tribology is the science that studies the friction, lubrication, and wear of
interacting surfaces in relative motion.
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these models have in turn been extended to the case of the adhesive contact
of viscoelastic spheres (Haiat et al., 2003; Hui et al., 1998). In future
experiments, these more accurate contact models should be applied to
describe the mechanical behavior of the finger pad in contact with a
countersurface, taking into account adhesive forces at the contact and the
visco-elastic properties of the finger pad. The interested reader will find more
details about the development of the models of adhesive elastic contact in a
recent review (Barthel, 2008).

When the normal loading increases, the apparent contact area Agyqgs
rapidly reaches an ultimate value. However, the contact made by the ridges
Arigge is initially formed from unconnected micro-contacts or junctions,
whose number, size and connectivity increase for several seconds. The real
contact area, which drives the friction at the interface, thus evolves smoothly
for several seconds (Dzidek et al., 2016). This is due to the occlusion
phenomenon arising when the finger pad is pressed against a flat, non-
porous surface like smooth glass. Because the contact is occluded, moisture
excreted by the sweat pores accumulates at the interface between the
fingertip and the surface (Pasumarty et al., 2011). The accumulated moisture
plasticizes the stratum corneum, making it softer and allowing it to better
conform to the countersurface. This causes the increase of the real contact
area with a relatively large time constant in the order of 20s (Adams et al.,
2013; Dzidek et al., 2017a, 2014; Persson et al., 2013). In contrast, when
pressed against a rough surface, the contact is not occluded and moisture
does not accumulate, resulting in a much lower plasticization of the stratum
corneum and therefore a lower increase of the real contact area (Dzidek et
al., 2014).

The apparent contact area Ag,,ss has a value of around 100mm? on
average for a normal load of 1IN. It increases with increasing load as
suggested by equation (1.1) and saturates at values reaching 300mm? above
10N due to non-linear stiffening of the finger pad (André et al., 2011). Under
tangential loading, the apparent contact area systematically decreases
during incipient slip before stabilizing after full slip. This reduction of the
contact area is a consequence of fingertip rolling, i.e. tissues losing contact
with the countersurface during tangential traction. This behavior has been
attributed to the stiffening of the finger pad with the tangential load,
resulting in an increased effective Young’s modulus (Delhaye et al., 2014).
The evolution of the contact area depends on numerous factors including
morphological properties of the fingertips such as intrinsic stiffness and
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curvature of the finger pulp. Therefore, it is highly variable between subjects.
The angle formed between the fingertip and the surface has also been shown
to affect the contact area by modifying the apparent stiffness of the finger
pulp (Serina et al., 1997; Warman and Ennos, 2009).

The pressure distribution within the contact is not homogenous, as
illustrated in Fig. 1.3. At low normal forces, the pressure is characterized by
round profiles, as qualitatively suggested by the Hertzian theory of contact.
However, at higher normal loads the pressure distribution becomes
asymmetric and conical (Fig. 1.3A) (Derler et al.,, 2013). The point of
maximum pressure is shifted towards the distal part of the contact with
increasing normal loading, due to the bone structure underlying the soft
tissues of the finger pad (Fig. 1.3B) (Pawluk and Howe, 1999b).

A - v o] B distal  Total force = 0.5 N
» - tip I

N

12 4 6 8
———— lateral

medial <

Fig. 1.3. Normal pressure distribution within the fingertip contact. (A) Normal
pressure distribution for the index finger pad pressed against a flat surface with a
normal force of 0.25N (top row) and 3.2N (bottom row). Reproduced from (Derler et
al., 2013). (B) Contour plots of the normal pressure distribution for a flat indenter
pressed against the index finger pad with a normal force of 0.5N (left) and 2.2N
(right). Contours indicate increasing pressure levels of 4kPa. Reproduced from
Pawluk and Howe (1999b).

The traction distribution is influenced by the friction of the contact
interface. Contact with a more slippery surface results in a greater amount
of localized slipping and creeping in the contact area than with a surface
exhibiting a higher friction. Therefore, the local traction in the contact is
lower and thus tangential stress in the finger pad is lower (Johansson and
Flanagan, 2009).

The variation of the contact area is faithfully captured by the nervous
system. Indeed, the change of the contact area acts as a proprioceptive cue
(Moscatelli et al., 2016) and helps subjects discriminate surface softness
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(Bicchi et al., 2000). In addition, the variation of the contact area alone can
create the illusion of haptic shape (Dostmohamed and Hayward, 2005).

Friction

Fingertip friction plays a critical role in tactile exploration and object
manipulation. Owing to its visco-elastic properties, friction of the skin does
not follow the classical Amontons-Coulomb’s law of friction stating that the
friction force is (1) directly proportional to the normal load and (2)
independent of the area of contact between the surfaces (Comaish and
Bottoms, 1971). Instead, friction of the fingertip skin is affected by normal
force, contact area, hydration, surface roughness, motion direction and
sliding speed (Tomlinson et al., 2007).

Static coefficient of friction and its dependence on normal force

The friction force F of viscoelastic materials like the skin is explained by
the sum of an adhesive interfacial term Fj;,; and a deformation term F ¢
due to hysteresis (equation (1.2)). Adhesion is due to local bonds occurring
at the asperities of the skin in contact with the countersurface, and Fj;; is
the force required to break these adhesive bonds. The deformation term
Fger arises from the incomplete recovery of the energy dissipated by sub-
surface visco-elastic deformations and visco-elastic stretching of the skin
(Adams et al., 2007; Tomlinson et al., 2007).

F = Fipe + Fdef = Fine (1.2)

Because of the soft and highly deformable nature of the finger pulp, the
fingertip rolls against the countersurface when loaded tangentially. As a
result, the deformation term is small and may be ignored so that only the
interfacial term is considered in the friction force, as expressed in equation
(1.2) (Adams et al., 2007). The friction force of rubbery materials has been
shown to be proportional to the real contact area through the interfacial
shear strength 7 (Schallamach, 1952):

Fint = TArear (1.3)

The static coefficient of friction pgqeic is defined as the ratio of the
friction force to the normal force. The friction force is the force acting
tangentially to the surface required to break all adhesive junctions and thus
cause relative motion between the two bodies in contact. Therefore, psiqtic
corresponds to the ratio of the tangential to the normal force at slip onset.
Combining expressions (1.2) and (1.3) with the definition of pg ;. yields the
following model:
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Hstatic = % i % = % (1.4)
For rough contacts, A,.q; is approximatively proportional to the normal
load W, hence the friction coefficient becomes constant and independent of
the normal load, as predicted by the Amontons-Coulomb’s law of friction. In
the Hertzian theory of contact however, A,.g; is proportional to W?2/3 for a
contact between a sphere and a surface and to W1/2 for a contact between
a cylinder and a surface. In this case, the model of pis4:ic is given by equation
(1.5), where n is the load index and k a scaling factor (Dzidek et al., 2016).

Ustatic = kwn1 (1.5)

This model highlights the dependence of pig¢4tic On the normal force W,
confirming that skin friction does not follow the Amontons-Coulomb’s law of
friction. Empirical measurements made by several previous studies are well
explained by this model, with values of the load index ranging from 0.5 to 1,
i.e. from a purely Hertzian contact to a rough contact (van Kuilenburg et al.,
2013).

The parameters k and n vary with the load range being considered and
do not reflect some material properties of the two bodies in contact (Adams
et al., 2007). For large normal forces, the load index is close to 1 and the
friction is Coulombic. However, for low values of normal force, i.e. below 5N,
the load index becomes smaller than 1 and pgq¢ic increases dramatically
with decreasing normal force (André et al., 2009; van Kuilenburg et al., 2013).

Impact of moisture on fingertip friction

Because of the impact of moisture on the real contact area, which drives
the friction as exposed above, moisture also dramatically affects the friction
at the fingertip contact. It has been observed that in the case of smooth non-
porous surfaces, the friction force increased progressively with occlusion
time until reaching a constant value. This resulted in a temporal evolution of
the parameters k and n in equation (1.5) following a first-order kinetic
relationship with a large time constant of approximately 20s (Dzidek et al.,
2014).

Previous studies quantified the effect of hydration on fingertip friction,
showing that friction was dependent on moisture following a bell-shaped
relationship. When water is added between the fingertip and the
countersurface, friction starts increasing up to a given point. This increase is
due to capillary adhesion between the ridges of the skin and the contacting
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surface. Past this points, the addition of more water reduces the friction
because water begins to form a layer of separation between the fingertip and
the surface (Pasumarty et al., 2011; Tomlinson et al., 2007). Besides, a similar
relationship is observed between friction and the moisture content of the
stratum corneum, with an intermediate level of skin moisture maximizing the
coefficient of friction, which decreases for damper or dryer skin (André et al.,
2009). The increase of friction with skin moisture is due to the plasticization,
i.e. softening, of the stratum corneum, which increases the real contact area
and thus the number of adhesive bonds between the fingertip and the
surface (Pailler-Mattei et al., 2007; Tomlinson et al., 2011). This effect is
larger for smooth and non-porous surfaces like glass than for rough surfaces
because of the larger accumulation of moisture in an occluded contact
(Adams et al., 2013).

Besides, André et al. found that an excess of moisture reduced the
tendency of the contact to slip, regardless of the variations of the coefficient
of friction. For a given contact state, they showed that a 10% increase in the
tangential loading can lead to full slip when skin hydration is low, whereas a
40% increase is needed with a well-hydrated skin (André et al., 2011). They
also showed that fingertip skin moisture is modulated during object
manipulation so as to maximize the coefficient of friction. They hypothesized
that moisture was increased via sweating and reduced via passive
reabsorption in the skin (André et al., 2010).

Dynamic coefficient of friction and the effect of sliding speed

Steady-state sliding is often encountered during tactile exploration, with
a sliding velocity comprised between 1cm/s and 20cm/s (Guest et al., 2012;
Libouton et al., 2010). To quantify friction in these conditions, the dynamic
coefficient of friction is defined as the ratio of the tangential to the normal
force under steady-state sliding of the fingertip against the countersurface.
This dynamic coefficient of friction is affected by sliding speed in a complex
manner. It is maximum at intermediate velocities within the range relevant
to tactile exploration. In addition, the dynamic coefficient of friction varies
also with the hydration level of the contact (Adams et al., 2013; Pasumarty
et al., 2011).

Finally, in some cases no static coefficient of friction can be defined
because the tangential force increases smoothly and monotonically until
reaching a plateau. In these cases, the dynamic coefficient of friction is the
only way to measure friction in a reproducible manner across trials. Appendix
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A presents empirical measurements of the dynamic coefficient of friction on
various materials, including some exhibiting this behavior.

Partial slip

The finger pad is not rigid and undergoes large local deformations when
loaded tangentially against a surface (Delhaye et al., 2016). Contact
mechanics and in vivo experiments highlighted the existence of partial slip,
i.e. localized slippage of the contact before full slip, under tangential loading
of the fingertip. A simplified mechanical model of partial slip is first derived,
and then experimental evidence of this phenomenon is briefly presented.

First, let us assume that the fingertip is a large homogeneous elastic
sphere pressed normally against a flat, rigid countersurface, forming a
circular contact. Under these assumptions, Hertz found that the pressure
distribution at the interface between the sphere and the surface had a profile
given by equation (1.6), where p is the pressure, r is the distance from the
center of the contact, a the radius of the contact, and p, a constant factor
(Johnson, 1985). This pressure profile is illustrated in Fig. 1.4.

(1.6)

p(r)
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Fig. 1.4. Schematic illustration of force profiles during partial slip. Pressure (p, red)
and traction (g, green) profiles under normal (W, red) and tangential (T, green)
loading of an elastic sphere in contact with a rigid surface. The radii of the contact
and no-slip areas are denoted by a and c, respectively. Adapted from (Johnson,
1985) with material from Tada et al. (2006).
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When the elastic sphere experiences tangential loading, the periphery of
the contact, where the pressure is lower, starts slipping while the center of
the contact sticks to the surface, forming a no-slip area. As tangential loading
increases, the circular no-slip zone at the center of the contact reduces until
the whole contact is slipping. A simple expression of the traction profile that
is a close approximation to the actual traction profile at the contact was
found by Cattaneo and Mindlin. It is expressed as the superposition of two
terms derived from the Hertzian pressure distribution: (1) a traction profile
q4(r) in the whole contact area and (2) a similar traction profile g, (r) in the
no-slip area. This traction profile is given by equation (1.7) and it is illustrated
in Fig. 1.4. In this equation, g is the traction, c is the radius of the circular no-
slip area, and u is the coefficient of friction. It is assumed here that the
Amontons-Coulomb’s law of friction is valid locally within the contact.
Therefore, a given point of coordinate 1y sticks to the surface until g(ry) >
up(ry), at which moment it starts slipping.

q(r) = q.(r) + q2(r) (1.7a)
e =upo(1-5) (©O<r<a (1.7)
G2 = —Supo (1-5) (0<r<o) (1.7¢)

This traction profile can be integrated over the whole contact area to find
the radius of the no-slip area as a function of the tangential (T') and normal
(W) forces, as developed in equation (1.8) (Johnson, 1985).

T={[[q(r)drrdo (1.8a)

T = foa 2mr q.(r) dr + foc 2mr q,(r) dr (1.8b)
T = uW (1 - (2)3) (1.8¢)
>t=(1-4) (1.8d)

To easily quantify the amount of slippage within the contact, Tada et al.
introduced the stick ratio (SR), which is defined as the ratio of the no-slip area
to the whole contact area. Under the assumptions made above, SR is related
to the normal (W) and tangential (T) forces according to equation (1.9) (Tada
et al., 2006). Starting from a fully stuck contact (SR = 1) and keeping the
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normal force constant, this model predicts that the increase of the tangential
force will make the no-slip area decrease monotonically until full slip (SR =
0), with slip propagating from the periphery of the contact towards its center
like a bushfire.

2

5 2
SR="5 = (1 - #iw)3 (1.9)

Of course, the finger pad is not a homogenous elastic sphere and the
expressions derived above are not directly applicable to predict the
mechanical behavior of an actual fingertip loaded tangentially against a rigid
surface. However, partial slips have been observed in vivo with the same
gualitative behavior as the theoretical model (André et al., 2011; Delhaye et
al., 2014; Tada et al., 2006), which is illustrated in Fig. 1.5.

loading direction

initial contact preloading transition full slip

Fig. 1.5. Partial slip of fingertip contact under tangential loading. From left to right:
initial stuck contact (dark grey), preloading, slip onset starting at the trailing edge,
growth of the slip region (light grey) from the periphery to the center of the contact,
and full slip. The stick ratio is defined as the ratio of the no-slip area (dark grey) to
the whole contact area. Adapted from André et al. (2011).

1.1.4. Imaging of the fingertip contact

Several optical systems have been developed to image the surface of a
fingertip in contact with a flat glass plate. These systems are based on the
frustrated total internal reflection (FTIR) phenomenon. First, FTIR is briefly
described. Then, different optical systems used to image the fingertip contact
are reviewed.

FTIR is based on the evanescent wave phenomenon. When light is
incident on the interface of two media, it is partly transmitted into the
second medium and partly reflected back to the first. If the second medium
is optically less dense than the first, i.e. has a lower index of refraction, and
if the angle of incidence of the light beam exceeds a critical angle, total
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internal reflection occurs, i.e. the light beam is totally reflected back in the
first medium and it does not propagate in the second medium. However,
even in case of total reflection, the incoming light penetrates a little bit into
the second medium because the electric and magnetic fields cannot be
discontinuous at the interface. The amount of light entering in this way into
the second medium falls off exponentially with penetration depth. This
phenomenon is thus called the evanescent wave even though this is not a
wave properly speaking, because it does not propagate. The penetration
depth of this evanescent wave is of the order of magnitude of the wavelength
of the light, i.e. a few hundred nanometers in the case of visible light. Now,
if a third medium is placed at a small distance to the first medium, reducing
the second medium to a thin film whose thickness is of the same order of
magnitude as the light wavelength, then the incident light is transmitted to
the third medium, thereby reducing the amount of light reflected into the
first medium. This phenomenon is called frustrated total internal reflection
(FTIR) (You et al., 2008; Zhu et al., 1986).

This principle allows imaging the asperities of a fingertip close to a flat,
transparent glass plate up to a few hundred nanometers using visible light.
In this configuration, glass plays the role of the first, optically dense medium,
the thin air gap between the fingertip and the plate is the second medium
and the fingertip is the third medium, disrupting (“frustrating”) the reflection
of the light when close enough to the plate. However, when asperities of the
fingertip are more than a few hundred nanometers away from the plate, the
reflection is not frustrated and all the light is reflected back in the glass.

A first imaging system taking advantage of FTIR is described in Fig. 1.6A.
In this configuration, the glass plate is illuminated sideways and acts as a light
trap. Asperities of the fingertip close to the glass up to a few hundred
nanometers scatter the light out of the glass, which is captured by an imager.
This system produces images with a dark background, i.e. where there is no
contact and thus no scattered light, and a bright picture of the real fingertip
contact area. Wiertlewski et al. showed that the brightness of the image is
strongly correlated with the friction force and that FTIR can thus be used as
a proxy to measure interaction forces at temporal and spatial scales out of
reach to standard force sensors (Wiertlewski et al., 2016). This configuration
has the advantage of being compact and it was integrated into a
manipulandum to study incipient slip of the fingertip contact during object
manipulation (Tada et al., 2000, 2002). However, it produces images with
fuzzy contour of the contact.
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In another configuration using a glass prism, the light reflected in the
glass is imaged instead of the light scattered by the asperities close to the
glass (Fig. 1.6B). This system produces images with a white background
where the fingerprints in contact with the glass appear in black, with a sharp
contour of the contact. Such system was used to measure skin strain during
tactile exploration (Levesque and Hayward, 2003) and to study the effect of
fingertip hydration on the frictional properties of the contact (André et al.,
2011). Images acquired with this system require aspect-ratio correction
because the camera axis is not perpendicular to the contact surface. In
addition, the depth of field of the imager must be large to capture a clear
image of the whole contact (Bochereau et al., 2017).

A variant of the prism-based configuration using normal, coaxial
illumination with the help of a half-mirror was introduced by Tada et al. (Tada
and Kanade, 2004). This system is illustrated in Fig. 1.6C. It offers the
advantage of being more compact than the prism-based version and allows
the glass medium to be easily moved and replaced while still producing a
clear image of the real contact area with sharp contact edges. In addition,
images do not require aspect-ratio correction because the camera axis is
perpendicular to the contact surface. However, the image contrast is lower
than with the prism-based system because of the lesser amount of light
reflected back to the imager. This system has been used to image incipient
slippage of the fingertip contact and to study the effect of normal force and
stroking speed on the evolution of slip in the contact (Tada et al., 2006). Using
a similar configuration, Delhaye et al. studied the evolution of the contact
area, partial slip and surface strains in the contact under four tangential
loading directions with different levels of normal force and tangential speed
(Delhaye et al., 2014, 2016).

Each FTIR-based system has its strengths and weaknesses in terms of
quality of images produced and compactness. A recent study combined
several of these systems into a single experimental setup able to record and
render the forces generated during tactile exploration while simultaneously
imaging the fingertip contact. This system allows measuring the dynamics of
the fingertip contact during exploration of a broad range of textured surfaces
(Bochereau et al., 2017).
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Fig. 1.6. Three optical configurations based on FTIR allowing imaging of the
fingertip contact. (A) Imaging fingertip contact with side illumination of the glass
plate. The resulting image combines light scattered at the points of contact, tissue-
diffused light and reflected light. (B) Prism-based FTIR to image fingertip contact.
Asperities of the fingertip surface close to the plate up to a few hundred nanometers
disrupts reflection of the light and appears black on the image. (C) Optical
configuration using coaxial light source and camera with the help of a half-mirror.
The principle is the same as in panel B but with lower contrast. Adapted from
Bochereau et al. (2017) and Tada and Kanade (2004).
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Finally, FTIR is not the only optical effect that can be used to image the
fingertip contact. Liu et al. demonstrated that optical coherence tomography
(OCT) also allows local imaging of the fingertip contact (Liu et al., 2013). They
used OCT to image sub-surface slices of the fingertip skin, with a depth of
2mm (Fig. 1.7). This technique was used to investigate the relationship
between skin structure and its frictional properties (Liu et al.,, 2015). In
addition, by combining several slices, local 3D imaging of the skin was
possible but only for areas of a few square millimeters (Liu et al., 2017). OCT
therefore offers an interesting view of the real contact area by imaging the
sub-surface structure of the skin, but does not allow imaging of the whole
contact area. Besides, the temporal resolution of OCT is of the order of a few
hertz, i.e. far below the framerate of direct imaging techniques based on
FTIR, which can reach one kilohertz (Bochereau et al., 2017).

stratum
corneum

Fig. 1.7. Optical coherence tomography (OCT) image of the fingertip skin surface
and sub-surface with a depth of 2mm. Fingertip ridges are visible along with sweat
ducts and the stratum corneum. Slice dimensions are 4mm (width) by 2mm (depth).
Adapted from Liu et al. (2013).

1.2. Response properties and functions of tactile
afferent fibers

1.2.1. Overview

The glabrous skin is innervated with several types of tactile afferent
fibers exhibiting markedly distinct response properties. Here we examine the
so-called low-threshold afferent fibers (“tactile afferents”), mediating light
touch. These neurons have myelinated fibers of type AB, characterized by
high conduction velocities ranging between 16m/s to 100m/s (Abraira and
Ginty, 2013). Tactile afferents are classified based on their response to
different stimuli.
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Two broad categories of afferents are defined based on the temporal
dynamics of their response to static indentation: fast-adapting (FA) vs. slow-
adapting (SA) fibers. The former have a phasic response, i.e. respond only to
onset and offset of skin indentation, while the latter have a tonic response,
i.e. maintain firing during sustained indentation of the skin. These two
categories are further refined into the so-called type 1 fibers, which possess
small receptive fields with distinct borders, and type 2 fibers, which exhibit
larger receptive fields with diffuse borders. Four types of tactile afferents are
thus present in the glabrous skin: FA1, SA1, FA2, and SA2. It has been
estimated that approx. 17,000 tactile afferents innervate the human hand, in
the following proportions: 43% FA1, 25% SA1, 13% FA2, and 19% SA2
(Johansson and Vallbo, 1983; Vallbo and Johansson, 1984).

Type 1 afferents innervate the superficial layers of the skin, with a
particularly high density in the fingertips. They are sensitive to small
deformations of the skin, with FA1l afferents encoding dynamic skin
deformations of relatively high frequency and SA1 afferents being stimulated
by continuous and lower-frequency indentation. FA1 afferents are highly
sensitive to dynamic deformations in the 5-50Hz range while SA1 afferents
respond primarily to static and low-frequency deformations below 5Hz.
Beyond these peak sensitivity ranges, these two classes of afferents respond
to a larger spectrum of stimulation frequency.

In contrast, type 2 afferents are found deeper in the skin and innervate
the hand with a lower and roughly uniform density. FA2 afferents are
extremely sensitive to vibrations ranging from 5Hz to about 1000Hz (LaMotte
and Mountcastle, 1975; Mahns et al., 2006; Mountcastle et al., 1972; Talbot
et al.,, 1968) with a peak sensitivity around 250-300Hz (Freeman and
Johnson, 1982; Muniak et al., 2007; Talbot et al., 1968). SA2 afferents
respond to skin stretch and present a low dynamic sensitivity (Johansson and
Flanagan, 2009). These properties are summarized in Table 1.1.

When skin is stimulated, mechanical interactions elicit electrical signals
in the nerves in a process called mechanotransduction. The molecular
mechanisms behind mechanotransduction are still largely unknown.
However, the concept of mechanically-gated ion channels in the membrane
of the sensory neurons mediating mechanotransduction is generally
accepted (Lumpkin and Caterina, 2007). In short, when a cell membrane is
stretched due to the local deformations of the tissue, this activates stretch-
sensitive ion channels in the membrane. The opening of the channels causes
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Table 1.1. Properties of the tactile afferent fibers. Adapted from Abraira and Ginty
(2013), Johansson and Flanagan (2009), Johnson (2002), and Vallbo and Johansson

(1984).

Afferent type
Associated end-
organ

Location of end-
organ

Conduction
velocity
Innervation
density (finger
pad)
Innervation
density (palm)
Effective stimuli

Receptive field
area (measured
with rapid
0.5mm
indentation)
Spatial acuity
Response to
sustained
indentation
Frequency range
of maximum
sensitivity
Stimulus
features
encoded

Small receptive field

FA1

Meissner
corpuscle
Dermal
papillae (close
to skin surface)
26-91m/s

140/cm?

25/cm?

Dynamic skin
deformation
22mm?

3mm
None (rapid
adaptation)

5-50Hz

SA1
Merkel
corpuscle

Tip of

epidermal

sweat ridges

16-96m/s

70/cm?

10/cm?

Static skin
indentation
9mm?

0.5mm
Sustained
(slow
adaptation)
<5Hz

Transmit enhanced

representations of local spatial

discontinuities (e.g. edges and

Braille-like dots).

Large receptive field

FA2

Pacinian
corpuscle
Dermis and
deeper tissues

30-90m/s

20/cm?

10/cm?
Vibration

Entire finger or
hand

>10mm
None (rapid
adaptation)

40-400Hz
(peak around
250Hz)
Respond to
distant events
acting on
hand-held
objects.

SA2

Ruffini
corpuscle
Dermis and
nail border

20-100m/s

10/cm?

20/cm?
Skin stretch

60mm?

>7mm
Sustained
(slow
adaptation)
0-?Hz

Respond to
remotely
applied
stretching of
the skin.

an influx of cations and a local depolarization of the cell, triggering an action
potential if the depolarization is strong enough. The varying sensitivity to
pressure and desensitization rates of the different cation channels may
shape the response properties of the various classes of afferents (Delmas et

al., 2011).
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Afferent class + Receptive field Density Response to
Mechanoreceptors (afferents/cmz} indentation

FA1
%o
Meissner 1

corpuscles '

SA1

Superficial skin layers
Small receptive fields

Merkel
cells

FA2

Pacinian
corpuscles

SA2

Deep skin layers
Large receptive fields

Ruffini
corpuscles

Fig. 1.8. Properties of tactile afferents innervating the human hands. Each fiber is
associated with a specialized end-organ called a mechanoreceptor modulating the
response of the fiber to external stimuli. The receptive fields of single afferents are
represented. Receptive fields of FA1 and SA1 fibers are small oval-shaped spots will
sharp borders. Those of FA2 and SA2 are large with diffuse borders because the
associated mechanoreceptors are located deeper in the skin. FA1 and SA1 fibers
innervate clusters of mechanoreceptors, giving rise to complex receptive fields with
multiple hotspots. FA2 and SA2 innervate only one large receptor cell. Innervation
density of the fibers is represented for the entire hand. A very high density of FA1
and SA1 units are found in the fingertips. Finally, the response of units to static
indentation is presented with the upper part of the diagrams representing the
indentation and the lower part the neural spike train elicited in the afferent in
response to the stimulus. Adapted from Vallbo and Johansson (1984), with material
from Gardner (2010) and Johansson and Flanagan (2009).
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Fig. 1.9. Innervation of the human glabrous skin. Glabrous skin contains three
layers: the epidermis, the dermis and the hypodermis (subcutaneous tissue). The
thickness of the epidermis is fairly constant over the glabrous surface of the hand;
the distance from the skin surface to the dermal papillae is typically 0.6mm, whereas
the distance to the tips of the primary ridges, which contain the sweat ducts and
coincide with prominent ridges (“fingerprints”) on the finger surface, is typically
Imm. The dermis is 2mm to 3mm thick and contains connective tissue
(predominantly collagen and elastin fibers), blood vessels, sweat glands and nerve
plexuses. The hypodermis lies under the dermis, and mainly contains adipose tissue.
The mechanoreceptors associated with the tactile afferent fibers are illustrated on
the figure. The Meissner’s corpuscles are located in the tips of the dermal papillae.
Each corpuscle is innervated by several FA1l afferents and a given FAl afferent
branches in the skin to innervate several Meissner’s corpuscles, giving rise to
spatially complex and overlapping receptive fields. Merkel cells are specialized
epidermal cells located in the tips of the primary epidermal ridges. A single SA1
afferent innervates many Merkel cells on several ridges, also giving rise to complex
receptive fields. Pacinian corpuscles are located in the deeper parts of the dermis
and in the subcutaneous tissues. A single FA2 axon innervates a single Pacinian
corpuscle and, likewise, a single Pacinian corpuscle is innervated by a single FA2
axon. Ruffini corpuscles are supposed to be spindle-shaped receptors innervated by
a single SA2 afferent and constituted of encapsulated strands of connective tissue
and nerve endings. However, their existence in the glabrous skin is questioned and
therefore much controversy remains as of the actual termination of the SA2
afferents. Adapted from Johnson (2002).
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Tactile afferent fibers terminate in specialized end-organs called the
mechanoreceptors. Together with the response properties of the fibers
themselves, mechanoreceptors associated with the fibers help tune the
afferent response to particular features of somatic stimulation. Fig. 1.8
present the mechanoreceptor associated with each afferent class and Fig. 1.9
illustrates their relative location in the skin. There is a common agreement
as of which afferent terminates in which receptor, backed by numerous
neurophysiological and histological studies (see (Abraira and Ginty, 2013;
Iggo and Andres, 1982; Vallbo and Johansson, 1984) for reviews). However,
the precise role played by mechanoreceptors in the mechanotransduction
remains unclear for several afferent classes. In addition, considerable
controversy remains regarding the termination of SA2 afferents, as exposed
in a dedicated section below.

Tactile afferents of type 2 terminate in a single end-organ. However,
afferents of type 1 branch in the skin and innervate a large number of
mechanoreceptors, forming many transduction sites (Fig. 1.9). This gives rise
to spatially complex and multi-hotspots receptive fields, as illustrated in Fig.
1.8. This complex receptive field structure endows first-order tactile neurons
with the capacity to encode the orientation of edges pressed against the
finger pad (Pruszynski and Johansson, 2014; Pruszynski et al., 2017). In
addition, complex receptive fields improve sensing by increasing the
discrimination performance of neurons in the presence of noise (Zhao et al.,
2017).

The receptive field of a tactile afferent viewed as the set of all stimuli
giving rise to the discharge of the afferent is actually much more complex
than the receptive field measured by indenting the skin with a probe in
various locations and counting the number of spikes elicited in the afferent.
Indeed, the information conveyed by tactile afferents depends on many
factors, including the branching of the nerve terminal, the mechanical
properties of the mechanoreceptors and their anchoring in the surrounding
tissue and the overall material properties of the surrounding tissue
(Johansson and Flanagan, 2009). In addition, given that vibrations generated
by the interaction with an object propagate throughout the skin without
losing their information content (Delhaye et al., 2012; Manfredi et al., 2012;
Shao et al., 2016), the actual receptive field of an afferent is considerably
larger than the one probed by local skin indentation and illustrated in Fig.
1.8.
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Finally, for a long time, each tactile afferent class has been attributed a
dedicated function (Johnson, 2001). This overly simplified view of the
functional properties of the tactile system has recently been proved inexact.
Instead, afferents from different classes actually contribute together to many
functions (Birznieks et al., 2001; Jenmalm et al., 2003; Khamis et al., 2014a,
2015, 2014b; Saal and Bensmaia, 2014). In the following sections, the
response properties of the different classes of tactile afferents will be
presented along with the main functions associated with these afferents.
However, this does not mean that a given function is limited to the associated
afferent, but rather that the afferent has the capacity to contribute
effectively to the function given its response properties.

1.2.2. FA1 afferents and Meissner’s corpuscles

FA1 afferents terminate in Meissner’s corpuscles located in the dermal
papillae, close to the surface of the skin (Fig. 1.9) (Cauna, 1956; Paré et al.,
2001). These corpuscles are elongated receptors formed by a connective
tissue capsule that comprises several lamellae of Schwann cells (Fig. 1.10).
The center of the capsule contains 2—6 afferent fibers that terminate as disks
between the Schwann cell laminae, a configuration thought to contribute to
the transient response of these afferent to skin deformation (Iggo and
Andres, 1982). A single Meissner’s corpuscle is innervated by several FA1
afferents. Likewise, FA1 afferents branch in the skin to terminate into several
Meissner’s corpuscles (Paré et al., 2001, 2002a). This gives rise to spatially
complex and overlapping receptive fields (Fig. 1.8) (Vallbo and Johansson,
1984).

FA1 afferents respond to transient deformation of the skin and are four
times more sensitive than the SA1 afferents, but with a lower spatial acuity.
Like SA1, they densely innervate the fingertips. They respond with short
latency to skin stimulations such as the ones caused by tiny slips (Johansson
and Vallbo, 1979; LaMotte and Whitehouse, 1986). This makes these fibers
ideally suited for grip control. Indeed, their relative insensitivity to the static
force and low-frequency vibrations allows them to extract signals related to
transient events arising at the fingertip contact, such as a sudden slip e.g.,
rather than due to the forces required to grip the object (Abraira and Ginty,
2013; Johnson, 2001). They have been shown to contribute to slip detection
between skin and object during grip (Johansson and Westling, 1984, 1987,
Macefield and Johansson, 2003; Macefield et al., 1996) and during tactile
exploration (Srinivasan et al., 1990). In addition, they contribute to the
perception of textures moved across the skin (Weber et al., 2013).
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Fig. 1.10. Schematic representation of a Meissner corpuscle along with the collagen
fibers that connect the basal epidermis to lamellar cells of the corpuscle. When the
skin is deformed, the collagen network deforms the corpuscle (black arrow), which
triggers a train of action potentials that quickly stops because of the adapting nature
of the Meissner receptor. When the stimulus is removed, the corpuscle regains its
shape, which induces another train of action potentials. Reproduced from Albe-
Fessard et al. (1973).

1.2.3. SA1 afferents and the Merkel cell-neurite complex

Unmyelinated terminations of SAl afferents innervate Merkel cells,
which are specialized epidermal cells located in the tips of the primary
epidermal ridges (Fig. 1.9) (lggo and Muir, 1969). Merkel cells play an
essential role in the response of SA1 afferents (lkeda et al., 2014; Maricich et
al., 2009). A single SA1 afferent branches heavily in the skin and innervates a
large number of Merkel cells on several ridges (Paré et al., 2002a), giving rise
to complex receptive fields with multiple hotspots (Fig. 1.8) (Vallbo and
Johansson, 1984). Together, the afferent and the receptor cell form the
Merkel cell-neurite complex. Recent investigations demonstrated a division
of labor in the Merkel cell-neurite complex, with the Merkel cells signaling
static stimuli, such as pressure, and the termination of the sensory afferent
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transducing dynamic stimuli, such moving gratings (Fig. 1.11) (Maksimovic et
al., 2014). As a result, SA1 afferents respond to ramp-and-hold skin
indentation with a burst of spikes followed by a sustained response decaying
exponentially with irregular interspike intervals (Wellnitz et al., 2010;
Williams et al., 2010). However, the Merkel cell-neurite complex does not
account for all the variability in the firing properties of SA1 afferents. Indeed,
the structure of the terminal branching of this afferent has also been shown
to shape its response properties (Lesniak et al., 2014).

®

Merkel cell

Piezo2
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afferent

Stimuli
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Fig. 1.11. Schematic representation of the Merkel cell-neurite complex and its role
in touch reception. The interaction between Merkel cells and the termination of SA1
afferents explains the response to these fibers to sustained indentation of the skin.
Deformation of the skin opens mechanotransduction channels in SA1 afferents (1)
to initiate action potential firing at the onset of dynamic stimuli (2). The presence of
Merkel cells boosts the dynamic response of SA1l afferents. Skin deformation
simultaneously activates the Piezo2 mechanotransduction channels in Merkel cells
(3) to depolarize these cells, which produces calcium entry through voltage-activated
calcium channels (CAv) (4) and release of neurotransmitters (5) that trigger sustained
firing (6). Adapted from Maksimovic et al. (2014).
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Like FA1 afferents, SA1 fibers densely innervate the fingertips (Vallbo and
Johansson, 1984). SA1 afferents have the highest spatial resolution of all the
sensory afferents; individual SA1 afferents can resolve spatial details of
0.5mm. In addition, SA1 afferents respond linearly to the indentation depth
of a pattern scanned across their receptive field (Blake et al., 1997). This high
spatial sensitivity makes them ideally suited for processing information about
form and coarse texture (Johnson, 2001). In particular, SA1 afferents have
been shown to encode pressure (Ge and Khalsa, 2002) and coarse spatial
features like edges (Phillips and Johnson, 1981), curvature (Goodwin et al.,
1995; Jenmalm et al, 2003) and embossed dots patterns like braille
characters (Phillips et al., 1990). Given their sensitivity to static as well as low-
frequency dynamic stimuli, they also participate in texture discrimination
(Maricich et al., 2012).

1.2.4. FA2 afferents and Pacinian corpuscles

Each FA2 afferent terminates in a single Pacinian corpuscle (Paré et al.,
2002a). These corpuscles are large receptors (up to 1mm) located deep in
the dermis or in the subcutaneous tissue (Fig. 1.9). This onion-shaped
receptor is formed of an unmyelinated neurite wrapped by an inner core, an
outer core, and an external capsule (Fig.1.12) (Bell et al., 1994). The fluid-
filled laminar structure of the receptor acts as a mechanical high-pass filter
with a very sharp frequency response (Quindlen et al., 2016), which shapes
the response of the afferent. Indeed, without the Pacinian receptor, FA2
afferents lose their phasic response to tactile stimuli (Loewenstein and
Skalak, 1966).

FA2 afferents adapt more rapidly than FA1 afferents and therefore are
sensitive to higher-frequency stimuli. They have the lowest sensory
thresholds of all tactile afferents, with the ability to detect skin indentations
as small as 10nm at 200Hz (Brisben et al., 1999). This extreme sensitivity
combined with the deep location of their receptor causes the FA2 fibers to
have almost no spatial resolution and a large receptive field that can span an
entire hand with no clear boundaries (Fig. 1.8) (Vallbo and Johansson, 1984).
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Fig. 1.12. Structure of the Pacinian mechanoreceptor. The receptor is formed of an
unmyelinated dendrite wrapped tightly with non-neuronal cells constituting the
inner core. This inner core is surrounded by an outer core also composed of non-
neuronal concentric lamellae with the interlamellar spaces filled with fluid. The outer
core in enclosed by the external capsule of the corpuscle. The fluid-filled laminar
structure of the receptor acts as a mechanical high-pass filter, with the pressure at
the center of the corpuscle being proportional to the deformation velocity.
Reproduced from Bell et al. (1994).

Given their sharp response to high-frequency stimuli and their
insensitivity to low-frequency forces and deformations of the skin, FA2
afferents are well suited to encode skin vibrations (Johnson, 2001). Indeed,
they have been shown to detect vibrations almost as precisely as the
auditory system (Formby et al., 1992). They can capture vibrations generated
in the hand during tactile exploration (Bensmaia and Hollins, 2005, 2003;
Manfredi et al., 2012) and therefore contribute to the perception of fine
textures (Hollins et al., 2001; Manfredi et al., 2014; Weber et al., 2013) and
allow the tactile system to perceive extremely fine surface features (Skedung
et al., 2013). Hand-held tools interacting with the environment generate
high-frequency vibrations (Yoshioka et al., 2007) that can propagate through
the skin without losing their frequency content (Manfredi et al., 2012). FA2
afferents therefore also contribute to the perception of texture explored
with tools or probes as if they were explored with the fingers.
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1.2.5. SA2 afferents and Ruffini corpuscles

SA2 afferents are 2—4 times more sensitive to skin stretch than SA1
afferents and less sensitive to skin indentation (Edin, 1992; Johnson, 2001).
These afferents can fire spontaneously and they respond to ramp-and-hold
skin stimulation with sustained firing with regular interspike intervals. Their
receptive field is larger, with no clear borders (Fig. 1.8) (Vallbo and
Johansson, 1984). Their capacity to encode skin stretch in a robust manner
makes them suited for the following functions. First, in combination with SA1
afferents, they have been shown to encode the motion direction of an object
moving over the surface of the skin causing skin stretch (Olausson et al.,
2000). Second, they capture fingertip joint angle and hand configuration by
encoding the specific patterns of skin stretch caused by each finger or hand
configuration. In this, they present response properties similar to muscle
spindles and joint afferents and are therefore thought to play a role in
proprioception (Edin, 1992, 2004; Edin and Johansson, 1995). Third, a special
type of SA2 afferents found in the border of the nail has been shown to
encode forces applied to the fingertip, therefore conferring them a role in
object manipulation (Birznieks et al., 2009).

Despite the clear role played by SA2 afferents in proprioception and
object manipulation through their capacity to encode skin stretch,
considerable controversy remains regarding the precise mechanisms
mediating the response of these afferents. For a long time, SA2 afferents
have been hypothesized to terminate in Ruffini corpuscles (Iggo and Andres,
1982). These corpuscles are elongated spindle-shaped receptors of relatively
large dimensions (0.5mm to 2.0mm in length and 50-200um in diameter)
containing collagen bundles that are closely intermingled with highly
branched, thin endings supplied by a large myelinated axon. They have been
identified as the SA2 cutaneous mechanoreceptors in the cat, with discharge
properties of the axons innervating Ruffini corpuscles presenting the same
functional characteristics as SA2 afferents (Chambers et al., 1972). However,
there is no evidence that SA2 afferents terminating in the human glabrous
skin are associated with Ruffini corpuscles (Paré et al., 2002a, 2003). In
addition, unlike other classes of afferents, the electrical stimulation of SA2
fibers does not evoke robust and reproducible sensations in human subjects
(Vallbo et al., 1984). Therefore, the actual ending of SA2 afferents remains
unknown. It is possible that several sub-classes of SA2 afferents exist, with
different terminations. However, it is very unlikely that all SA2 afferents
terminate in Ruffini corpuscles.
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1.2.6. Up to the brain

Innervation of the human hand

The human hand is innervated by the radial, ulnar and median nerves.
These nerves contain both efferent and afferent nerve fibers, conveying
signals from and to the central nervous system, respectively, i.e. motor and
sensory signals. Muscles involved in the precision grip are innervated by the
radial nerve (fingers extension) and the median nerve (fingers flexion).
Regarding sensory innervation (Fig. 1.13), the radial nerve innervates the
radial portion of the dorsal side of the hand and the dorsal surface of the
thumb. It also supplies sensibility to the dorsal surfaces of the index finger
and the radial half of the middle finger. The median nerve innervates the
palmar surface of the thumb, index and middle fingers and the radial side of
the ring finger. The ulnar nerve innervates the little finger and the ulnar half
of the ring finger on the palmar surface as well as the dorsal side of the hand
over the ulnar half of the middle finger and over the ring and little fingers
(Jones and Lederman, 2006).

A Anterior (palmar) view

Ulnar nerve
Radial nerve

Fig. 1.13. Sensory innervation of the human hand. (A) Anterior (palmar) view. (B).
Posterior (dorsal) view. Reproduced from Netter (2014).

The medial lemniscal pathway

The axons of the mechanosensory afferents grouped in the radial, ulnar
and median nerves enter the spinal cord through the dorsal roots. These first-
order neurons ascend ipsilaterally through the dorsal columns of the spinal
cord to the brainstem, where they synapse on neurons in the cuneate
nucleus of the medulla (Fig. 1.14). The second-order neurons in the cuneate
nucleus send their axons to the contralateral somatic sensory portion of the
thalamus. More precisely, they project in the ventral posterior lateral nucleus
(VPL), where they synapse with thalamic neurons on the other side of the
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body. Finally, third-order neurons in the VPL send their axons to the cerebral
cortex, in a region known as the anterior parietal cortex (APC) (Purves et al.,
2012).

Cortex

Thalamus

Cuneate nucleus

Brainstem

Merkel cell // .
AN 7 Pacinian corpuscle
’w Meissner corpuscle

Fig. 1.14. Medial lemniscal pathway conveying mechanosensory information from
the upper limb to the brain. Sensory information from the hand is conveyed from
the peripheral transduction sites in the upper limb by the radial, ulnar and median
nerves into the central nervous system. First-order neurons from the hand synapse
in the cuneate nucleus of the medulla on second-order neurons. In turn, these
second-order neurons synapse in the ventral posterior lateral nucleus (VPL) of the
thalamus on third-order neurons that reach the anterior parietal cortex (APC) in
Brodmann areas 3b and 1. Adapted from Saal and Bensmaia (2014) (original drawing
from Christopher Raney).
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The cerebral cortex

Signals elicited by tactile interactions ultimately reach the anterior
parietal cortex (APC) in Brodmann areas 3b and 1. The APC is organized
somatotopically, i.e. signals coming from different parts of the body are
processed in separate regions. Parts of the body that are important for tactile
discrimination, such as the tip of the tongue, the fingers, and the hand, have
disproportionately large representations reflecting greater degrees of
innervation (Kandel et al., 2000).

Signals from several classes of tactile afferents converge in the APC. Most
neurons found in this brain region are neither slow adapting nor fast
adapting but present a continuum of adaptation rates, with their response
to skin indentation being explained by a combination of SA1 and FA1l
responses (Pei et al., 2009). This convergence supports the hypothesis of a
functional segregation of somatosensory neurons rather than a segregation
based on the class of afferents that project to them (Saal and Bensmaia,
2014). In consequence, the brain is able to extract high-level features of
tactile stimuli, which are briefly reviewed in the next section.

Besides the Brodmann areas 3b and 1, whose neurons respond primarily
to cutaneous stimulations, the APC is also composed of two other areas,
namely 3a and 2. Neurons in area 3a have a proprioceptive response, i.e. they
respond primarily to muscle stretch and joint motion. Neurons in area 2
exhibit both cutaneous and proprioceptive responses (Taoka et al., 2000).

Behavioral studies indicate that the APC plays a crucial role in grasp
control. Indeed, disturbances in the hand-related region of the contralateral
APC induced via transcranial magnetic stimulation (TMS) delay the parallel
increase in grip and load forces during object lift, resulting in a longer
duration of the pre-load phase, presumably because of a disturbed
processing of the somatosensory information (Lemon et al., 1995). Similarly,
TMS-induced virtual lesions in the primary motor cortex (M1, corresponding
to Brodmann area 4) affect the temporal relationship between changes in
grip and load forces (Schabrun et al., 2008). Moreover, TMS-induced
perturbations on the left anterior intraparietal area and the left dorsal
premotor cortex also affect the coordination between grip and load forces
during grasp control (Davare et al., 2006, 2007). Finally, the posterior parietal
cortex has also been shown to be involved in the coordination of fingertip
forces for grasp stability in manipulation (Ehrsson et al., 2003).
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A detailed description of the cortical areas involved in grasp control is
beyond the scope of this text. More information on this topic is available in
review papers for the interested reader (Davare et al., 2011; Grafton, 2010).
The important information from this section is that grasp control is a complex
process that results from the interaction of many brain areas and relies on
multiple sensory modalities, including touch, proprioception, and vision, as
well as on sensorimotor memories (Johansson and Flanagan, 2009).

1.2.7. The richness of high-level tactile perception

The integration of signals from several classes of afferents endows the
central nervous system with the capacity to extract complex and high-level
features of the tactile stimuli. For instance, FA1 and SA1 afferents combine
their high temporal and spatial resolution, respectively, to provide the
central nervous system with a precise image of the shape of surfaces stroking
the skin.

Similarly, signals from several classes of tactile afferents are combined in
the encoding of the following features: stimulus intensity (Bensmaia, 2008;
Muniak et al., 2007), texture (Weber et al.,, 2013), surface curvature
(Jenmalm et al., 2003), slip between fingertip and object during manipulation
(Johansson and Westling, 1987) or tactile exploration (Srinivasan et al.,
1990), and forces and torques applied to the finger pad (Birznieks et al., 2001,
2009, 2010; Paré et al., 2002b). This makes sense because these physical
stimuli are prone to excite afferents from several classes, each class being
sensitive to the stimuli in its own way. Therefore, the combination of signals
from different classes of afferents enables the brain to form a more accurate
image of the features listed above than would be possible by relying only on
one afferent class.

Building upon the many features captured by the peripheral tactile
system, the brain is able to extract abstract features of the stimuli such as
tactile speed (Dallmann et al., 2015; Moscatelli et al., 2014; Salada et al.,
2004), friction (Johansson and Westling, 1984; Smith and Scott, 1996), object
shape (Hsiao, 2008), surface roughness (Boundy-Singer et al., 2017;
Goodman and Bensmaia, 2017), or edge orientation (Pruszynski and
Johansson, 2014; Pruszynski et al., 2017).

In conclusion, the complex neural circuitry underlying the tactile system
provides us with a rich and multi-dimensional perceptual probe (Hayward,
2011) to sense our environment, the understanding of which is still in its early
stages.
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1.3. Tactile feedback in object manipulation

Humans are able to manipulate objects with high dexterity. They can
optimally adjust the grip force (GF) exerted on objects to the object load and
to the fingertip contact friction (Cadoret and Smith, 1996; Flanagan and
Wing, 1997; Westling and Johansson, 1984). The control of GF relies on many
factors, including the mechanical properties of the contact surface
(Johansson and Westling, 1984), the sensory information provided by tactile
afferents (Witney et al., 2004), proprioceptive afferents (Macefield and
Johansson, 2003), and vision (Diamond et al., 2015; Johansson et al., 2001),
and the expected dynamics of the object, also called internal models
(Flanagan et al., 2006; Wolpert and Flanagan, 2001). Therefore, two distinct
control processes interact during manipulation: (1) feedforward control
based on predicted object dynamics, and (2) feedback control based on
sensory information sent to the central nervous system (CNS). It is believed
that these two processes are combined in a Bayesian integration process in
which each signal is given a relative importance proportional to its reliability
(Crevecoeur et al., 2010; Kording and Wolpert, 2004). For instance, during
the early moments of object grasping, GF is controlled in feedforward
because of the lack of sensory information due to the large delays in the
sensorimotor control loop (approximately 100ms) (Miall et al., 1993).
However, the CNS soon uses the sensory feedback arising from the tactile
and proprioceptive afferents to adapt its motor commands to the behavior
of the object.

Proprioceptive feedback arises from fast-conducting myelinated
afferents that provide information about joint configurations and muscles
states. More precisely, proprioceptive afferents can convey information
about joint kinematics and torques (Binder et al., 2009) and complex signals
linked to muscle dynamics and coupling between muscle groups (Dimitriou,
2014; Dimitriou and Edin, 2010). Mechanical perturbations to the digits
evoke a well-known series of events starting with the spinal stretch response,
followed by long-latency responses known to express flexible and task-
specific modulation (Macefield and Johansson, 1996; Manning and Bawa,
2011; Marsden et al., 1976; Rothwell et al., 1982). In addition, perturbations
to the upper limb during manipulation evoke a coordinated response in arm
and hand muscles starting at around 60ms (Crevecoeur et al., 2016).

Tactile feedback arises from tactile afferents innervating the hand and
arm that have been described in the previous section. Given the complex
response properties and receptive fields of these afferents, their response is
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modulated simultaneously by several parameters relevant to object
manipulation, such as the shape and curvature of the contacting object, the
position of contact on the skin, and the magnitude and direction of contact
force (Goodwin and Wheat, 2004). Therefore, all classes of tactile afferents
contribute to object manipulation, so that it is difficult to assess how a given
parameter is encoded in the neural signals (Saal and Bensmaia, 2014). FA1
afferents have been shown to respond to transient slip during manipulation
(Westling and Johansson, 1987). Together with SA1 afferents, they also
encode object curvature (Jenmalm et al., 2003), and forces and torques
applied on the object by the fingers (Birznieks et al., 2001, 2010). FA2
afferents being sensitive to vibrations, they respond during initial contact
between fingers and object (Westling and Johansson, 1987), and to
vibrations generated by slips between fingers and object (Johansson and
Westling, 1987; Srinivasan et al., 1990). Because these vibrations propagate
through the tissues, tactile responses are also evoked in FA2 afferents away
from the contact (Manfredi et al., 2012). Finally, SA2 afferents in the borders
of fingernails encode fingertip forces (Birznieks et al., 2009) whereas other
SA2 afferents contribute to proprioceptive feedback (Edin, 1992; Edin and
Johansson, 1995).

Previous studies demonstrated the importance of tactile feedback during
manipulation. First, the loss of tactile feedback through digital anesthesia
disrupts GF control even when subjects had prior experience with the object
(Augurelle et al., 2003; Monzée et al., 2003). Second, there is evidence that
tactile feedback not only assists GF control in providing information about
the state of the fingertip contact but also plays a critical role in providing a
tonic excitatory drive to intrinsic hand muscles, which is required to set and
maintain the background level of GF (Augurelle et al., 2003; Witney et al.,
2004). Besides, tactile feedback has been shown to trigger corrective motor
responses during manipulation (Birznieks et al., 1998; Garnett and Stephens,
1980; Macefield and Johansson, 2003; Macefield et al., 1996; Pruszynski et
al., 2016). Therefore, it is clear that tactile signals contribute to online
feedback control of GF. In addition, a continuous tactile feedback is required
for efficient manipulation in order to not only update but also maintain
internal models driving anticipatory (feedforward) control of GF (Witney et
al., 2004).

However, it is not clear how proprioceptive and tactile signals are
integrated within sensorimotor control loops, even though there is evidence
that each sensory system contributes to force control during manipulation.
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A recent study attributed distinct roles to proprioceptive and tactile afferents
during online control of finger forces, with proprioception being involved in
a rapid, automatic sensorimotor response, and tactile signals driving a
slower, goal-directed response (Crevecoeur et al., 2017). There is evidence
that multiple sensory modalities are integrated within the CNS using
maximum-likelihood estimation (Ernst and Banks, 2002). However, beyond
that, the neural mechanisms of multisensory integration during GF control
remain a puzzle.

Observing that manipulation tasks are characterized by a sequence of
action phases separated by contact events that define task subgoals,
Johansson and colleagues proposed that the CNS implements a “discrete-
event sensory-driven control policy” to control manipulation. This control
model seeks to explain how predictive feedforward mechanisms integrate
somatosensory and visual information with expected object properties and
sensorimotor memories to control manipulation in a robust, yet flexible
manner (Johansson and Cole, 1992; Johansson and Flanagan, 2009). In this
model inspired by finite-state control systems in engineering, a given
manipulation task like grasping and holding an object is divided into subtasks
separated by discrete control points where actual and expected sensory
information are compared. For instance, the subtasks would be to reach,
load, lift and then hold the object. The goal of the initial reach phase is
marked by the digits contacting the object and the goal of the subsequent
load phase is marked by the breaking of contact between the object and the
support surface. Therefore, in addition to generating motor commands, each
action-phase controller predicts the sensory events that signify subgoal
attainment. Mismatches between actual and expected sensory events
trigger corrective actions, providing flexibility to the overall control scheme.
This model does not explain, however, why tonic input, i.e. continuous
activation, from tactile afferents is necessary for successful force
coordination during manipulation (Witney et al., 2004).

As suggested by the discrete-event control policy, feedforward and
feedback control processes are not opposed but complementary during
manipulation, with sensory feedback signals updating predictions of internal
models and feedforward control compensating for the delays and noise
between peripheral sensory receptors and the central nervous system. Even
though statistical frameworks based on Bayesian integration (Kérding and
Wolpert, 2004) and computational frameworks based on optimal control
(Scott, 2004) have been proposed to explain how these two control schemes
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are integrated, much work remains to be done to understand precisely the
interplay between these two processes during manipulation.

1.4. Thesis content

1.4.1. Open questions

During object manipulation, the minimum grip force required to avoid
object slippage depends on the frictional properties of the fingertip contact.
Therefore, fingertip friction should be measured and taken into account
when seeking to understand subjects' performance during manipulation.
Friction is affected by the complex mechanical properties of the fingertip and
in particular, it has been shown to vary dramatically with the contact force.
However, no method is available to date that allows a rapid and reproducible
measure of fingertip friction, taking into account its dependence on normal
load.

Partial slips have been shown to arise systematically prior to full slip
under tangential loading of the fingertip. Although the mechanics of partial
slips is well characterized, the perception of such events remains unclear as
well as the mechanisms allowing subjects to perceive slip under their
fingertip.

Besides, tactile feedback plays a critical role during object manipulation.
This feedback arises from the precise response of the tactile afferents to the
complex mechanical deformations of the finger pad during manipulation.
However, very few studies monitored the mechanical behavior of the
fingertip contact during manipulation. In addition, it is not clear how partial
slips and surface deformations at the finger contact are encoded in the tactile
system.

To address these gaps, a series of studies were performed with the
following research questions in mind:

- Given that fingertip friction is affected by fingertip morphology and
properties like the intrinsic level of skin hydration that varies from
subject to subject, how to quickly measure fingertip friction with a
given subject, including its dependence on the normal force?

- What are the physical factors influencing the perception of fingertip
slip? Given the smooth transition from stick to slip on smooth
surfaces, are subjects able to perceive fingertip slip before full slip?
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- Given the systematic occurrence of partial slips under tangential
loading of the fingertip in passive conditions, are partial slips also
present during active object manipulation? If so, do they provide
relevant information to the central nervous system that would help
it to control finger forces during manipulation?

- How are skin deformations caused by partial slips encoded in the
somatosensory periphery?

1.4.2. Overview

In this introduction (Chapter 1), we present the general context of the
work by reviewing the current knowledge about mechanical properties of the
finger pad, the structure and functions of the tactile system, and its role
during object manipulation. In Chapter 2, we describe a novel method
allowing the static coefficient of friction at the fingertip contact to be
measured easily, taking into account its dependence on the normal load. In
addition, we explain how this measure allows the static coefficient of friction
and therefore the safety margin to be estimated during manipulation. In
Chapter 3, we examine the perception of partial slip by human subjects as
well as the physical parameters involved in fingertip slip perception. Based
on the observations made in this study, a new mechanism of slip perception
on smooth surfaces is proposed. In addition, it is demonstrated that subjects
have the ability to anticipate full slip of the fingertip contact. This has
functional consequences for object manipulation because this early slip
detection may allow subjects to correct their grip force before dropping the
object. To investigate the dynamics of partial slips and surface strains at the
fingertip contact during manipulation, we built a novel manipulandum
combining sensing of the forces applied by the fingers holding the object and
imaging of the fingertip contact. This device is described in Chapter 4 along
with preliminary results highlighting the presence of partial slips during
manipulation. To better understand how tactile feedback arises from finger
pad mechanics during manipulation, Chapter 5 examines tactile afferent
responses elicited by strain patterns produced at the surface of the skin
under fingertip shearing in conditions compatible with object manipulation.
Finally, in Chapter 6, we summarize the contributions of this thesis, we
identify new research questions that are worth investigating, and we discuss
potential applications of the work.
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1.4.3. Publications and communications

Journal papers
Simple and reliable method to estimate the fingertip static coefficient of
friction in precision grip. Barrea* A., Cérdova Bulens* D., Lefévre P., and
Thonnard J.-L. (*) equal contribution. IEEE Transactions on Haptics (2016)
9(4): 492-498.
http://dx.doi.org/10.1109/TOH.2016.2609921

This paper is presented in Chapter 2.

Surface strain measurements of fingertip skin under shearing. Delhaye B.P.,
Barrea A., Edin B.B., Lefévre P., and Thonnard J.-L. Journal of the Royal
Society Interface (2016) 13: 20150874.
http://dx.doi.org/10.1098/rsif.2015.0874

My contribution to this paper was to participate in the development of
the image analysis code and of the theoretical model of the deformations
within the fingertip contact. In addition, | contributed to the drafting of the
manuscript.

Multisensory components of rapid motor responses to fingertip loading.
Crevecoeur F., Barrea A,, Libouton X., Thonnard J.-L., and Lefévre P. Journal
of Neurophysiology (2017) 118(1): 331-343.
http://dx.doi.org/10.1152/jn.00091.2017

My contribution to this paper was to measure the deformations
occurring in the fingertip contact during stimulations and to contribute to the
drafting of the manuscript.

Submitted paper
Perception of partial slips under tangential loading of the fingertip. Barrea
A., Delhaye B.P., Lefevre P., and Thonnard J.-L. Submitted to Nature Scientific
Reports.

This paper is presented in Chapter 3.

Conference communications
A simple and reliable method to measure the fingertip coefficient of friction
at different levels of grip force. Barrea* A., Cordova Bulens* D., Leféevre P.,
and Thonnard J.-L. (*) equal contribution. 24" Annual Meeting of the Society
for the Neural Control of Movement, Amsterdam, The Netherlands (2014).
Poster presentation.


http://dx.doi.org/10.1109/TOH.2016.2609921
http://dx.doi.org/10.1098/rsif.2015.0874
http://dx.doi.org/10.1152/jn.00091.2017
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Perception of partial slips under tangential loading of the fingertip. Barrea
A., Delhaye B.P., Lefévre P., and Thonnard J.-L. 45" Annual Meeting of the
Society for Neuroscience, Chicago, IL (2015). Poster presentation.

Perception of partial slips under tangential loading of the fingertip. Barrea
A., Delhaye B.P., Lefévre P., and Thonnard J.-L. Eurohaptics 2016 (10%
International Conference on Haptics), London, UK (2016). Work-in-progress
paper and poster presentation.

Human tactile afferent responses to skin strain patterns caused by fingertip
shearing. Barrea* A., Jarocka* E., Lefevre P., Thonnard J.-L., Edin B.B., and
Delhaye B.P. (*) equal contribution. 46" Annual Meeting of the Society for
Neuroscience, San Diego, CA (2016). Poster presentation.

Finger pad mechanics during dexterous object manipulation. Barrea A,
Delhaye B.P., Lefévre P., and Thonnard J.-L. IEEE World Haptics Conference
2017, Munich, Germany (2017). Work-in-progress paper and poster
presentation. Best work-in-progress paper award.






CHAPTER 2

Simple and reliable method to
estimate the fingertip static
coefficient of friction in precision grip

“The heart of science is measurement.”

Erik Brynjolfsson

Published as: A. Barrea*, D. Cordova Bulens*, P. Lefévre and J.-L.
Thonnard, "Simple and Reliable Method to Estimate the Fingertip Static
Coefficient of Friction in Precision Grip," in IEEE Transactions on Haptics, vol.
9, no. 4, pp. 492-498, Oct.-Dec. 2016. (*) equal contribution.

The static coefficient of friction (Wsatc) plays an important role in
dexterous object manipulation. Minimum normal force (i.e., grip force)
needed to avoid dropping an object is determined by the tangential force at
the fingertip-object contact and the frictional properties of the skin-object
contact. Although frequently assumed to be constant for all levels of normal
force (NF, the force normal to the contact), Usatic actually varies nonlinearly
with NF and increases at low NF levels. No method is currently available to
measure the relationship between Usatic and NF easily. Therefore, we
propose a new method allowing the simple and reliable measurement of the
fingertip Ustatic at different NF levels, as well as an algorithm for determining
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Mstatic from measured forces and torques. Our method is based on active,
back-and-froth movements of a subject’s finger on the surface of a fixed six-
axis force and torque sensor. Wstatic is computed as the ratio of the tangential
to the normal force at slip onset. A negative power law captures the
relationship between psatic and NF. Our method allows the continuous
estimation of Psttic as a function of NF during dexterous manipulation, based
on the relationship between pitatic and NF measured before manipulation.

2.1. Introduction

Humans have the remarkable capacity to manipulate small objects with
great dexterity. In precision grip (i.e., when holding an object between the
thumb and index finger), contact forces at the fingertip-object interface are
typically decomposed into two components: the force normal to the object’s
surface and directly controlled by the subject (normal force, NF), and the
force tangential to the object’s surface and resulting from the object’s weight
an inertial forces (tangential force, TF) (Johansson and Westling, 1984). To
ensure a stable grasp of the object under predictable conditions, the central
nervous system continuously scales and synchronizes NF to the varying TF
(Flanagan and Wing, 1993, 1995).

To examine how NF follows the variations of TF, Westling and Johansson
introduced the concept of the “safety margin”, defined as the difference
between the exerted NF and the minimum NF that would prevent slippage
(Westling and Johansson, 1984). This indicator is widely used when
examining human performance in dexterous manipulation tasks (Augurelle
et al., 2003; de Freitas et al., 2009; Hadjiosif and Smith, 2015). To compute
the safety margin, one must measure the instantaneous NF and estimate the
minimum NF necessary to prevent object drop. The latter is achieved by
measuring the static coefficient of friction (Uswtic) at the fingertip-object
contact. In precision grip, Ustatic is defined as the ratio of TF over NF when the
object starts slipping.

In contact mechanics, Amontons’ law describes frictional forces as being
proportional to the applied load and independent of the apparent contact
area (Gao et al., 2004). This property indicates that psatic is constant and
independent of the normal force (i.e., the force perpendicular to the contact
surface). However, several studies have reported that the human skin Wstatic
varies nonlinearly with normal force (Adams et al., 2007, 2013; André et al.,
2009; van Kuilenburg et al., 2013), such that Amontons’ law cannot be
applied to fingertip-object contact. Normal force varies continuously during
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object manipulation, in order to compensate for inertial forces. Therefore, to
obtain a good estimate of pstatic at each moment during a manipulation task,
Mstatic Must be measured at the fingertip-object interface for the whole range
of normal force variation.

To evaluate the fingertip Mstatic, the slip onset must be accurately
detected. Several methods for this detection have been developed. The most
popular method in dexterous manipulation is the one proposed by Westling
and Johansson in (Westling and Johansson, 1984). In this seminal study, the
authors asked subjects to grasp and lift an instrumented manipulandum with
the thumb and index finger. Then, subjects released the grip slowly until the
object dropped.

Despite its popularity, this technique suffers from several drawbacks.
First, it does not account for the dependence of Ustic on NF. Indeed, inertial
forces are negligible in this method and therefore NF at slip onset is only
determined by the weight of the manipulated object. Second, the
measurements vary significantly between trials. Indeed, the slip onset is very
difficult to detect because of the rapid variation of force signals at this
moment. Thus, obtaining a reliable estimate of Wstatic with this method would
require very long and tedious testing, with numerous repetitions to
compensate for variability and different manipulandum weights to test
different values of NF. Finally, this method requires fine motor coordination.
Therefore, it is difficult to use with patients exhibiting motor impairments or
with children.

To overcome these limitations, André et al. proposed a method able to
capture the dependence of psttic on NF in (André et al., 2009). They asked
subjects to pinch a manipulandum equipped with force sensors between the
thumb and index finger, and to maintain NF at a prescribed level. Then,
springs connected to the manipulandum were loaded by a linear actuator,
which progressively increased TF. This caused the fingers to slip on the
contact surface. Although this procedure allows pstatic to be measured for
several values of NF, it also has some shortcomings. Specifically, this method
requires a dedicated device to move the manipulandum, and the procedure
cannot be carried out quickly. Similarly to this method, other studies have
also investigated the idea of moving the contact surface relative to the finger
with an actuator (Han et al., 1996; Savescu et al., 2008).

In short, Wsttic is necessary to estimate the safety margin in dexterous
manipulation, and varies with NF. However, no method is currently available



48 | Chapter 2. Simple method to estimate friction in precision grip

that is able to capture quickly the dependence of pswtic on NF. Here, we
propose a new method to measure WUsttic While accounting for the effect of
NF. This method enables the continuous estimation of pstatic during dexterous
object manipulation, based on the relationship between sttc and NF
measured before manipulation. Our experimental procedure is accompanied
by a dedicated algorithm able to detect slip onsets automatically from the
data in order to compute static.

2.2. Material and methods

2.2.1. Subjects

Twelve healthy subjects (age: 18-60 years; 9 men, 3 women)
participated in the study. All subjects provided informed consent to
participate in the procedure, which was approved by the local ethics
committee.

2.2.2. Apparatus

For this experiment, we used a manipulandum (Fig. 2.1A) equipped with
two six-axis force and torque sensors (Mini-40 F/T sensors, ATl Industrial
Automation, NC, USA) covered with Kapton polyimide film (DuPont, DE,
USA). The manipulandum was fixed on a table (Fig. 2.1B). Forces and torques
were recorded at a rate of 1kHz with resolutions of 1/50N (for force) and
1/4000Nm (for torque). A screen, placed in front of subjects, provided real-
time visual feedback of the average NF applied on the manipulandum by the
thumb and index finger.

The fingertip moisture of the subjects was measured with a dedicated
moisture sensor (Corneometer CM 825, Courage + Khazaka electronic GmbH,
Kéln, Germany), measuring moisture content at the level of the stratum
corneum. This sensor provides measures ranging from 20 to 120 arbitrary
units, a higher number corresponding to a moisture skin (Fluhr et al., 1999;
Heinrich et al., 2003).



Chapter 2. Simple method to estimate friction in precision grip | 49

A

—

Y

X

B

TF
NF

C Position
-
7
Time

Fig. 2.1. Setup. (A) Manipulandum used for the experiment. The manipulandum was
equipped with two six-axis force and torque sensors (shaded in gray), which were
covered with Kapton polyimide film (DuPont, DE, USA). (B) Subjects pinched the
manipulandum, which was fixed on a table, between their thumb and index finger.
Fingertip-object interaction forces were decomposed into components normal (NF)
and tangential (TF) to the sensor surface. (C) During trials, subjects performed
vertical back-and-forth movements with their hand without releasing their grip. Blue
curve shows the vertical trajectory of a finger moving on a force sensor.



50 | Chapter 2. Simple method to estimate friction in precision grip

2.2.3. Experimental procedure

Before performing the experiment, all subjects washed their hands using
water and soap. The hands were rested for approximately 10 minutes, to
allow the skin to regain its natural hydration level. Subjects sat in front of the
table to which the manipulandum was fixed. The temperature in the room
was kept constant at 21°C. During a typical trial, subjects pinched the fixed
manipulandum and performed five vertical back-and-forth movements with
their hand at moderate speed without releasing their grip (Fig. 2.1C). with
the help of visual feedback, subjects were asked to adjust their NF to a given
reference level at the beginning of each trial, and to maintain their NF close
to this reference level throughout the trial. Subjects were invited to rub the
manipulandum at a moderate pace. The measured rubbing speed ranged
between 5 and 15mm/s. After completing five vertical back-and-forth
movements, subjects stopped rubbing the manipulandum and released their
grip. Moisture levels of the thumb and index finger were measured at the
beginning of the experiment and after each trial. Forces and torques were
continuously recorded during trials.

Reference NF levels for the five trials were 0.5, 1, 2, 4, and 8N. This range
was tested in a previous study (André et al., 2009), which found that static
varied dramatically with NF values below 5N. Subjects found it difficult to
maintain their NF precisely at the instructed level during a trial, as illustrated
in Fig. 2.2C. However, as their NF values remained close to the reference NF
value for each trial, the goal of spanning the whole range of NF values across
repetitions was achieved. The complete procedure lasted 15 minutes or less
with unexperienced subjects.

2.2.4. Data processing

For data processing and analysis, we considered the two force sensors
independently. Indeed, the method described here considers only one force
sensor at a time. Given that each force sensor was dedicated to a single
finger, Wstatic was analyzed independently for the thumb and the index finger.
The force exerted by a finger normally to a single force sensor was denoted
as NF. The force exerted by a finger tangentially to the force sensor was
denoted as TF. These forces are illustrated in Fig. 2.1B.

We computed the center of pressure (COP) of the fingertip from the
measured forces and torques. COP was defined as the point where the
resultant interaction force between the fingertip and the force sensor was
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acting on the sensor. The x-y coordinates of COP on the force sensor were
computed by using the following formula:

COP = (—%%) (2.1)

where T, and T, denote torques measured about the x and y axes,
respectively, which are tangential to the surface of the sensor (Fig. 2.1A).
Measured force signals were low-pass filtered using a 4™"-order Butterworth
filter with a cut-off frequency of 75Hz.

2.2.5. Data analysis

We developed a method to compute pstatic, based solely on the forces
and torques measured under a given fingertip. Fig. 2.2 presents a portion of
a typical trial for the index finger of subject SO3.

Fig. 2.2A shows the COP trajectory on the force sensor. Because vertical
back-and-forth movements were made, we considered only the vertical
component of the COP trajectory in the analysis (Fig. 2.2B). In support of this
choice, we found that the discrepancy between the total and vertical
amplitudes of the COP trajectory was less than 5 percent. We chunked the
vertical component of the COP trajectory into several individual movements,
using the extrema of the COP trajectory as separating points.

As mentioned earlier, computing Wsttic requires identifying slip onset on
each movement. To this end, we defined a “useful zone” in each movement,
where slip is expected to occur (Fig. 2.2B). Due to varying fingertip
morphologies between subjects and given that individual movements
started from different vertical positions on the force sensor, we set the
threshold delimiting useful zones beyond and above half the range of the
sensor, to guarantee that each zone would be sufficiently large to include the
slip onset of the corresponding movement. This threshold was determined
arbitrarily and was kept constant across all subjects and all normal force
conditions.

Next, we searched for the slip onset in each useful zone by looking for
the maximum TF/NF in each zone (red dots in Fig. 2.2E). TF/NF maxima
provide good markers for slip onsets because the material covering the force
sensors exhibits a static coefficient of friction that is larger than the dynamic
one. As a result, the TF and TF/NF values decrease slightly at slip onset.
Implementation of the overall procedure in MATLAB (MathWorks, Natick,
MA, USA) and tools for visualizing the data are described in Appendix B.
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Fig. 2.2. Typical traces and description of the method. Data represent a subset of
the complete trial for subject SO3 with a reference NF of 2N. (A) COP trajectory (blue
curve) on the force sensor and force sensor boundary (red circle). (B) Data were
chunked into individual movements based on the extrema (blue dots) of the vertical
COP trajectory (blue curve). “Useful zone” (white) for each movement starts at an
extremum of the COP and ends when the COP crosses a custom threshold (white
dots). Such a zone corresponds to the portion of a movement where the slip onset is
expected to occur. Red lines indicate force sensor boundaries. (C) Force exerted by
the subject normally to the surface of the sensor (NF, blue curve) and reference NF
level (black line). (D) Force exerted by the subject tangentially to the surface of the
sensor (TF, blue curve). (E) Ratio of TF/NF (blue curve) and maxima of TF/NF in each
useful zone (red dots), indicating slip onsets. pswtic was measured as TF/NF at slip
onsets. Finally, we observed that the COP position could be 10mm away from the
reversal point when slip is detected. This is due to finger pad compliance and
fingertip rolling against the surface of the force sensor.
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2.2.6. Statistical analysis

For each subject, a negative power law was fitted to the data to quantify
the relationship between Usttic and NF. This power law, which has been used
in several previous studies (Adams et al., 2013; André et al., 2009; Wolfram,
1983), was expressed as:

Ustatic = k(NF)n_l (2.2)

Fit parameters k and n were obtained by using an ordinary least-squares
regression procedure. Paired t-tests were carried out to test for differences
in the fit parameters between the two fingers and to assess the repeatability
of the method.

2.3. Results

Fig. 2.3 presents the measured values of psatic and the corresponding
normal force (NF) values for the 12 tested subjects. This figure clearly shows
the relationship between static and NF for all subjects. For high values of NF
(> 5N), Hstatic had a constant low value. As NF decreased, pstatic increased
dramatically, often reaching values above 2 for forces below 0.5N.

A negative power function of the form pg g = k(NF)™™1 was fitted to
the data to capture the relationship between psttic and NF for each subject
(solid lines in Fig. 2.3). Table 2.1 reports the values of parameters k and n,
the coefficient of determination (R?) of the fit, and the moisture levels for the
thumb and index finger for all subjects. The R? values were large for all fits,
with a mean (M) of 0.84 and standard deviation (SD) of 0.14, indicating that
the power law correctly captured the effect of NF on pstatic.

To test whether data acquired for the thumb and index finger were
different, we conducted paired t-tests on fit parameters k and n from both
groups of data. Fit parameters were not significantly different for thumb
versus index finger data (t(11) = 1.65, p > 0.05 for k; t(11) = 0.23, p > 0.05 for
n). In addition, the correlations between thumb and index finger data were
0.85 and 0.84 for k and n, respectively. Therefore, measuring pstatic of only
one of the two fingers can be considered as sufficient to capture the
influence of NF on ptatic for a given subject.

For six of the twelve subjects, a second measurement session was
performed a week after the first. To test the repeatability of the
measurements from the two test sessions, we used paired t-tests conducted
separately on the two fit parameters, with the measurement session as the
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independent variable. No significant difference was found between fit
parameters from the two sessions (t(5) = 0.98, p > 0.05 for k; t(5) = 0.98, p >
0.05 for n). Thus, results obtained by the proposed method were not
significantly different across measurement sessions. In addition, the
correlations between data from the two sessions were 0.84 and 0.61 for k
and n, respectively.
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Fig. 2.3. Relationship between pstatic and NF. For each of the 12 unexperienced
subjects (SO1 to S12), Mstatic data for the index finger were plotted against
corresponding values of NF at slip onset (blue dots). A power law function was fitted
to individual subject data (blue curve).
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Table 2.1. Experimental data. Fit parameters k and n, coefficient of determination
(R?) of the fits, and moisture level for the 12 subjects (M * SD) for the thumb and
index finger. Moisture measurements are provided in arbitrary units ranging from 20
to 120.

Thumb Index
Subject | k n R? I(VIN(I) I;t:g)? k n R? I(VIN(I) |is-,t:|;()e
S01 1.26 0.76 0.80 306 1.07 0.83 0.65 36+5
S02 1.60 0.59 0.86 34+3 1.56 0.66 0.77 58+11
S03 2.05 0.55 0.90 769 202 052 092 86+13
S04 149 0.64 094 40+5 1.75 0.63 0.90 65+7
S05 169 0.54 094 61+7 161 044 091 52+4
S06 135 0.76 0.50 72+8 1.18 0.72 0.42 755
S07 205 0.69 0.93 38+3 206 0.75 0.81 51+2
S08 154 0.71 0.90 95+6 1.50 0.67 0.90 114+ 4
S09 148 0.61 094 99+5 1.53 0.61 0.92 105+8
S10 1.68 0.65 0.93 83+7 149 0.61 0.92 93+6
S11 1.15 0.71 0.81 62 £ 25 1.14 0.69 0.90 61+14
S12 155 0.76 0.74 91+11 1.27 0.73 0.83 95+9

2.4. Discussion

2.4.1. Advantages of our method

In this paper, we propose a new method to measure Wsaic at the
fingertip-object contact. Our method allows static to be measured quickly and
accounts for the effect of the normal force (NF), which has already been
highlighted by several previous studies (Adams et al., 2007; André et al.,
2009; van Kuilenburg et al., 2013). During dexterous object manipulation,
inertial forces can significantly influence the tangential force at the fingertip-
object interface, hence affecting the minimum normal force that would
prevent object drop and therefore the safety margin. Accordingly, it is
important to measure sttic for several normal forces before manipulation to
estimate the safety margin continuously during manipulation.

Our method is applicable to subjects exhibiting skin moisture levels
spanning the whole range of moisture measurable with the Corneometer (cf.
skin moisture measurements in Table 2.1). It is also applicable to one or
several fingers, provided that there is a single six-axis force and torque sensor
dedicated to each finger contacting the object. Results obtained with this
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method are reproducible. Therefore, the relationship between pstatic and NF
for a given subject can be measured before an experimental session and used
during the entire subsequent session. Consequently, the experimenter can
continuously estimate the minimum NF that would prevent slippage and thus
continuously estimate the safety margin (i.e., the difference between the
actual and minimum NF) during a dexterous manipulation experiment.
Finally, this method works with normal forces spanning the whole range of
forces used in tactile exploration (Klocker et al., 2013; Smith et al., 2002) and
dexterous object manipulation (Augurelle et al.,, 2003; Edin et al., 1992;
Johansson and Flanagan, 2009; Johansson and Westling, 1984), namely from
0.5N to above 8N. André et al. reported that the fingertip skin Ustatic becomes
constant for NF values above 5N (André et al.,, 2009). Given these
advantages, our method is well suited for studies involving tactile exploration
or dexterous object manipulation.

2.4.2. Comparison with previous methods

Our method only necessitates a single six-axis force and torque sensor to
acquire data for different values of normal force. In comparison, several
other methods used more complicated apparatuses (André et al., 2009;
Fagiani et al., 2012; Han et al., 1996; Savescu et al., 2008; Seo and Armstrong,
2009).

Our method overcomes several limitations of the classical pstatic
measurement method introduced by Westling and Johansson (Westling and
Johansson, 1984), in which subjects slowly release their grip until dropping
the manipulandum. First, our method accounts for the dependence of pstatic
on NF with no change in the apparatus, thereby allowing continuous
estimation of the safety margin. Second, the intrinsic variability of the
measurements is not a problem in our method, which is able to acquire
numerous measurements rapidly, thereby reducing measurement error.
Finally, our method does not require subjects to lift an object or release their
grip slowly until the manipulandum is dropped. As a result, our method is
easier to use for patients with motor impairments.

2.4.3. Limitations of our method

In addition to the aforementioned advantages, our method also has
some limitations. First, our method requires that the material covering the
force sensors exhibits a higher static than dynamic frictional coefficient. This
is because the tangential force needs to decrease when the fingertip begins
to slip, in order for our algorithm to detect slip onsets correctly.
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The second limitation regards the moisture level of the subject’s
fingertip. Variations in fingertip skin moisture during object manipulation
(André et al., 2010) and across subjects (Tomlinson et al., 2011) have been
shown to impact Psatic (André et al., 2009; Tomlinson et al., 2011). In this
study, we measured the average moisture level of subjects’ fingertips. Some
of the variability in our data might be explained by the variation in moisture
levels across individual measurements. This is a possible explanation for the
higher variability of psatic exhibited by subject S06 in Fig. 2.3. We advise
researchers to measure Usatic frequently and, if possible, to measure the
fingertip moisture of each subject before and at different times during each
data acquisition session.

Finally, our method was designed to measure the static coefficient of
friction (i.e., at slip onset). Adapting our method to measure the dynamic
coefficient of friction (i.e., during slippage) would require a complementary
study. The latter measurement is not straightforward because the dynamic
coefficient of friction depends on many factors, including the slipping speed
and normal force (Pasumarty et al., 2011).

2.4.4. Validity of the negative power law

To capture the relationship between psttic and NF, we used a negative
power function that has been used in previous studies (Adams et al., 2013;
André et al., 2009; Wolfram, 1983). Reference (Adams et al., 2007) indicated
that the parameter n must lie between 2/3 and 1, which was most often the
case in our data (Table 2.1). The case where n = 2/3 corresponds to a purely
Hertzian contact. When n = 1, the model simplifies to Wsttic = k (constant).
This case is equivalent to Amontons’ law, which states that the friction force
(TF) is proportional to the normal force (NF). As n < 1 for all subjects (Table
2.1), Amontons’ law cannot be considered as valid for the fingertip-object
contact at low normal force (< 5 N). Our model better describes the reality in
this case.

2.4.5. Influence of tangential force rates

As previously stated, the inertial component of tangential force in
dexterous object manipulation can vary significantly due to object’s
acceleration. In this study, we observed the tangential force rates during
measurement of the relationship between psttic and NF to be below 60N/s.
When tangential force rates during object manipulation are comparable to
those applied during measurement, the measured relationship between
Mstatic and NF can be used to predict psatic during object manipulation. By
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inspecting typical traces in previous studies, we found tangential force rates
to be around 50N/s for point-to-point movements (Flanagan and Wing, 1993)
and around 10N/s for oscillatory movements (Augurelle et al., 2003).
However, some tasks involve large levels of acceleration and therefore rapid
variation of tangential forces, e.g. collision tasks where force rates can be
above 500N/s (White et al., 2011). In this case, when tangential force rates
are larger than the ones applied during measurement, the non-linear, visco-
elastic properties of the fingertip skin might make the measured relationship
between Usttic and NF invalid. This limitation is worth investigating in future
studies.

2.5. Conclusion

Our method enables Ustatic at the fingertip-object contact to be measured
easily by using a six-axis force and torque sensor, while accounting for the
dependence of Usatic on the normal force. Using our method, it is possible to
estimate suatic continuously and quickly during object manipulation and
tactile exploration, provided that the material covering the force sensor
exhibits a higher static than dynamic frictional coefficient. Under the
assumption that the fingertip moisture level is constant, psttic measured at
the beginning of an experimental session remains valid during the course of
the experimental session. Finally, the continuous estimation of static during
object manipulation enables continuous monitoring of the minimum NF to
prevent object drop and, accordingly, of the safety margin (i.e., the
difference between the actual and minimum NF values).

2.6. Supplemental material

Fit parameters from Table 2.1 were plotted as a function of mean
fingertip moisture for each of the twelve subjects (Fig. 2.51). No significant
relationship was found between the fit parameters and the fingertip
moisture level.
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Fig. 2.51. Fit parameters k and n vs. fingertip moisture. Fit parameters from Table
2.1 plotted against the corresponding fingertip moisture: k (open squares) and n
(solid circles). Parameters were plotted separately for the thumb (red) and for the
index finger (blue).






CHAPTER 3

Perception of partial slips under
tangential loading of the fingertip

“Getting lost opens new horizons.”

J. Edward Colgate (IEEE World Haptics Conference 2017)

During tactile exploration, partial slips occur systematically at the
periphery of fingertip-object contact prior to full slip. Although the
mechanics of partial slips is well characterized, the perception of such events
is unclear. Here, we performed psychophysical experiments to assess partial
slip detection ability on smooth transparent surfaces. In these experiments,
the index fingertip of human subjects was stroked passively by a smooth,
transparent glass plate while we imaged the contact slipping against the
glass. We found that subjects were able to detect fingertip slip before full slip
occurred when, on average, only 48% of the contact area was slipping.
Additionally, we showed that partial slips and plate displacement permitted
slip detection, but that the subjects could not rely on tangential force to
detect slipping of the plate. Finally, we observed that a low level of contact
friction impeded slip detection. Together, these results demonstrate that
partial slips play an important role in fingertip slip detection and support the
hypothesis that the central nervous system relies on them to adjust grip force
during object manipulation.
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3.1. Introduction

Our tactile sense provides a wealth of information about our
environment. Stroking our fingertips over a surface allows us to perceive
many physical properties, including texture (Hollins and Risner, 2000),
relative speed between the fingertip and the surface (Dallmann et al., 2015;
Salada et al., 2004), friction (Smith and Scott, 1996), and submicron-scale
features (Gueorguiev et al., 2016; Skedung et al., 2013). Thus, mechanical
interactions between finger pads and the surfaces they contact play a critical
role in tactile perception.

When a fingertip is loaded tangentially against a surface, slippage occurs
progressively with a very reproducible two-phase pattern. In the first phase,
called incipient slip, slippage occurs at the periphery of contact. The no-slip
area in the center of the contact area decreases gradually with increasing
loading until gross slippage occurs. In the second phase, called full slip, the
entire contact area slips. The biomechanics of the partial slip phenomenon
has been described thoroughly in vivo in passive conditions (André et al.,
2011; Delhaye et al., 2014, 2016; Tada and Kanade, 2004; Tada et al., 2006)
and modelled mathematically within the framework of contact mechanics
for anideal elastic sphere (Johnson, 1985). Although a fingertip is not an ideal
elastic sphere, the model predictions were qualitatively confirmed in vivo
(Delhaye et al., 2014, 2016).

Stick ratio (SR) was proposed to quantify partial slip at the fingertip
contact (André et al., 2011; Tada et al., 2006). SR is defined as the ratio of the
no-slip area to the entire contact area. SR falls progressively from 1 (no slip)
to O (full slip) as partial slip develops within the contact, starting from the
periphery of the contact and propagating towards its center until there is a
full slip.

Srinivasan et al. demonstrated the capacity of tactile afferents to encode
stimulus features related to fingertip slip (Srinivasan et al., 1990). They
performed psychophysical experiments wherein human subjects detected
the relative motion (i.e. slip) of plates stroked under their fingertip. In
addition, they recorded the responses evoked in tactile afferent fibers of
macaque monkeys exposed to the same paradigm. The human subjects
detected loading direction but not slippage of a smooth glass plate.
Importantly, the plate was pressed against the fingertip with a very low
normal force (NF), inducing very little fingertip deformation. However, when
micrometer-sized protrusions were added to the glass, subjects were able to



Chapter 3. Perception of partial slips under tangential loading of the fingertip | 63

detect the plate slipping. The firing rate of rapidly adapting afferent fibers
innervating the hand of monkeys increased when they were exposed to the
non-smooth plates. The authors concluded that surface protrusion-induced
vibrations generated in the skin by the non-smooth plates caused the
increased firing rate, which in turn helped the central nervous system detect
slippage. Similarly, Johansson and Westling had demonstrated previously
that rapidly adapting afferent fibers are responsive to fingertip slip during
object grasping (Johansson and Westling, 1987).

To our knowledge, no prior study has examined the perception of
fingertip slip while simultaneously imaging incipient slip and measuring
fingertip contact dynamics. Here, we conducted two psychophysical
experiments in which the right index fingertip of human subjects was stroked
passively with a speed of 5mm/s by a smooth, transparent glass plate in
successive trials (Fig. 3.1A—B). After each trial, we asked the subjects whether
they felt the plate slip under their fingertip or not. At the same time, we
guantified the amount of partial slip taking place between the fingertip and
the plate by imaging the finger pad through the transparent plate (Fig. 3.1C).
Plate displacement was varied randomly across trials and ranged between a
small displacement corresponding to almost no slip to a large displacement
bringing the fingertip contact close to full slip. In the first experiment, we
contrasted two levels of NF (2N vs. 5N) and in the second one, we contrasted
two levels of friction (high vs. low). The experimental conditions are
summarized in Fig. 3.1D.

We interpreted subjects’ responses against three different predictors:
plate displacement (PD), stick ratio (SR), and tangential force (TF) applied to
the plate by the fingertip. Psychometric curves were fitted on subjects’
answers, allowing us to extract the slip detection threshold for each one of
the three predictors. Each threshold was defined as the value of the
corresponding predictor for which the subject felt the plate slip 50% of the
time. To determine which predictor underlay slip detection, thresholds were
compared across experimental conditions. If the threshold was consistent
across conditions, then we inferred that the predictor was reliable for slip
detection. In contrast, if the threshold differed significantly across
conditions, then we inferred that the predictor was ambiguous and not a
useful cue for slip detection.
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Fig. 3.1. Apparatus, experimental conditions and typical traces. (A) The right index
fingertip of the subject (side view) is kept in place with a rigid support (in grey). A
glass plate (blue) is pressed vertically against it with a controlled NF of 2N or 5N. (B)
The glass plate is then moved horizontally with a speed of 5mm/s in the radial or
ulnar direction before retracting from the fingertip (top view). (C.1) Typical
fingerprint image acquired with the imaging system composed of a coaxial light
source and camera. The orange contour delimits the contact between the fingertip
and the plate. (€C.2-C.4) lllustration of finger pad deformation under ulnar loading at
constant speed (5mm/s) over a distance of 5mm with NF = 2N (corresponding to blue
curves in panel E). The orange contour is the initial contact area reproduced from
subpanel C.1. The blue contour is the contact area imaged at different times. The no-
slip area (light blue) decreases with increasing tangential loading, while the
periphery of the contact area experiences slippage. Orange dots sampled regularly
in the initial contact area are linked with black lines to corresponding blue dots in
the contact area under loading. (D) Summary of experimental conditions. Two
stimuli were used: a bare glass plate (“Glass”) and a glass plate covered with a
hydrophobic solution strongly reducing the surface-skin friction (“RainOff”). (E)
Typical traces from subject SO1 with a total displacement of 5mm in the ulnar
direction: plate displacement (PD), tangential force (TF), normal force (NF) and stick
ratio (SR). The grey window represents the time period during which the robot was
receiving a tangential displacement command and fingerprint images were
recorded. Colors correspond to experimental conditions described in panel D.
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3.2. Results

3.2.1. Experiment 1: NF contrast

The first experiment contrasted two NF levels: 2N vs. 5N. Fig. 3.2A
presents the responses of three typical subjects. Data are presented from
stick to slip and are therefore plotted against 1 — SR. This quantity
monotonically increases from 0 to 1 between full stick and full slip and thus
represents the actual slippage level between the fingertip and the plate. The
subjects perceived fingertip slip before the actual full slip, i.e. before SR =0,
consistently under both the 2N and 5N NF conditions. The average slip
detection threshold across all participants in the two conditions
corresponded to a SR of 0.52 (95% confidence interval (Cl) =[0.4 ; 0.64]). The
detection thresholds from Fig. 3.2A are summarized in Fig. 3.2B for all
subjects; no significant difference was found between the two NF conditions
(paired t-test, t(9) = 2.12, p > 0.05). Similarly, PD threshold did not differ
between the two NF conditions (paired t-test, t(9) = 1.52, p > 0.05; Fig. 3.2C-
D). The average slip detection threshold across all participants in the two NF
conditions corresponded to a PD of 2.26mm (95% Cl = [1.92 ; 2.62]). For TF
(Fig. 3.2E—F), detection thresholds differed significantly across the two NF
conditions (paired t-test, t(9) = 15.76, p < 0.001), indicating that subjects
could not rely on TF to detect fingertip slip. In contrast, the threshold
invariance for SR and PD suggests that subjects could rely on at least one of
these predictors or a combination of both to perceive fingertip slip.

Trials were performed randomly in the ulnar or radial direction (see
Methods), with an equal total number of trials in each direction, in order to
prevent stimulus habituation. There was no effect of stimulation direction on
subject responses (Kolmogorov-Smirnov test on individual subjects’ answers,
p > 0.05).
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Fig. 3.2. Experiment 1: Slip detection thresholds on bare glass with two NF levels.
Subjects detected fingertip slip before full slip and could not rely on TF to detect slip.
Slip detection responses from three typical subjects are plotted against 1 — SR, PD,
and TF in panels A, C, and E, respectively. Psychometric curves were fitted on
subjects’ answers from the two experimental conditions (NF = 2N, blue, vs. 5N, red),
which allowed computation of slip detection thresholds, i.e. predictor values
corresponding to a 50% probability of slip detection. Thresholds from all subjects
were compared between the two conditions in panels B, D, and F for SR, PD, and TF,
respectively. Bar charts summarize the thresholds in each condition as means *
standard errors across subjects. Remarkably, subjects detected slip before full slip in
both conditions. Slip detection thresholds for TF, but not for PD and SR, varied across
conditions, indicating that TF was unreliable for slip detection. For readability,
subjects’ answers are plotted against 1 — SR in panel A, such that increasing values
on the x-axis correspond to greater partial slip. In panels A, C, and E, the coordinates
of blue and red dots were computed as the average of all trials with the same PD
within a given condition. They are displayed for illustrative purposes only;
psychometric curves were fitted on data from individual trials.
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3.2.2. Experiment 2: Friction contrast

In the second experiment, two friction conditions were contrasted: a
high-friction condition using bare glass as in Experiment 1, and a low-friction
condition, obtained by covering the glass plate with RainOff. In both
conditions, NF was kept constant at 5N for all trials. In the high-friction
condition, we reproduced results from Experiment 1: subjects perceived
fingertip slip during incipient slip (SR > 0). However, in the low-friction
condition, most subjects reported that they did not perceive the plate
slipping under their fingertip. Green traces in Fig. 3.3A show the answers
from three subjects plotted against PD in the low-friction condition. In this
condition, stick-to-slip transition was abrupt and SR reached zero for PD <
1mm (see control experiment). Therefore, the plate was fully slipping under
the subjects’ fingertip in most of the low-friction trials. In spite of this,
subjects often failed to detect the plate slipping, e.g. S02 in Fig. 3.3A. This
was confirmed by the subjects’ responses in full-slip catch trials (Fig. 3.3B)
wherein the large PD (14mm) always yielded a full slip between the fingertip
and the plate. In full-slip catch trials performed on bare glass (high friction),
subjects were able to detect slippage of the plate with more than 95%
accuracy (Fig. 3.3B, purple). However, this ability was dramatically impaired
and their detection accuracy dropped to 47% in the low-friction (RainOff)
condition (Fig. 3.3B, green). Subject responses in full-slip catch trials differed
significantly across the two conditions (paired t-test, t(5) = 2.79, p < 0.05).
Catch trial responses are further described in the Supplemental Material.

3.2.3. Control experiment

A control experiment was carried out to compare finger pad mechanics
across experimental conditions to investigate why subjects could detect slip
in the high-friction condition but not in the low-friction one. We included an
additional very-low NF bare glass condition (NF = 0.5N) to investigate the
mechanical behavior of the finger pad in conditions similar to those
employed by Srinivasan et al. (Srinivasan et al., 1990). For all trials, a large PD
(9mm) was used, sufficient to cause full slip and to allow TF to plateau. We
measured the evolution of TF and SR as a function of PD (Fig. 3.4A-B) and
measured the dynamic coefficient of friction between the fingertip and the
plate in the four experimental conditions (Fig. 3.4C). A significant effect of
experimental condition on the coefficient of friction was observed (one-way
repeated-measures analysis of variance (ANOVA), F(3,15) = 109.27, p <
0.001), with significant differences in friction being observed among all four
conditions (Bonferroni-corrected pairwise comparisons, p < 0.001).
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Fig. 3.3. Experiment 2: Impaired slip detection in the low-friction condition. (A)
Answers from three typical subjects plotted against PD for the high- (purple) and
low- (green) friction conditions. Subjects perceived fingertip slip consistently in the
high-friction condition but not in the low-friction one. Purple and green dots
correspond to the average of all trials sharing the same PD within the corresponding
condition. They are displayed for illustrative purposes only; psychometric curves
were fitted on data from individual trials. (B) Results from full-slip catch trials. Bar
graphs summarize the ability of subjects to detect fingertip slip when the plate was
fully slipping under their fingertip. Data are displayed as the mean proportion of
correct answers * standard error across subjects. In the high-friction condition
(glass), subjects’ performance was above 95%. In contrast, detection accuracy
decreased to 47% in the low-friction condition (RainOff).

In the low-friction (RainOff) condition, TF plateaued earlier than in the
high-friction (bare glass) conditions (Fig. 3.4A), indicating that fingertip
shearing was reduced in this condition. In addition, the lower friction made
SR reach zero, i.e. the fingertip was fully slipping, for PD < 1mm whereas the
contact entered full slip for PD > 3mm in high-friction conditions (Fig. 3.4B).
Besides, in the very-low NF condition (0.5N), TF and therefore fingertip
shearing were lower than in the low-friction (RainOff) condition (Fig. 3.4A).
However, the relationship between SR and PD was not dramatically affected
by the reduction in NF and remained similar to that observed in other bare-
glass conditions (Fig. 3.4B).
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Fig. 3.4. Control experiment testing finger pad mechanics. (A) TF and (B) SR plotted
against PD for the following conditions: bare glass with a NF of 0.5N (orange), 2N
(blue), and 5N (red), and RainOff-covered glass with a NF of 5N (green). Data are
displayed as mean * standard error across subjects. (C) Mean dynamic coefficient of
friction + standard error across subjects. Friction differed among all conditions (p <
0.001).

3.3. Discussion

In this study, we investigated how humans perceive slippage of their
fingertip under tangential loading. In two experiments, the index fingertip of
subjects was stroked passively by a smooth glass plate, while the evolution
of slip at the contact between the fingertip and the plate was imaged through
the transparent glass. We measured the subjective threshold of slip
detection as a function of several predictors: stick ratio (SR), plate
displacement (PD), and tangential force (TF) applied to the plate by the
fingertip. We found that subjects perceived slippage of a bare glass plate
stroking their fingertip well before full slip, and that they could do so by
relying either on the extent of partial slip under their fingertip, as measured
with SR, or on PD, or on a combination of both. In addition, TF was found not
to be a reliable predictor of slippage. Moreover, the subjects were unable to
detect the plate slipping under low contact friction, even though NF was the
same as with the bare glass plate. Finally, the reduction of contact friction
also reduced the extent of fingertip deformation.

Previously, Srinivasan et al. reported that subjects did not detect
slippage of a smooth glass plate pressed with a NF of 0.2N (Srinivasan et al.,
1990), a force level that was an order of magnitude below those used in our
study, therefore causing far less fingertip deformation, as demonstrated in
our control experiment. Together, these results show that fingertip slip
detection is impaired by either a low NF or a low contact friction. In addition,
when subjects could not detect slippage of the smooth plate, fingertip
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deformation was lower than when they were able to detect it. Therefore, it
seems that sufficient fingertip deformation is needed to detect slip on
smooth surfaces.

In light of these observations, we propose that, in addition to the
vibration-based mechanism allowing subjects to detect slippage of rough
surfaces discussed by Srinivasan et al. (Srinivasan et al., 1990), there also
exists a deformation-based mechanism enabling slip detection on smooth
surfaces. Fingertip deformation is two-fold. On the one hand, the stroking
plate causes fingertip shearing, i.e. volume deformations. As long as the
finger is not slipping fully against the plate, these deformations are related
to PD. On the other hand, fingertip skin in contact with the plate undergoes
systematic surface deformations during fingertip shearing due to partial
slips, as measured by SR (Delhaye et al., 2016). Therefore, we believe that PD
and SR, which are respectively proxies of volume and surface deformations
during incipient slip, both play a role in the hypothesized slip detection
mechanism based on fingertip deformations. In addition, we hypothesize
that the vibration- and deformation-based neural mechanisms are not
mutually exclusive, but instead provide two complementary modes of
detecting fingertip slips.

Besides, the fact that subjects perceived slip before full slip has
functional implications for object manipulation. Indeed, this early slip
detection may allow us to anticipate full slip and therefore to correct grip
force before object dropping. It is therefore reasonable to hypothesize that
a motor control mechanism could use partial slips to adjust grip force during
object manipulation. Indeed, human manipulation abilities critically rely on
tactile signals sent to the central nervous system by tactile afferents
innervating the fingertips (Johansson and Flanagan, 2009). The lack of such
feedback has a dramatic impact on manipulation performance and impedes
our ability to adjust grip force in response to unexpected perturbations
(Augurelle et al., 2003; Witney et al., 2004). Johansson and Westling reported
automatic grip force adjustments in response to sudden accelerations
attributed to brief slips between fingertips and an object (Johansson and
Westling, 1984). In addition, they observed similar adjustments in the
absence of an overall slip of the object. They hypothesized that these
adjustments were triggered by partial slips, though they did not measure
them directly (Johansson and Westling, 1987).
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We intend to examine the partial-slip-based control mechanism with an
instrumented manipulandum combining sensing of the forces applied by the
fingers to the object and imaging of the fingertip contact, which would
enable us to observe partial slips during dexterous manipulation and to
determine how they may be involved in the adjustment of grip force.
Interestingly, Ho and Hirai recently demonstrated the applicability of a
partial-slip-based mechanism to control robotic grippers. They developed a
robotic controller adjusting grip force based on the level of partial slip, and
demonstrated with simulations that it was able to prevent full slip at the
fingertip-object contact (Ho and Hirai, 2015). Their controller provides a
robust and efficient grasping control by maintaining grip force just above the
minimum level needed to avoid object dropping, similar to what is observed
in human manipulation (Westling and Johansson, 1984).

To summarize, this study provides evidence that partial slips play a
significant role in fingertip slip perception. In addition, it is reasonable and
functionally relevant to hypothesize that the central nervous system could
rely on partial slips to adjust grip force during object manipulation.

3.4. Methods

3.4.1. Participants

Ten healthy human subjects (age range 23-35 years; three women)
participated in the first experiment. Six of them also participated in the
second experiment and in the control experiment. All subjects provided
written informed consent to undergo the procedure, which was approved by
the ethics committee at the host institution (Institute of Neuroscience,
Université catholique de Louvain, Brussels, Belgium). Participants were
blindfolded during the procedure and there were no auditory cues that
would allow them to perceive robot movements.

3.4.2. Apparatus and data collection

We used a robotic platform based on an industrial robot able to move
plates in three orthogonal directions (Denso Robotics, Japan) to place a
transparent glass plate in contact with the right index fingertip of subjects
and to move it tangentially in the radial or ulnar direction (Fig. 3.1B). The
surface of the glass plate was flat and smooth. The plate was cleaned
manually with a microfiber cloth before every trial. For each trial, the glass
plate was first loaded perpendicularly against the finger pad at a given NF,
which was kept constant throughout the trial (Fig. 3.1A). Once NF stabilized,
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the plate moved tangentially over a given distance with a constant speed of
5mm/s. After a short pause, the plate was retracted from the finger pad. This
robot was combined with a custom fingerprint imaging apparatus composed
of a high-speed (50fps), high-resolution (1200dpi) camera and a coaxial light
source. We used two force transducers mounted on each side of the glass
plate to measure the forces applied to it by the subject’s fingertip (ATI force
sensors, ATl Industrial Automation, Apex, NC). The plate position and forces
exerted on it were recorded at 1kHz. In addition, we imaged the fingerprints
in contact with the transparent glass plate with the camera, which allowed
us to compute the proportion of the contact slipping against the glass (Fig.
3.1C). The robotic platform and optical apparatus are described in greater
detail elsewhere (Delhaye et al., 2014, 2016).

3.4.3. Experimental procedures

We conducted two psychophysical experiments with constant stimuli
during which a glass plate was moved tangentially in the radial or ulnar
direction under the right index fingertip of subjects in successive trials. At the
end of each trial, subjects were asked to report whether they detected the
plate slipping under their fingertip. The fact that subjects gave their answer
after the end of the trial ensured that the results were not biased by reaction
time. We tested seven PD levels, ranging linearly from 0.5mm to 5mm. The
duration of the pause at the end of each trial was adjusted to ensure a
constant period of 1.4s between the onset of the horizontal plate movement
and plate unloading (Fig. 3.1E).

The first experiment consisted of two NF conditions (2N vs. 5N). Each
stimulus was repeated eight times for a total of 112 trials per subject (2 NF
levels x 7 PD levels x 8 repetitions). Trial presentation order was randomized.
In addition to regular trials, catch trials were performed every eighth regular
trial, for a total of 16 catch trials. These catch trials consisted of either no PD
(4 trials), or 14-mm PD (12 trials), sufficiently large to ensure full slip between
the fingertip and the plate. The total number of trials was thus 128 (112
regular trials + 16 catch trials). The duration of the full experiment was about
1.5 hour.

In the second experiment, two friction levels (high vs. low) were tested
and NF was kept constant at 5N. In the high-friction condition, the same bare
glass plate was used as in the first experiment. In the low-friction condition,
the glass plate was covered with RainOff, a transparent hydrophobic coating
that reduces the surface-skin friction strongly (Arexons, Italia). Without
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RainOff, the dynamic coefficient of friction between the fingertip skin and
the glass plate was close to 1, whereas with RainOff it decreased to 0.3. All
trials from the high-friction (bare glass) condition preceded all trials from the
low-friction (RainOff) condition because RainOff residue is difficult to remove
from skin between trials. The number of trials was the same as in the first
experiment (8 repetitions of 7 PD levels for 2 conditions = 112 regular trials,
accompanied by 16 catch trials as described above, for a total of 128 trials).

3.4.4. Control experiment

The goal of this experiment was to characterize finger pad mechanics
under the conditions tested in the two main experiments in order to
investigate why subjects failed to detect fingertip slip in the low-friction
condition of Experiment 2. The control experiment consisted of four
mechanical conditions: bare glass with a NF of 0.5N, 2N, or 5N, and glass
covered with RainOff with a NF of 5N. All other parameters were the same
as in the main experiments, except for PD amplitude, which was increased to
9mm to allow TF to plateau in all conditions. Each condition was tested 5
times, totalizing 20 trials per subject. The results of this experiment
depended only on finger pad biomechanics and were highly reproducible.

3.4.5. Data processing and statistical analyses

Position and force signals were low-pass filtered using a fourth-order,
zero-phase-lag Butterworth filter with an 80Hz cut-off frequency. In the
control experiment, we computed the friction coefficient as the TF:NF ratio
during the TF plateau.

We tracked the position of fingerprint features in sequences of fingertip
contact images and computed their displacement with respect to the glass
surface. By spotting the features moving relative to the glass, we could
measure the proportion of the fingertip-plate contact undergoing slippage
and compute SR as the ratio of the no-slip area to the whole contact area
between the fingertip and the plate. When slip occurs, SR falls progressively
from 1 (no slip) to O (full slip) (André et al., 2011; Delhaye et al., 2014; Tada
et al., 2006).

We modelled each subject’s responses using the psychometric function
given in equation (3.1) (generalized linear model):

O~ P(y; = 1] = By + Prx; (3.1)
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where @71 is the probit link function, i.e. the inverse function of the
cumulative Gaussian distribution, y; is the binary response of the subject for
the trial i (1 if slip perceived and 0 if not), P(y; = 1) is the slip detection
probability, and x; is the stimulus value at the end of the trial i. Three
different predictors were considered: plate displacement (PD), stick ratio
(SR) and tangential force (TF). Psychometric functions were fitted separately
to the responses of each participant in each experimental condition and
against the three predictors. From each model, we extracted the slip
detection threshold as described in equation (3.2):

slip detection threshold = — % (3.2)

1

This threshold represents the corresponding predictor value leading to a slip
detection probability of 50%. This means that for predictor values larger than
the threshold, subjects detected slip with a probability larger than chance.

Paired t-tests were carried out to detect differences in slip detection
thresholds between pairs of experimental conditions. A one-way ANOVA
with repeated measures was used to detect differences in friction between
experimental conditions in the control experiment. Bonferroni-corrected
paired t-tests were used to perform post-hoc multiple comparisons. The
Kolmogorov-Smirnov test was used to test for an effect of stimulus direction
on subject responses. P-values < 0.05 were considered significant. All data
were processed and analyzed in MATLAB (The MathWorks Inc., Natick, MA)
and R (R Project for Statistical Computing, https://www.R-project.org/).

3.5. Supplemental information

3.5.1. Catch trial responses

Full-slip catch trials consisted of a large plate displacement (14mm)
guaranteeing full slip between the fingertip and the plate. Fig. 3.S1 presents
responses of subjects to these catch trials. Subjects detected slipping in the
two conditions of Experiment 1 and in the high-friction condition of
Experiment 2, which were all performed on bare glass. However, in the low-
friction (RainOff) condition of Experiment 2, performance was reduced
dramatically and was close to 50%.
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Fig. 3.51. Full-slip catch trial responses. Proportions of correct answers are displayed
as mean t standard error for each condition. Subjects detected full slip between their
fingertip and the plate in all conditions performed with the bare glass plate, but their
performance was poor in the low-friction condition of Experiment 2, in which the
plate was covered with RainOff. The asterisk denotes a significant reduction in the
proportion of correct answers (p < 0.05).

3.5.2. Data from all subjects for Experiments 1 and 2

Slip detection data for all subjects are presented in Fig. 3.S2 for
Experiment 1 and in Fig. 3.S3 for Experiment 2. These figures complement
Fig. 3.2 and Fig. 3.3, respectively.
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Fig. 3.52. Data from all subjects for Experiment 1 (contrast in normal force). Please
refer to the legend of Fig. 3.52 for a detailed description of the presented data.
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Fig. 3.S3. Data from all subjects for Experiment 2 (contrast in friction). Please refer
to the legend of Fig. 3.3 for a detailed description of the presented data.

3.5.3. Vibration analysis

We analyzed the vibrations produced during stimulation. We computed
the Fourier transform of the unfiltered tangential force (TF) components
recorded during the control experiment. We found differences across
conditions in the frequency content of the force component aligned to the
stimulus direction, i.e. the radial-ulnar direction, as presented in Fig. 3.54.

This analysis shows that the amplitude of the vibrations was larger in
conditions where TF was more important, i.e. for glass with NF = 2N and 5N.
In these conditions, the fingertip also experienced more deformation, as
testified by the results from the control experiment and especially Fig. 3.4.

In addition, for four of the six subjects (501, S04, SO5 and S06), a peak is
observed around 250Hz, which corresponds to the peak sensitivity of the FA2
afferents, in glass conditions where NF = 0.5N and NF = 2N. Our results
showed that subjects were able to detect slip in the latter condition (glass
with NF = 2N). However, they were not likely to be able to detect slip in the
former condition (glass with NF = 0.5N), as discussed in the main text.
Moreover, the peak is absent in the condition where NF = 5N on glass, in
which subjects were able to detect slip. Therefore, the role played by
vibrations is not clear.



78 | Chapter 3. Perception of partial slips under tangential loading of the fingertip

so1 S02 S03
100 100
Glass 0.5N
Glass 2N
Glass 5N
o sp RainOff 5N o o
= = =
= & =
w w w
50 50 50
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Frequency [Hz] Frequency [Hz] Frequency [Hz]
S04 S05 S06
100 100
g g g
I I f -
w w [T
- - ]
-50 -50 -50
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Fig. 3.54. Stimulus vibration content during control experiment. Fast Fourier
Transform (FFT) of the unfiltered tangential force in the direction of stimulation, i.e.
along the radial-ulnar direction, for each of the six subjects in the control experiment
and in the four tested conditions: glass with NF = 0.5N (orange), glass with NF = 2N
(blue), glass with NF = 5N (red) and RainOff with NF = 5N (green). Data show average
traces across the five repetitions in each condition.

In summary, this analysis does not bring a definitive answer to the
question of the relative contribution of the vibrations vs. deformations to slip
detection. We believe that deformations do play a role in slip detection and
that deformations and vibrations are complementary for slip detection
because they occur together during the transition from stick to slip. Further
investigation is needed in order to gain a better understanding of the role of
vibrations vs. deformations in slip detection.



CHAPTER 4

Finger pad mechanics during
dexterous object manipulation

“Knowledge of what is possible is the beginning of happiness.”

George Santayana

Humans are able to manipulate small objects with high dexterity. To
achieve this, the central nervous system (CNS) critically relies on information
coming from the numerous tactile afferents innervating the hand. Finger pad
mechanics has been extensively studied in passive touch conditions,
revealing that slips at the fingertip-object contact occur progressively,
starting at the periphery of the contact and propagating towards its center
until full slip. In Chapter 3, we showed that this partial slip phenomenon
helped subjects anticipate full slip during tactile exploration. Given this
observation and the importance of tactile feedback in object manipulation,
it is reasonable to hypothesize that the CNS might rely on these partial slips
to adjust the grip force exerted on the object. However, it is unclear how
partial slips develop at the fingertip contact during manipulation. To examine
this, we designed a manipulandum combining sensing of the forces applied
by the fingers holding the object and imaging of the fingertip contact. This
device will enable us to study the effect of fingertip contact dynamics on
force control during manipulation. Here we describe the apparatus and
present the results of a pilot study performed with it. Then, we discuss the
research questions to be addressed with the device and its potential
technical improvements.
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4.1. Introduction

Humans are able to skillfully manipulate objects with their fingers by
optimally adjusting their grip force to the object load (Flanagan and Wing,
1997; Westling and Johansson, 1984) and to the fingertip-object contact
friction (Cadoret and Smith, 1996). Deformations and vibrations produced in
the skin during object manipulation are faithfully captured by the numerous
tactile afferents innervating the hand (Goodwin and Wheat, 2004), which in
turn provide the central nervous system (CNS) with rich and behaviorally
relevant information content. This allows the CNS to adjust the grip force
exerted on a manipulated object to the grip conditions (Johansson and
Flanagan, 2009). Without tactile feedback, the CNS fails to react to
unexpected perturbations in object load (Nowak et al., 2001) and to maintain
a stable grip force to load force ratio (Augurelle et al., 2003), hence
highlighting the critical role played by tactile feedback during object
manipulation (Witney et al., 2004).

In vivo biomechanics of the finger pad has been extensively studied in
passive conditions, highlighting the systematic occurrence of partial slips at
the periphery of the fingertip-object contact under tangential loading of the
finger pad (André et al., 2011; Delhaye et al., 2014, 2016; Tada and Kanade,
2004; Tada et al., 2006). Besides, we demonstrated in Chapter 3 that human
subjects are able to anticipate full slip of the fingertip contact. This has
functional implications for object manipulation because this early slip
detection would allow subjects to correct their grip force before the object
falls off the hand. Therefore, it is reasonable to hypothesize that the CNS
might rely on partial slips to adjust the grip during object manipulation.

It remains unclear, however, how much partial slip is present during
object manipulation and how this will be affected by the grip conditions,
including the biomechanical properties of the fingertips. Indeed, for a given
object load, the amount of partial slip depends on how much grip force is
exerted on the object and also on the frictional properties of the fingertip-
object contact (André et al.,, 2011). To investigate this, we designed an
instrumented object equipped with fingertip force sensing and fingertip
contact imaging capabilities.

Here, we first describe the device and present the procedure used to
measure partial slips at the fingertip contact from fingerprint images. Then,
we present the results of a pilot study aiming at quantifying the amount of
partial slips taking place at the fingertip contact during vertical rhythmic
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movements performed at several frequencies. Finally, we discuss the
research questions to be investigated with the device and its potential
technical improvements.

4.2. Apparatus

4.2.1. General description

Fig. 4.1 presents an overview of the manipulandum and its components.
The object was designed to be manipulated in precision grip, i.e. pinched
between the thumb and the index finger. Forces and torques are measured
under each fingertip using two six-axis force and torque sensors (ATl Mini27
Ti, ATI-IA, Apex, NC, USA, resolution of 3/100N for forces and 3/8000Nm for
torques). Following the convention introduced by Johansson & Westling
(Johansson and Westling, 1984), the interaction force between each fingertip
and the object was decomposed into two components acting normally and
tangentially to the contact surface. The grip force (GF) was then defined as
the mean normal force acting on both sensors. The load force (LF) was
defined as the resultant force acting tangentially to both contact surfaces.
Force definitions are illustrated in Fig. 4.1C. In addition to forces, the device
is able to record accelerations up to +6g along the three axes using a MEMS-
based accelerometer placed on top of the device (LIS344ALH,
STMicroelectronics, resolution of 1/1000G). Finally, the total mass of the
manipulandum is 440g.

Fig. 4.2 illustrates how subjects hold the manipulandum in precision grip
during experiments. They place their thumb and index finger on two
transparent plates. The plates are quickly changed, allowing the
experimenter to test materials exhibiting different friction properties during
the same experiment.

In addition to fingertip force sensing, the manipulandum is also equipped
with an optical system able to image the fingertip-plate contact. Several
approaches based on the principle of frustrated total internal reflection
(FTIR) exist to image finger contacts (Bochereau et al., 2017). On the one
hand, systems using direct illumination produce high contrast images of the
contact and allow a clear detection of the contact border. On the other hand,
systems using an indirect illumination through the thickness of the
transparent plate are more compact but produce less contrasted images with
blurry contour of the contact. Because the contact border must be accurately
detected when processing fingerprint images, we chose to use a system
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based on direct illumination. In addition, to keep a relatively small grip
aperture and due to the size of the optical system based on direct
illumination, we chose to image only one fingertip.
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Fig. 4.1. Description of the ActiveTouch manipulandum. (A) CAD model. Dimensions
of the device are 180x50x52mm with a grip aperture of 50mm. (B) Cut along the
plane in panel A, revealing the key elements and sensors in the manipulandum. (C)
Photograph of the actual manipulandum with definition of the reference frame and
the grip and load force (GF and LF).

Fig. 4.2. Subject holding the manipulandum in precision grip during experiment. A
transparent plate and a custom optical system allows imaging of the fingertip contact
for one of the two fingers pressed against the object.
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4.2.2. Fingertip contact imaging

Fig. 4.3 presents our custom optical system to image the fingerprints in
contact with the transparent plate for one of the two fingers. The system is
based on the principle of FTIR with direct illumination using a coaxial light
source and camera. Images are recorded at a speed of 50 frames per second
(fps). Image size is 1696 x 1248 pixels (px) with a resolution of 64px/mm,
which corresponds to a region of 26.5 x 19.5mm.

A [ ]Lighting Glass :’.
Y ..'
=
"

Finger ; =
(not imaged) A Ringen ::
1:

- \d L -

Camera ’,

Fig. 4.3. Custom optical system to image fingerprints. (A) A half-mirror is used to
align the light source and the axis of the camera. Arrows show the trajectory of light
reflected at optical interfaces. Skin in contact with the glass diffracts the light,
preventing it from reaching the camera. Fingerprints therefore appear darker on the
images. (B) Example of fingertip contact imaged with the system. The pattern
composed of small squares on the right of the image is used to measure the relative
motion between the plate and the camera.

4.3. Image processing to measure partial slip and

surface strains

Fingerprint images are processed to detect partial slips and measure
surface strains in the finger contact. In this section, we describe the different
stages of the analysis and illustrate them with data from vertical rhythmic
movements performed during 4s with images acquired at 50fps. The level of
partial slip in this illustrative dataset has voluntarily been exaggerated with
respect to partial slip occurring during actual object manipulation that will be
presented in the next section (“Pilot study”). Software tools developed to
perform the analyses are briefly described in Appendix C.

4.3.1. Measuring partial slip

Fig. 4.4 summarizes the image processing workflow to compute partial
slips from a sequence of fingerprint images. First, the contour of the contact
area is detected automatically on all images. A dedicated image
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segmentation algorithm was developed for this task. This algorithm is
described in Appendix C. After determination of the contact border, feature
points are sampled within the contact in the initial frame of the sequence
(Shi and Tomasi, 1994) and their position is tracked from frame to frame
using optical flow (Bouguet, 2001; Lucas and Kanade, 1981). This process is
described in further details in (Delhaye et al., 2014, 2016). Due to the rolling
of the fingertip, some regions of the finger pad lose contact with the plate
during manipulation, causing feature points to leave the contact. This is why
itis important to detect the contour of the contact accurately before tracking
feature points, in order to identify points leaving the contact and not
consider them for further computations. Similarly, some regions of the finger
pad come into contact with the plate during manipulation. To be able to track
points in these regions as well, feature points are sampled in the last frame
of the sequence and their position is tracked from frame to frame backwards
in time. Then, both sets of feature points are merged together to build a
complete picture of the local displacement of the fingerprints in contact with
the plate.

In the same time, feature points are sampled and tracked on the
reference pattern composed of black and white squares and attached to the
plate (Fig. 4.3B). The trajectory of these reference feature points is used to
measure the relative motion between the camera and the transparent plate.
Indeed, we observed a small but significant displacement of the plate relative
to the camera, predominantly in the vertical direction, i.e. in the direction of
the rhythmic movements. The relative motion of the plate is computed as
the median displacement of the reference feature points (Fig. 4.5A). This
displacement is subtracted from the position of the feature points sampled
in the contact area to compensate for plate motion.

The peak-to-peak amplitude of the plate displacement on the test data
was at most 12 pixels, i.e. 0.19mm (Fig. 4.5A). The displacement followed the
same pattern as the vertical component of the load force (LFv), but it was not
correlated to the grip force (GF) (Fig. 4.5B). This indicates that the observed
plate displacement corresponds to an actual vertical displacement of the
plate, caused by LFv, and is not due to the bending of the plate, which would
have been caused by GF. In addition, some jerky component was observed
both in the plate displacement and in LFv. The Fast Fourier Transform (FFT)
of LFv revealed two peaks (Fig. 4.5C): one sharp peak at low frequency due
to the rhythmic movement and one peak at higher frequencies (around
20Hz) due to the mechanical noise generated by the pulleys in the weight
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compensation system (see Section 4 “Pilot study”). The jerky component
observed in the plate displacement signal is therefore due to mechanical
noise and not to noise in the tracking of the feature points, which was
confirmed by direct observation of the images.

Next, the displacement field is computed from the trajectory of the
feature points within the contact. This displacement field allows the contact
regions slipping against the plate to be computed. Points whose
displacement between two consecutive frames exceeds 1px, i.e. 0.016mm,
are considered slipping relative to the plate and the others are considered
stuck to the plate.

@ l image segmentation

@ l feature points tracking

@ l detection of slipping points

Fig. 4.4. Image processing workflow. The analysis workflow to measure partial slip
between fingertip and object is composed of three major steps. First, the contour of
the fingertip contact is segmented automatically. Then, feature points are sampled
within the contact and tracked from frame to frame. Finally, contact regions slipping
against the plate are computed from the local displacement of feature points.
Contact contour is represented with the magenta line. Feature points are in red.
Feature points slipping against the glass are in blue.
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Fig. 4.5. Plate motion relative to the camera during manipulation. (A) Plate
displacement relative to initial frame along the x-axis (blue) and y-axis (red), i.e.
tangentially to the plate. Displacement was larger along the y-axis, which
corresponds to the vertical direction. One pixel corresponds to 1/64mm, i.e.
0.016mm. Images were acquired at 50fps, thus 50 frames correspond to one second.
(B) Grip force (GF, blue), exerted normally to the plate, and vertical load force (LFv,
red), acting tangentially to the plate in the vertical direction. LFv is very similar to the
plate displacement in the vertical direction in panel A. (C) Fast Fourier Transform
(FFT) of LFv, highlighting the mechanical noise caused by the pulleys in the weight
compensation system. A first sharp peak (red circle) is observed at low frequency
and is due to the rhythmic movement. A second peak is observed at higher
frequencies (around 20Hz) and is due to the pulleys.
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To quantify the amount of partial slip taking place between the fingertip
and the plate, the stick ratio (SR) has been proposed in previous work (André
et al., 2011; Tada et al., 2006). SR is defined as the ratio of the no-slip area
over the whole area of the fingertip contact. Here, SR is computed as the
ratio of the number of non-slipping feature points between two consecutive
frames versus the total number of feature points within the contact. Thisis a
good estimation of the true value of SR given that feature points are sampled
homogeneously within the contact. Fig. 4.6 presents SR computed on the test
data with and without compensation for plate motion. When plate motion is
not compensated for, many feature points are incorrectly considered
slipping, therefore disrupting SR computation. Fig. 4.7 presents the slipping
and non-slipping feature points within the contact for a sample of 20 frames
from the test data. It can be observed that the no-slip area forms a single
connected region. In a first phase, partial slips develops from the periphery
towards the center of the contact, as observed in passive conditions (André
et al., 2011; Delhaye et al., 2014; Tada et al., 2006). Then, in a second phase,
the contact progressively goes back to a fully non-slipping state.

S VT VR (T (r

0 2‘0 4‘0 6‘(] 80 1;)0 1‘20 140 1‘60 1‘80 260
Frames

Fig. 4.6. Effect of plate motion on partial slip computation. Partial slip is measured
with the stick ratio (SR), which is computed as the ratio of the non-slipping vs. total
number of feature points within the contact. The blue line represents SR computed
without compensating for plate motion. The movements of the plate cause an
incorrect detection of the slipping points and therefore need to be compensated for.
The red line represents SR computed after compensation for plate motion, which
allows a more faithful detection of slipping points. Images were acquired at 50fps,
thus 50 frames correspond to one second.
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Fig. 4.7. Partial slip at the fingertip contact. Points slipping (blue) and not slipping
(red) relative to the glass in a sequence of 20 images sampled every 20ms,
corresponding to frames 160 to 179 of Fig. 4.6. In a first phase (images 1-10), the
periphery of the contact starts slipping and partial slips propagates towards the
center of the contact. In a second phase (images 11-20), the contact progressively
goes back to fully non-slipping state.
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4.3.2. Measuring surface strains®

Strains at the surface of the skin in contact with the plate are computed
from the displacement field of the feature points. Because of the large
deformations undergone by the skin, strains are computed based on the
Green-Lagrange formulation. Figure 4.8 illustrates the computation. In
practice, a Delaunay triangulation is computed on the feature points sampled
in the first frame. For each triangle, the gradient of the displacement field is
estimated from the displacement of its vertices. Then, strains are computed
according to equation (4.1), where &y, and €,,,, are the axial strains aligned
to the x and y axes, respectively, Exy IS the shear strain, and u and v
represent the displacement along the x and y axes, respectively. These
strains are attributed to the center of each triangle (x.,y.). Strains represent
a relative deformation. Axial strains are positive for dilation and negative for
compression. Shearing strain is positive when the deformation causes the
angle between the positive x and y axes to decrease and negative when the
deformation causes this angle to increase.

au  1[rou\? v\ 2
Exx —a+z[(a) +(52) ] (4.1a)
£y =241 (a—“)z + (a—”)z (4.1b)
Yy T ay  2|\ay dy '
1/0u , v 1/0udu , dvaov
exy =5 (5t 50) 3 (Geay + 5v5) (4.1c)

Strains computed following the procedure described above are actually
strain rates because they result from the displacement between pairs of
consecutive frames in the image sequence and not from the displacement
relative to the initial frame. The total strains, representing the actual
deformation of the finger pad relative to its initial state, are obtained by
integrating the strain rates, i.e. summing their contributions over time.

Fig. 4.9 illustrates the strain rate along the vertical direction (i.e. €,,)
computed in the same image sequence as in Fig. 4.7. The partial slip
illustrated in Fig. 4.7 results in a wave of strain propagating from the
periphery to the center of the contact in a first phase, then vanishing as the
contact progressively sticks again to the plate in a second phase.

3 Section adapted from Delhaye et al. (2016).
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Fig. 4.8. Strains computation. Surface deformation of the fingertip skin is computed
from local displacement of feature points. The green curve denotes the contour of
the contact. Red dots are the feature points sampled within the contact. Orange
arrows in the higher-resolution inset represent the displacement of the points
computed via optical flow between two consecutive images. A Delaunay
triangulation of the feature points is computed and represented by the blue
segments. Strains are computed in each triangle from the gradient of the
displacement of the vertices of the triangle. Strains computed in a given triangle are
then attributed to the center of this triangle. Adapted from Delhaye et al. (2016).
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Fig. 4.9. Strains at the fingertip contact. Strains along the vertical direction were
computed from local displacement of feature points on the same image sequence as
in Fig. 4.7. This sequence illustrates the strain rate, i.e. the relative deformation
between successive frames. The strain wave propagates from the periphery to the
center of the contact and then vanishes as the contact sticks again to the plate. Local
compression of the skin is displayed in red and local dilation in blue.
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4.4. Pilot study

4.4.1. Protocol

A pilot study was conducted with one subject to investigate the presence
of partial slips during object manipulation. The subject pinched the
manipulandum between the thumb and index finger of his right hand and
performed vertical rhythmic arm movements. Both fingers were in contact
with identical smooth glass plates. The subject was instructed to move the
manipulandum in continuous cyclic movements following the rhythm
imposed by a metronome. The subject was free to select the movement
amplitude that seemed the most natural to him in order to follow the rhythm
of the metronome. Observed movement amplitudes ranged between 30cm
and 40cm.

Six metronome frequencies were tested, starting at 60 beats per minute
(bpm) until 135bpm with constant steps of 15bpm. The subject performed
one complete cycle every two pulses of the metronome. Therefore,
movements were performed at half the frequency imposed by the
metronome. Three trials of 10s each were collected for each reference
frequency, leading to a total of 18 trials.

The weight of the manipulandum was partially compensated with a
counterweight because the manipulandum alone was too heavy (440g) to be
manipulated easily at all the tested movement frequencies. The
counterweight was attached to the manipulandum with a rope guided by
pulleys so that both the manipulandum and the counterweight were moving
along the vertical axis. The mass of the counterweight was 360g. The system
formed by the device and the counterweight was thus equivalent to a mass
of 800g in terms of inertia but with a weight of only 80g.

Forces and torques exerted by each fingertip on the device and the
overall acceleration of the device were sampled at 200Hz. Images of the
fingerprints of the right index finger in contact with the glass were acquired
at 50fps. The glass was manually cleaned with a microfiber cloth before each
trial.

4.4.2. Results

The subject was able to follow the rhythm imposed by the metronome
with high accuracy. No significant deviation from the imposed frequency was
observed (t-test on deviation from reference frequency for all trials, t(17) =
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1.23, p = 0.23). The mean deviation from the imposed frequency was 0.01Hz,
with a standard deviation of 0.02Hz.

Fig. 4.10 presents typical traces from two trials performed with reference
frequencies of 90bpm and 135bpm. Data were segmented at each extremum
of the load force (LF). Images in each segment were processed separately.
This way, it was possible to track feature points in the whole contact area
despite the large rolling of the fingertip against the plate, which caused large
regions of the finger pad to come into or lose contact with the plate during
manipulation. Partial slip was summarized with the stick ratio (SR) and
fingertip rolling was estimated from the trajectory of the center of pressure
(COP), which is the location of the resultant force on the plate.
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Fig. 4.10. Typical traces. Vertical rhythmic movements performed with reference
frequencies of 90bpm (left) and 135bpm (right). (A) Forces measured during the trial.
The solid blue line represents the grip force (GF). The solid red line is the vertical
component of the load force (LFv) and the dashed yellow line is the norm of the total
load force (LFt). The vertical gray lines determine the segments used during image
analysis and are defined at extrema of the vertical load force. (B) Stick ratio (SR)
measured during each trial, which is an image of partial slips taking place at the
fingertip contact. (C) Vertical component of the center of pressure (COP) for the
thumb (blue) and the index finger (red), which is a proxy to the rolling of the fingertip
against the glass plate.
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The amplitude of both the grip force (GF) and the vertical component of
the load force (LFv) increased with movement frequency (Fig. 4.11A).
Regression lines were fitted to the data using a least-squares procedure.
Positive and negative values of LFv were considered separately for the
regressions. The slopes were all significant (p < 0.05), indicating that GF was
modulated with LFv. The offsets of the regressions but not the slope
increased with movement frequency.

Partial slip within the index fingertip contact is illustrated in Fig. 4.11B—
D, where colored traces correspond to the moments when SR was smaller
than 0.99, 0.95, or 0.90, respectively, i.e. for increasing levels of partial slip
within the contact. This shows that partial slip was higher for large absolute
values of LFv and that it was present at small values of LFv for higher
movement frequencies.
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Fig. 4.11. Phase diagram. (A) Plot of grip force (GF) versus vertical component of load
force (LFv). Data from all trials from the six conditions are represented in thin solid
lines. Thick solid lines represent linear regressions performed on data for each
condition, considering positive and negative values of LFv separately. (B—D) Phase
diagram from panel A (in gray) with slipping highlighted in color (same colors as in
panel A). Colored curves are plotted when SR was smaller than 0.99 (B), 0.95 (C), or
0.90 (D), i.e. when more than 1%, 5%, or 10% of the index fingertip contact was
slipping against the plate.
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Movement frequency had a significant effect on the amount of partial
slip in the fingertip contact (Fig. 4.12). The minimum value of the stick ratio
(SR) was computed for each segment of data as a way to measure the
amount of partial slip during single movements. This quantity was compared
across all six conditions using an ANOVA test. The test showed a significant
effect of the movement frequency on the amount of partial slip (F(5,266) =
252.62, p < 0.001). Post-hoc pairwise comparisons revealed that partial slip
started to increase between 90bpm and 105bpm and increased further for
higher frequencies (p < 0.005). This means that no significant amount of
partial slip was detected at 90bpm or below.
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Fig. 4.12. Effect of movement frequency on the amount of partial slips. The
minimum value of the stick ratio (SR), a proxy to measure partial slips, was computed
for each segment. It is summarized as the mean + SEM for the six movement
frequencies. Partials slips increased significantly between 90bpm and 105bpm and
increased further for higher frequencies (p < 0.005).

Movement frequency had also a significant effect on the amplitude of
fingertip rolling for both the thumb and the index finger (Fig. 4.13). The
variation of the vertical position of the COP was computed for each segment
of data for the two fingers as a way to estimate the amplitude of fingertip
rolling during single movements. A two-way ANOVA test was run to compare
fingertip rolling across all six conditions and across the two fingers. The test
showed a significant main effect of both the movement frequency (F(5,532)
= 262.63, p < 0.001) and the finger (F(1,532) = 1485.46, p < 0.001), and a
significant interaction between the two factors (F(5,532) =127.85, p < 0.001).
This means that fingertip rolling increased with movement frequency for the
two fingers and that rolling amplitude was larger and increased faster with
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movement frequency for the index finger. This might be related to the
morphology of the fingertips, with the thumb being larger and flatter, and
thus less prone to rolling than the index finger.
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Fig. 4.13. Effect of movement frequency on the amplitude of fingertip rolling. The
variation of the vertical position of the center of pressure (COP) was computed for
each segment of data for the two fingers. COP variation, representing the amplitude
of fingertip rolling, is summarized as the mean = SEM for all tested frequencies and
both fingers. Open bars correspond to the thumb (T) and solid bars to the index
finger (I). Rolling amplitude was compared across fingers and across movement
frequencies. It increased with movement frequency for both fingers (p < 0.001).
Rolling amplitude was larger and increased faster with movement frequency for the
index finger (p < 0.001).

The vertical position of the COP of the index finger varied significantly
with the corresponding LF for all six movement frequencies (p < 0.001). This
means that the fingertip rolling was dependent on the level of LF (Fig. 4.14).
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Fig. 4.14. Correlation between load force and rolling. The vertical position of the
center of pressure (COP) of the index finger is plotted against the corresponding load
force (LF) for all six frequencies. The overall correlation between COP, representing
rolling of the fingertip, and LF was 0.9. A significant correlation was found between
the variables for each condition separately (p < 0.001).

4.5. Discussion

4.5.1. Summary of results

The pilot study presented in the previous section demonstrated the
presence of a significant amount of partial slips at the fingertip contact during
object manipulation for movement frequencies of 105bpm and above. The
amount of partial slip increased with movement frequency. Visual inspection
of the images indicated that partial slips developed from the periphery of the
contact. Overall, the relative portion of partial slip within the contact
remained rather low, with a maximum of 15% of the contact slipping against
the plate. Finally, the amplitude of partial slip did not evolve with time within
conditions.

Results also showed that both fingertips were rolling against the plates
during manipulation. Fingertip rolling increased with movement frequency.
In addition, rolling was larger and increased faster with movement frequency
for the index finger. Finally, rolling varied with the load force, whose
amplitude increased with movement frequency. This explains why the
amplitude of fingertip rolling also increased with movement frequency.



Chapter 4. Finger pad mechanics during dexterous object manipulation | 97

In Chapter 2, we showed that the friction coefficient at the fingertip
contact was similar for both fingers. Therefore, imaging one finger can
already provide a lot of information, and leaves room to have other sensors
on the non-imaged finger, like a fingertip moisture sensor in order to monitor
the fingertip skin hydration during manipulation. This would be desirable
because it is known to influence significantly the friction properties of the
contact (André et al., 2009).

Finally, the task performed here might not be the most appropriate one
to highlight the influence of tactile feedback on grip force control. Indeed, it
was a rhythmic task, which is known to be controlled mostly in anticipation
(Flanagan and Wing, 1995). Therefore, it is likely that tactile feedback had
only a minor influence on grip force in this context. In contrast, force
coordination during a discrete task consisting of lift-and-hold or point-to-
point movements is more likely to be modulated by tactile feedback.
Therefore future experiments run with the developed device should focus
primarily on discrete tasks.

4.5.2. Future directions

Johansson and Westling hypothesized that continuous tactile feedback
arises from partial slips occurring at the periphery of the fingertip contact,
and that this feedback could play a role in force coordination during object
manipulation (Johansson and Westling, 1987). However, they could not
measure partial slips directly and therefore they could not investigate this
hypothesis further. Our observation of the systematic occurrence of partial
slips at the periphery of the fingertip contact during manipulation is
encouraging and opens the way for several research questions discussed in
this section.

First, the nature of the tactile feedback provided by partial slips (in
particular) and strain patterns at the surface of the skin (in general) is not
clear. This will be investigated in the next Chapter, where we will examine
tactile afferent responses elicited by strain patterns produced in the skin
under tangential loading of the fingertip in conditions compatible with object
manipulation.

Then, with the reasonable assumption that partial slips and surface
strains generate behaviorally relevant feedback signals, it is not clear how
the central nervous system (CNS) would use these signals during
manipulation. There is a large body of evidence from the neurophysiology
literature demonstrating the importance of tactile afferent signals from the
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fingertips in object manipulation and showing their capacity to trigger
corrective motor responses. Some important results are summarized here.
First, previous studies used digital anesthesia to demonstrate that the lack of
tactile feedback negatively affects force coordination during manipulation
and impedes our ability to adjust the grip force in response to unexpected
perturbations (Augurelle et al., 2003; Nowak et al., 2002). Second,
perturbations applied during restraint of an object with the precision grip
evoke tactile afferent signals able to influence the grip response (Macefield
et al., 1996). Third, tactile information can be processed fast enough in the
somatosensory pathways to account for the use of tactile signals in natural
manipulation (Johansson and Birznieks, 2004). Finally, tactile afferents can
encode physical properties of objects relevant for manipulation, such as
surface curvature (Jenmalm et al., 2003) and the magnitude and direction of
the forces and tangential torques applied to the digits (Birznieks et al., 2001,
2009, 2010; Khamis et al., 2015). Therefore, it is worth investigating how
partial slips and surface strains could help the CNS to coordinate forces
applied on object during manipulation and to react to unforeseen external
perturbations.

However, this investigation must take into account the relatively long
time delays in the sensorimotor control loops engaged in corrective actions,
i.e. approx. 100ms (Miall et al., 1993). In addition, proprioceptive afferents
are also stimulated by perturbations applied during restraint of an object
(Macefield and Johansson, 1996). These afferents are known to be involved
in short-latency (< 60ms) sensorimotor feedback loops (Crevecoeur et al.,
2017; Macefield and Johansson, 2003). Therefore, their contribution should
also be taken into account when investigating grip force corrections. In this
regard, digital anesthesia is an interesting technique to disentangle the
effects of tactile and proprioceptive feedback on force coordination during
manipulation. However, one should keep in mind that it is difficult to silence
one of these two types of feedback without affecting the other. Indeed,
digital anesthesia can suppress tactile signals arising from the finger pad, but
it cannot prevent vibrations generated at the fingertip contact from
propagating through the hand and arm and be captured by remote tactile
afferents, especially of the FA2 type, which are highly sensitive to vibrations
(Delhaye et al., 2012; Manfredi et al., 2012; Shao et al., 2016). Reciprocally,
silencing proprioceptive feedback while keeping the tactile feedback intact is
virtually impossible because proprioceptive feedback arises from receptors
distributed everywhere in the upper limb, i.e. in joints, tendons, muscles and
even skin through SA2 afferents (Edin, 1992; Edin and Johansson, 1995).
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Besides, another research avenue is to examine the influence of partial
slips and strain patterns on the adaptation of the predictive mechanisms, or
internal models, in the CNS during manipulation. Indeed, tactile afferents are
required for setting and maintaining the background level of the grip force
during manipulation (Augurelle et al., 2003). Moreover, successful
manipulation requires the CNS both to predict the motor commands
required to grasp, lift and move objects (via inverse internal models), but also
to predict the sensory events that arise as a consequence of these commands
(via forward internal models) (Flanagan et al., 2006; Wolpert and Flanagan,
2001). Therefore, it is reasonable to hypothesize that partial slips might play
a role in the online adaptation of forward internal models in the CNS by
helping it to compare the expected sensory consequences of the motor
commands with the actual sensory signals.

In this context, partial slips and strain patterns at the surface of the skin
could help the CNS estimate the friction at the fingertip contact to adapt the
grip force in consequence. The question of the encoding of fingertip friction
by the tactile system is complex and has not been elucidated yet, even
though it is clear that the friction between fingertips and object is encoded
by tactile afferents quickly after the initial contact (Johansson and Westling,
1984; Khamis et al., 2014a). The mechanism by which the CNS estimates
fingertip friction at initial contact but also continuously during manipulation
could involve partial slips and strain patterns in the fingertip contact.

Finally, finger pad deformations are composed of both volume
deformations and surface deformations that occur together under tangential
loading of the fingertip (Delhaye et al., 2016). Due to the folded structure of
the superficial layers of fingertip skin, i.e. fingerprint ridges, surface
deformations of the skin do not cause large deformations in deeper tissue.
This is why we separate surface deformations from volume deformations.
Here, the significant amplitude of fingertip rolling against the plate measured
in the pilot study suggests that volume deformations are far from negligible
during manipulation. Therefore, volume deformations of the finger pad must
be considered together with surface deformations caused by partial slips and
strains when examining the effect of tactile feedback on force coordination
and manipulation performance.
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4.5.3. Technical improvements

The pilot study reported here was intended as a commissioning of the
manipulandum. The device is functional but it could be improved in many
aspects. Here is non-exhaustive list of the primary improvements.

First, the weight compensation is not optimal because the ball bearings
of the pulleys guiding the rope linking the counterweight to the device
generate a lot of mechanical noise, as observed on the FFT of the load force
signal. The weight compensation system must therefore be improved and in
particular the pulleys.

Then, the position of the manipulandum should be measured with
millimeter precision to have a precise view of its trajectory. This could help
to detect small slips during manipulation. Reconstructing the trajectory of
the device from the measured acceleration is not feasible due to the drift of
the accelerometer signals. One interesting solution would be to use an
external 3D motion capture system to track the position and orientation of
the manipulandum in real time.

Next, in order to investigate the research questions described in the
previous section, the experimenter must have the capacity to modify the
physical properties of the object to perturb the subjects and examine their
reaction. The perturbations could involve changing the mass of the
manipulandum, the type of load (have a viscous load instead of an inertial
one, e.g.), apply unexpected pulling and pushing loads on the object, and
change the friction at the fingertip contacts. These perturbations should be
applicable between trials and, whenever possible, during trials as well.

In addition, to precisely measure the motor response following
perturbations, the EMG signal of arm and hand muscles active during
manipulation should be recorded. The EMG signal as well as force and
acceleration data should be acquired at a much higher frequency than 200Hz.
An acquisition frequency equal to or higher than 1kHz would be desirable to
have recordings with millisecond resolution.

Finally, from a data processing point of view, | recommend using the slip
ratio rather than the stick ratio to summarize partial slips at the fingertip
contact. The slip ratio would be defined as the proportion of slippage in the
contact whereas the stick ratio is defined as the proportion of the contact
not slipping relative to the surface. Both variables are complementary and
their sum is always equal to one. However, in my opinion, the slip ratio is a
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much more natural way of representing slippage. Historically, the stick ratio
was introduced by Tada et al. (Tada et al., 2006) when they investigated
incipient slip occurring at the fingertip contact. Given that the contact
transitioned from full stick to full slip, the stick ratio was chosen to measure
of the evolution of slip. This has then been used by André et al. (André et al.,
2011), Delhaye et al. (Delhaye et al., 2014), and here. However, it is counter-
intuitive to measure incipient slip with a variable transitioning from 1 to 0
when slip increases. Instead, the slip ratio transitions from 0 to 1 when slip
increases and thus offers a measure that is proportional to the physical
guantity being measured, which is more intuitive.
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Data presented in this Chapter were acquired and analyzed with the help
of Ewa Jarocka and Prof. Benoni B. Edin, Department of Integrative Medical
Biology, Umea University, Umea, Sweden. This work is based on a protocol
presented in the Ph.D. dissertation of B.P. Delhaye, who also participated in
the data analysis.
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5.1. Introduction

Strain patterns are produced in the skin when a fingertip is pressed
against a surface and then loaded tangentially. These strain patterns evolve
during increasing loading and are specific to the loading direction (Delhaye
et al.,, 2016). Strains at the surface of the fingertip skin can be precisely
measured through direct imaging of the fingertip contact as described in
Chapter 4. Previous studies examined the response of tactile afferents to
strain patterns produced in the skin (Johansson and Vallbo, 1983; Sripati et
al., 2006). Edin found that tactile afferents in the hairy skin encode nearby
joint configuration with the same precision as proprioceptive afferents (Edin,
1992, 2004). However, no study to date related tactile afferent responses to
the specific skin strain patterns produced at the fingertip-object contact
during tactile interactions.

To fill this gap, we have combined strain imaging with single-unit
recordings in awake human subjects, a technique also known as
microneurography. Responses were recorded from 39 afferents terminating
in the human hand, 19 of which had receptive fields at least partially within
the fingertip contact. Strain patterns were induced in the contact by
tangential fingertip loadings similar to those experienced during dexterous
manipulation. Four frictional conditions and four stimulation directions were
tested. The simultaneous recording of strains and tactile afferent responses
elicited by tangential loading of the fingertip allowed the link between these
strains and the responses of the afferents to be investigated. Most afferents
showed a strong response to the onset of the loading, and some displayed
continuous discharges during the whole transition from sticking to sliding of
the fingertip contact. Both the frictional condition and the stimulation
direction strongly influenced the afferent responses.

5.2. Methods*

5.2.1. Participants

Sixteen healthy human subjects participated in the experiment (9 males;
ages 19-24). Each subject provided written informed consent to the
procedures, which were approved by the ethics committee at the host
institution (Institute of Neuroscience, Université catholique de Louvain,
Brussels, Belgium). Subjects were seated comfortably in a reclining chair with
their forearm rested comfortably on a horizontal support. Their hand, with

4The protocol used in this study is based on the one described in Delhaye (2014).
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the volar side facing the ground, was fixed to a custom-made support (Fig.
5.1A and Fig. 5.1C). A flat aluminum bar was glued to the nail of the index
and middle fingers and then clamped to the support. The support ensured
that the finger did not move during stimulation, even though deformations
of the fingertip were still possible due to the compliance of the finger pad.

Fig. 5.1. Experimental setup. (A) Subject’s hand fixed in the finger support. A flat
metal bar is glued on the fingernail of the index and middle finger and then clamped
in the support. The support allows a precise positioning of the fingertip prior to the
experiment and ensures that fingertips do not move during trials. (B) Illustration of
the nerve-recording apparatus. Tungsten electrodes are inserted percutaneously in
the arm of the subjects, 10cm proximal to the elbow and then in the median nerve.
Neural signals are amplified close to the recording site before being sampled on a
dedicated computer. (C) View of the right upper limb of a subject, with the hand
support and the electrodes. The arm was rested comfortably on a horizontal support.
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5.2.2. Apparatus

The same robotic platform was used as in Chapter 3. This robotic
platform was based on an industrial robot able to move a flat plate in three
orthogonal directions (Denso Robotics, Japan). Two force transducers
mounted on each side of the plate measured the forces applied to it by the
subject’s fingertip (ATl force sensors, ATl Industrial Automation, Apex, NC).
Two different plates were used to stimulate the fingertip, each one consisting
of two materials. On the one hand, a transparent plate consisted of smooth
glass and smooth glass covered with RainOff, a hydrophobic coating strongly
reducing the friction at the fingertip contact (Arexons, Italia). On the other
hand, a non-transparent plate consisted of silk and sandpaper. All four
materials, called the stimuli, exhibited different frictional properties. More
details about the frictional properties of the stimuli are presented in
Appendix A.

The robot was combined with a custom-made fingerprint imaging
apparatus composed of a high-speed (50fps) and high-resolution (1200dpi)
camera (Mikrotron MC1362, 1280x1024 pixels, Mikrotron GmbH, Germany)
and a coaxial light source (White LED Backlight, Phlox, France). This optical
apparatus enabled imaging of fingerprints in contact with the transparent
stimuli in order to compute strains in the fingertip contact as described in
Chapter 4.

5.2.3. Neural recordings

Impulses from tactile afferents innervating the right index or middle
finger of the subjects (“units”) were recorded from the median nerve.
Insulated tungsten microelectrodes were inserted percutaneously in the arm
of the subjects, approximately 10cm proximal to the elbow (Fig. 5.1B) and
then into the nerve following procedures fully described in (Vallbo and
Hagbarth, 1968) and summarized here. The skin of the fingertips was
continuously palpated by one experimenter while another one manipulated
the electrode. Palpation helped locate the receptive field of the unit in
contact with the electrode by stimulating afferents in the whole fingers. Once
a single unit was isolated, calibrated von Frey hairs were used to locate
precisely the center of its receptive field and determine its mechanical
threshold. The center of the receptive field was marked on the skin with a
fine-pointed ink pen.
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The afferents were classified as slow adapting type | (SA1), slow adapting
type 2 (SA2), fast adapting type 1 (FA1) or fast adapting type 2 (FA2)
according to their response to sustained indentation and the structure of
their receptive field (Johansson and Vallbo, 1983; Vallbo and Johansson,
1984). First, afferents responding only to the onset and offset of skin
indentation were classified as fast adapting whereas those responding
continuously to sustained indentation were classified as slow adapting. In
addition, the regularity of the discharge rate, the extent of the receptive field
and the mechanical threshold of the afferent helped further classify the
afferents as type 1 or type 2. The search was voluntarily biased towards type
1 afferents because of their relatively small receptive field, which makes
them more likely to respond precisely to the local strain patterns recorded
within the fingertip contact.

5.2.4. Experimental procedures

While recording impulses from single tactile afferents innervating the
right index or middle finger of subjects, the stimulus was moved
perpendicularly towards the finger pad in single trials, made contact and
reached a preset normal force (NF) that was kept constant during the trial.
After a short delay, the surface was moved horizontally with a constant speed
(5.5mm/s) first in one direction (ulnar, radial, distal or proximal) for 8mm
(“forward movement”) and then in the opposite direction for 12mm
(“backward movement”). The movement amplitudes were thus large enough
to ensure eventually full sliding between the fingertip and the surface in both
directions. The trial ended when the surface was retracted from the finger.
The total duration of each trial was 6s.

Four different frictional conditions were tested in two similar protocols.
On the one hand, the “transparent” protocol was performed using the
transparent plate (glass + RainOff). On the other hand, the “non-transparent”
protocol was performed with the non-transparent plate (silk + sandpaper).
Therefore, four frictional conditions, corresponding to the four materials,
were tested in total. Each protocol consisted of five repetitions of the four
stimulation directions for each one of the two materials, totalizing 40 trials
(2 materials x 4 directions x 5 repetitions). Importantly, the two protocols
were not tested on all units because of the limited recording time available
before losing the unit. Table 5.1 summarizes the number of protocols run for
each afferent class.
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Different levels of NF were used depending on the materials and the
subjects. For both transparent materials, NF was always controlled at 4N. For
sandpaper, lower NF levels of 1N or 1.5N were used in order not to harm the
subject’s fingertip. For silk, NF levels ranged between 1.5N and 6N, and it was
fixed at a level maximizing the occurrence of stick-and-slip at the finger
contact. Despite these variations across materials, the same NF level was
applied for all trials with a given material and a given subject. The chosen NF
levels were compatible with force levels used during manipulation.

5.2.5. Data acquisition and data processing

Force and position signals

Position of the plate and forces exerted on the finger were recorded at
1kHz during the trials. For the transparent protocol, fingerprint deformations
were monitored through the transparent plate during horizontal movement
of the platform, allowing derivation of surface strains in the fingertip contact.

Neural signal

The neural signals were sampled at 12.8kHz after amplification close to
the recording site. Identification of single action potentials was performed
semi-automatically under visual control (Edin et al., 1988).
WINSC/WINZOOM software (University of Umed, Sweden) was used for
recording and analysis of neural data. The instantaneous discharge rate was
defined as the inverse of the time interval between two consecutive spikes.
This discharge rate signal was re-sampled at 1kHz in order to match the
acquisition frequency of the force and position signals and have convenient
time series for data analysis.

Image processing to compute fingertip contact mechanics

Images of the fingerprints in contact with the transparent stimuli were
processed as described in Chapter 4 to compute local surface deformation
and rotation. Briefly, the contour of the fingertip contact was segmented
automatically. Then, feature points were sampled within the contact and
tracked from frame to frame in order to measure the displacement field in
the contact. Next, the gradient of this displacement field was estimated from
the local displacement of the feature points. Finally, Green-Lagrange strains
were computed locally according to equation (5.1), where &y, and &,,, are
the axial strains aligned to the x and y axes, respectively, &, is the shear
strain, and u and v are the displacement along the x and y axes, respectively.
The x and y axes are tangential to the plate and are the same as the global
reference frame defined for this study (Fig. 5.2A).
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o= 5435 + (3] (5.12)
Eyy = Z_; + % [(Z_Z)Z + (Z_;)Z] (5.1b)

The principal strain components, denoted e; and e,, were computed by
eigenvalue decomposition of the local strain tensor according to equation
(5.2), where € is the local strain tensor, which is symmetric by definition, and
V1 = (V1x V1y) and vy = (U4, Uy ) represent the orthogonal eigenvectors.

. [‘Sxx gxy] _ [le VZx] . [61 0] . [le VZx] (5.2)

Exy Eyy Viy U2yl |0 ey| V1y Vay

The principal strains e; and e, correspond to the maximum tensile and
compressive strains at the location where the strain tensor is measured. The
eigenvalue decomposition is equivalent to a rotation of the reference frame
so that the shear strain is cancelled and only axial strains remain, which thus
correspond to the maximum dilation and/or compression. Therefore, the
principal strains do not necessarily act along the axes of the x-y reference
frame defined above and act along directions potentially different for each
local strain tensor.

We make the hypothesis that strains in the direction normal to the
surface are negligible compared to surface strains because of the folded
structure of the superficial layers of the fingertip skin, i.e. fingerprint ridges,
which makes it possible to have large surface deformations with relatively
low volume deformations. Therefore, the matrix components of the local
strain tensor € are solely given by the axial and shear strains along the x-y
plane (&xy, &y and &y,,). In addition, given the high stiffness of the outer
layer of the skin (Wang and Hayward, 2007), it is reasonable to assume that
the area of local patches of skin is conserved after deformation. Under this
hypothesis, it can be shown that e; > 0 & e, < 0 and vice-versa. This
means that if one of the principal strain is dilative, the other one is
compressive and vice-versa. An intuitive demonstration of this idea is
presented in the Supplemental material section. Moreover, we follow the
customary habit to sort the eigenvalues by descending order. Therefore, e;
will always be larger than e,. Under the hypothesis of area conservation, this
implies that e; will be positive and thus tensile whereas e, will be negative
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and thus compressive. This hypothesis has been verified in practice on the
data (Fig. 5.8).

Besides, the local rotation of the skin was computed from the gradient
of the displacement field according to equation (5.3).
1(0u OJv
Finally, as described in Chapter 4, strains and rotation were first
computed as strains and rotation rates, i.e. the relative deformation between
pairs of consecutive frames, and then integrated over time to compute the

total strains and rotation, i.e. the deformation of the contact relative to the
initial frame.

5.3. Results

Responses were recorded from 39 afferents terminating in the human
hand, 19 of which had receptive fields at least partially within the fingertip
contact, allowing relating their response to the mechanical deformations
that arise within the contact during tangential loading. Fig. 5.2B presents the
location of the centers of the receptive fields for the type 1 afferents.
Receptive fields of the type 2 afferents are not reported because of their
large and poorly defined nature. Table 5.1 summarizes the number of
afferents from each class recorded in this study.

Fig. 5.3 illustrates a typical trial performed on glass in the ulnar direction.
The robot pressed the stimulus against the finger pad in the vertical direction
and waited for the normal force (NF) to stabilize at 4N. Then, it moved
horizontally with a constant speed of 5.5mm/s first in the ulnar direction
(“forward movement”). Then, after a short pause, it moved in the opposite,
i.e. radial, direction (“backward movement”). The unit was of class FA1 and
responded vigorously to the onset and offset of the normal loading of the
plate, with a discharge rate reaching 200Hz. In addition, it also responded to
the onset of the two horizontal movements. Strains recorded during the first
horizontal movement showed that the leading edge of the contact
experienced compression while the trailing edge was dilated, as observed in
a previous study (Delhaye et al., 2016).
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Fig. 5.2. Reference frame, stimulation directions and centers of the receptive fields
(RF) of the recorded units. (A) Schematic representation of a fingertip. Stimulation
directions were defined on an anatomical basis, with the radial direction pointing
towards the thumb of the subject and the proximal direction towards the wrist. A
right-handed reference frame was defined for forces, position and strains, with the
positive x axis pointing in the proximal direction and the positive y axis pointing in
the ulnar direction. (B) Location of RF centers of the recorded type 1 afferents (SA1,
circles, and FA1, triangles). The gray ellipse represents the initial fingertip contact
surface. The receptive field of 19 afferents out of the 39 recorded lay at least partially
within the initial contact or entered the contact during loading due to fingertip
rolling.

Table 5.1. Number of units from each class recorded in the transparent and non-
transparent protocols. For the transparent protocol, the number of units from each
class with their receptive field (RF) at least partially within the fingertip contact is
also reported. Because of the limited recording time available with a given unit, the
two protocols were not run on all units. The “total” row summarizes the number of
units on which either one of the two protocols, or both of them, was performed.

Units count SA1 SA2 FAl1l FA2 Total
Non-transparent protocol 14 2 13 2 31
Transparent protocols 6 4 16 1 27
Transparent  (RF  within | 5 2 12 0 19
contact surface)

Total 16 4 17 2 39
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Fig. 5.3. Typical trial on glass in the ulnar direction for unit U104-02 (FA1). (A)
Forward and backward movements of the robot (gray areas). The forward
movement is in the ulnar direction and the backward movement is in the radial
direction. The normal force (NF, blue) was controlled at 4N. The tangential force (TF,
red) started to increase at the onset of the horizontal movement. The unit responded
vigorously to the onset and offset of the normal loading of the plate and also to the
onset of both horizontal movements. (B) Axial strain along the radial-ulnar direction
recorded at the surface of the fingertip skin in contact with the glass. Strain rate (i.e.
time derivative, top row) and total strain (bottom row) are displayed for four
different times separated by 400ms and sampled during the forward movement (tO
to t3). The ulnar side is on the left of the images, according to the directions defined
in Fig. 5.2A. The leading edge of the contact is in compression (red) and the trailing
edge in dilation (blue). Black circles indicate the location of the center of the
afferent’s receptive field.
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The dynamic coefficient of friction (CF) was computed for the forward
and backward movements on glass and glass covered with RainOff. This
coefficient was computed as the ratio of the tangential to the normal force
during plateau of the tangential force at the end of horizontal movements.
These measurements confirmed that the RainOff dramatically decreased the
dynamic CF for all subjects (Fig. 5.4A). However, no effect of the movement
direction (forward or backward) was observed on the dynamic CF (Fig. 5.4B).
CF was also computed for trials performed with silk and sandpaper. Due to
the varying NF between materials and between subjects, it is not
straightforward to summarize these measurements, especially because the
coefficient of friction is known to vary dramatically with NF (André et al.,
2009). Nevertheless, dynamic CF measured for the four materials in
individual subjects is presented in Fig. 5.6. These measurements confirm that
the friction was also significantly different between the two non-transparent
materials for all subjects.
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Fig. 5.4. Friction measured on glass and glass + RainOff for the forward and
backward movements. (A) Dynamic coefficient of friction (CF) measured for all
subjects (one color per subject) for RainOff vs. bare glass. Dynamic CF was measured
for the forward movement (solid dots) and the backward movement (open dots) of
each trial. Error bars show 95% confidence intervals. The dynamic CF was
significantly lower with RainOff than with bare glass. (B) Same data as in panel A
represented for the backward vs. forward movements. Solid dots correspond to
trials on glass and open dots to trials on RainOff. Overall, the dynamic CF was similar
across the forward vs. backward movement for all subjects.

Most units exhibited a marked directional preference (Fig. 5.5). This
directional preference was consistent across frictional conditions. The
sensitivity of the units in each of the four stimulation directions (ulnar, distal,
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radial and proximal) was established by counting the number of spikes
elicited during a period of 400ms at the onset of the forward movement.
Several units responded preferentially for two opposite directions, e.g.
radial-ulnar, or distal-proximal, while others responded only to stimulations
in one direction.

In contrast, most units responded with the same intensity to the onset
of horizontal movements in the different frictional conditions. Fig. 5.6
presents the number of spikes elicited during a period of 400ms at the onset
of the forward movements for each material, with responses averaged across
stimulation directions. These responses were plotted against the measured
dynamic coefficient of friction. No marked difference was observed between
the responses to the different materials, indicating that the dynamic
coefficient of friction was not encoded at the onset of the horizontal
movements, i.e. before slip onset. These similar responses across frictional
conditions might be explained by the fact that spikes were averaged during
a short amount of time (400ms) and, importantly, before slip onset. During
this short time interval, the load force exhibits a similar profile for the two
non-transparent conditions as reported in previous work (Johansson and
Westling, 1984). In addition, even though the total number of spikes is similar
across frictional conditions, their timing might be different, as illustrated on
Fig. 5.7 later in the text.



Chapter 5. Human tactile afferent responses to skin strain patterns | 115

U101-01 digit 3 FA1
D

U104-02 digit 2 IJ105-03 dlglt 3 U107-04 digit 3 u107-05 dlglt 3

10/

U103-02 digit 3 UL10-06digit3  UI11-01digt3  U116-02 digit3
LN n -~ \

U \@/’;

50 T

4 N\

0Ff —

\ /

N4
[ 1 I 1
U116-03 digit 3 U103-01 digit 2 U108-06 digit 3 U108-02 digit 3 U107-02 digit 3

10 /’ \
[ Y

10 / \
[ 1 \
X 7]

Glass  RainOff Silk Sandpaper‘

Fig. 5.5. Directional sensitivity of units across frictional conditions. Polar diagrams
show the number of spikes elicited during a period of 400ms at the onset of the
forward movements. The four stimulation directions are represented on the top-left
diagram: ulnar (U), distal (D), radial (R) and proximal (P). Most units exhibited a
directional preference, either in one or in two opposite directions. This directional
preference was consistent across frictional conditions: glass (blue), glass covered
with rainoff (red), silk (green) and sandpaper (purple). Data are represented as the
mean * SEM across all repetitions for a given direction and material. The number on
the top-left corner of each diagram indicates the scale of the outer circle in spike
count. Units that were lost shortly after the beginning of the protocol and on which
less than two conditions were tested are not represented.
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Fig. 5.6. Responses of units to materials of different friction. The number of spikes
elicited during a period of 400ms at the onset of the forward movements is plotted
for each material against the dynamic coefficient of friction of this material. Units
are the same as in Fig. 5.5. Open dots represent the transparent materials: glass
(blue) and glass covered with RainOff (red). Solid dots represent the non-transparent
materials: silk (green) and sandpaper (purple). Data are represented as the mean *

standard deviation across all trials performed with a given material.
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Due to the short time period available to run the protocol before losing
the unit being recorded, the transparent plate was not cleaned between
trials. As a result, fingerprints from previous trials were left on the glass,
creating artifacts that disrupted the automatic detection of the contour of
the fingertip contact and therefore impeded the analysis of the images and
the computation of the surface strains. As a consequence, image data from
only two units are presented here: U104-02 and U115-04.

These two units are of class FA1 units and both have their receptive fields
(RF) within the contact. The location of the center of their RF is indicated in
Fig. 5.2B. Unit U104-02 responded preferentially in the proximal direction
and U115-04 in the distal and proximal directions (Fig. 5.5). Results from the
transparent protocols run with these units are presented. Fig. 5.7 displays
the temporal evolution of the forces, strains and discharge rate measured
during horizontal movements in the proximal direction, for which both units
had a strong response. Strains were measured within the estimated RF, i.e.
in a small circle around their RF centers as illustrated in Fig. 5.3B. For both
units, similar patterns were observed between the response of the unit and
the strain rates, and especially the rate of the maximum compressive strain,
for both forward and backward movements. Because of the lower friction in
the RainOff condition, strains developed earlier within the contact than in
the bare glass condition and with a somewhat lower amplitude. This lower,
earlier peak on RainOff compared to bare glass was also observed on the
discharge rate of the units. This suggests a strong link between strains in the
RF and the response of the afferents. In addition, the responses were elicited
at the onset of the horizontal movement, i.e. during incipient slip, before the
tangential force reached its plateau.

Fig. 5.7. Temporal evolution of the forces, strains and response of two FA1l
afferents with their receptive fields within the fingertip contact for movements in
the proximal direction. (A) U104-02 (page 118) and (B) U115-04 (page 119). Signals
and their time derivatives are plotted vs. time for all movements in the proximal
direction performed on bare glass (blue) and glass covered with RainOff (red). Data
are displayed as the mean * SEM across all repetitions. Data for backward
movements come from trials whose first horizontal movement was in the distal
direction and thus the second horizontal movement was in the proximal direction.
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Fig. 5.8 presents the discharge rate of the two units plotted against rates
of strain components for movements performed in the four stimulation
directions during transparent protocols. The measured strain components
seem to correlate with tactile afferent discharges but not in all conditions. In
addition, units sometimes responded in the absence of strains. Together,
these observations indicate other causes of the discharge than surface
strains.
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Fig. 5.8A. Relationship between discharge rate and strain components for U104-02.
Discharge rate of the units plotted vs. rates of strain components for horizontal
movements performed on bare glass (blue) and glass covered with RainOff (red).
Strain components and discharge rates were sampled at midpoint between
consecutive spikes. Data are grouped by movements performed in the same
stimulation direction (ulnar, distal, radial or proximal), either during the forward
movement (solid dots) or during the backward movement (open dots). Units
responded more vigorously to movements performed in the proximal direction,
which is their preferred stimulation direction.
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Fig. 5.8B. Relationship between discharge rate and strain components for U115-04.
Discharge rate of the units plotted vs. rates of strain components for horizontal
movements performed on bare glass (blue) and glass covered with RainOff (red).
Strain components and discharge rates were sampled at midpoint between
consecutive spikes. Data are grouped by movements performed in the same
stimulation direction (ulnar, distal, radial or proximal), either during the forward
movement (solid dots) or during the backward movement (open dots). Units
responded more vigorously to movements performed in the proximal direction,
which is their preferred stimulation direction.

5.4. Discussion

This study combined strain imaging at the fingertip contact with
microneurography recordings of tactile afferents innervating the tips of the
right index and middle fingers of human subjects. The simultaneous
recording of strains and tactile afferent responses elicited by tangential
loading of the fingertip allowed us to investigate the link between strains and
afferent responses. Four stimulation directions and four materials exhibiting
different friction properties were tested.

We found that most afferents responded preferentially to stimulations
acting in one or two opposite directions. This directional preference was
consistent across frictional conditions. Besides, the dynamic coefficient of
friction of the materials did not seem to be encoded during the onset of
tangential loading.
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The relationship between strains in the fingertip contact and afferent
discharge were investigated for two afferents of class FA1 whose receptive
field was within the contact. We found similarities between the response of
the afferents and patterns of strain rates, especially with the rate of
maximum compressive strains. Both units responded at the onset of the
tangential loading, i.e. during the incipient slip phase and before the
tangential force reached its plateau. These similarities between discharge
and strain rates were observed only for the preferred stimulation direction
of the two afferents. However, units responded also to stimulations in other
directions, even if with a lower amplitude, despite the absence of strains in
these conditions. Together, these results indicate that surface strains
contributed to tactile afferent discharge but were not the sole cause of the
discharge.

As exposed in the previous Chapter, the deformation of the finger pad
under tangential loading is two-fold. Both forces, related to volume
deformation, and surface strains, i.e. surface deformation, can create volume
stress in the fingertip, which are known to be encoded by tactile afferents
(Fig. 5.9). In short, both external forces and strains need to be taken into
account to explain the discharge of the tactile afferents.
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Fig. 5.9. Conceptual illustration of the potential causes of volume stress in the
finger pad. (A) Finger pad section at rest. (B—D) Surface strains (B), external force (C)
or a combination of both (D) can cause volume stress in the finger pad.

Due to the poor quality of recorded images, strain data from only two
units have been presented here. To expand these results, it is critical to
analyze data from more units with a better image segmentation algorithm.
Therefore, we intend to apply the new algorithm described in Appendix C on
the images from this study in order to improve the processing of fingerprint
images.
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5.5. Supplemental material

Mohr’s circle is used in Fig. 5.10 to illustrate the relationship between
axial and shearing strains in the case of plane strains, i.e. when out-of-surface
strains are negligible. Principal strains e; and e, correspond to the value of
the axial strains when the shearing strain is cancelled. Now, three
possibilities remain as of the signs of the principal strains: (1) both are
negative, i.e. a local patch of skin is compressed along both directions (Fig.
5.10A); (2) one is positive and the other is negative, i.e. skin is dilated along
one direction and compressed along the other (Fig. 5.10B); (3) both are
positive, i.e. skin is dilated along both directions (Fig. 5.10C).
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Fig. 5.10. Mohr’s circles (shearing vs. axial strains) illustrating possible signs of
principal strain components e; and e,. (A) Both are negative, leading to a
compression along the two orthogonal directions. (B) One is positive, the other is
negative, leading to dilation along one axis and compression along the other. (C)
Both are positive, leading to dilation along the two orthogonal directions. Each case
is illustrated with the deformation of a circle.
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Due to the high local stiffness of the outer layers of the fingertip skin
(Wang and Hayward, 2007), it is reasonable to assume that the area of a local
patch of skin is conserved after deformation. This implies that if one principal
strain component is compressive, the other must be dilative. A simple
demonstration comparing the area of a circle before and after deformation
is presented below.

Let A; be the area of a circle of radius a: A; = ma?. Let A, be the area of
this circle after deformation acting along two orthogonal directions,
transforming the circle into an ellipse. Let b and c be the radii of the ellipse,
i.e. the length of its semi-major and semi-minor axes. We have A, = mhc.
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Now, let us express b and ¢ as a function is the radius of the circle before
deformation: b = a + Ax and ¢ = a + Ay, with Ax and Ay not necessarily
equal.

Finally, let us assume that the area of the circle and the ellipse are the
same, so that the area is conserved after deformation. This implies that if
Ax > 0, then Ay < 0 and vice-versa as shown below in equation (5.4).

ma’? = A, = A, = whc = (a + Ax)(a + Ay) (5.4a)
ma? = m(a? + abx + alAy + AxAy) (5.4b)

alx + aAy + AxAy =0 (5.4¢)
a>0and Ax >0 =2 Ay(a+Ax) <0 =2 Ay <0 (5.4d)
n

Principal strains being the relative deformation along two orthogonal
axes, if one is positive, the other must be negative in order to conserve the
area of the local patch of skin under deformation.



CHAPTER 6

General discussion and future
directions

”

“Life is tough and then you graduate.

Jorge Cham (PHD Comics)

Finger pad mechanics plays a critical role in tactile exploration and
dexterous manipulation by shaping the tactile feedback sent to the central
nervous system by peripheral tactile afferents. This thesis addressed
research questions related to the measurement of fingertip friction and to
the role of partial slips in tactile perception and dexterous manipulation. This
Chapter summarizes the main contributions, identifies future research
guestions arising from the contributions and their limitations, and discusses
potential applications.
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6.1. Summary of contributions

The minimum grip force needed to avoid object drop during
manipulation is driven by the friction between fingertips and object. Due to
the mechanical properties of the fingertip skin and the finger pad, the static
coefficient of friction at the fingertip contact varies dramatically with grip
force. Although fingertip friction has been shown to be encoded by the
central nervous system (CNS) during manipulation and to be one of the key
factors influencing the force control during precision grip, no method was
available that allowed the static coefficient of friction to be measured quickly
and reproducibly while capturing its dependence on the applied grip force.
In Chapter 2, we proposed such a method and showed how it allows fingertip
friction and therefore the safety margin to be estimated easily during
manipulation. A Matlab implementation of this method accompanied by a
graphical user interface is described in Appendix B. This method was
designed to be applicable in a variety of environments, including in micro-
gravity. It is currently used to measure fingertip friction in the GRIP
experiment onboard the International Space Station. Additionally, it is used
to teach biomedical engineering students about the motor control of object
manipulation.

The coefficient of friction summarizes the mechanical interactions at the
fingertip contact with a scalar quantity and therefore offers a global view of
slippage. However, complex mechanical interactions arise at the fingertip-
object contact under tangential loading of the fingertip. A very important
phenomenon is the presence of localized slippage in the contact, also called
partial slip. This phenomenon is due to the compliant nature of the finger
pad and to the non-uniform pressure distribution within the contact. Under
fingertip shearing, the periphery of the contact, where the pressure is lower
than in its center, slips first. This slipping area grows towards the center of
the contact with increasing tangential loading. As a result, local
deformations, or strains, arise in the fingertip contact in a very reproducible
pattern dependent on loading direction. These strain patterns at the surface
of the skin are potentially captured by the numerous tactile afferents
innervating the fingertips.

In view of the partial slip phenomenon, we conducted a study examining
the perception of fingertip slip during the stick-to-slip transition on smooth
surfaces, which was described in Chapter 3. We found that subjects
perceived fingertip slip before full slip and we hypothesized that they relied
on the smooth fingertip deformations to do so, as opposed to the vibration-



Chapter 6. General discussion and future directions | 127

based mechanism driving slip detection on rough surfaces proposed
previously. This early slip detection may allow subjects to anticipate full slip
between fingertips and object and thus it is relevant for object manipulation.

Therefore, in Chapter 4 we were interested in examining the dynamics
of the fingertip contact during manipulation. To this end, we developed a
novel manipulandum combining sensing of the forces applied to the object
by the fingers and imaging of the fingertip contact. A preliminary study
performed with the manipulandum was described, which highlighted the
presence of a significant amount of partial slip at the fingertip contact during
manipulation. This result opens the way for several research questions
discussed in the next section.

Finally, in Chapter 5 we conducted a neurophysiological experiment to
investigate how strain patterns caused by partial slips in the fingertip contact
were encoded in the peripheral somatosensory system. In this experiment,
we recorded in vivo the response of individual tactile afferents innervating
the finger pad under fingertip shearing in conditions compatible with object
manipulation. Due to the short time window available during recordings,
transparent plates stimulating the fingertips could not be cleaned between
trials, affecting image quality. Consequently, only a limited portion of the
dataset was analyzed. In the future, we intend to test a new image processing
algorithm developed within this thesis and described in Appendix C to
overcome the problems related to image quality and therefore analyze more
data from this study.

6.2. Future directions

In this section, we discuss new research questions raised by the results
described in the previous section but also by their limitations. Research
guestions and future directions already discussed within the previous
chapters are not restated here.

How to measure dynamic friction easily and how is it related to static

friction?

The friction measurement method described in Chapter 2 allows
experimenters to measure the static coefficient of friction between fingertips
and object. This method is therefore only applicable when the static
coefficient of friction is properly defined, i.e. when the tangential force drops
at slip onset. As shown by measurements reported in Appendix A, this is not
always the case. For instance, on smooth glass the tangential force increases
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smoothly and monotonically until reaching a plateau and it does not drop
suddenly at slip onset. In these conditions, the static coefficient of friction is
not properly defined and the only reproducible measure of friction between
trials is the dynamic coefficient of friction, defined as the ratio of the
tangential to the normal force during steady-state slippage. Therefore,
several questions arise. First, is it possible to modify our method to measure
friction on materials like smooth glass? Then, how is the dynamic coefficient
of friction related to the static one? In particular, is dynamic friction also
affected by normal force, as is static friction? A first answer to this question
is provided by results reported in Appendix A, where we showed that the
dynamic coefficient of friction varied with the normal force in the same way
as the static one, i.e. following a negative power law. However, having a
reliable measure of friction on materials like smooth glass requires the
fingertip contact to be in steady-state slipping. Therefore, our friction
measurement method based on short-range movements should be
fundamentally revised and adapted to measure friction in these conditions.
More work is therefore needed to develop a reliable method to measure
dynamic friction easily and reproducibly with short-range movements.

What are the relative contributions to slip perception of volume vs.

surface deformation of the fingertip?

In Chapter 3, we showed that subjects could rely either on surface
deformations caused by partial slip, as measured with SR, or on volume
deformations, related to the plate displacement during incipient slip, to
detect fingertip slips. This result raises the question of the relative
contributions of volume vs. surface deformation of the fingertip to the
deformation-based slip detection mechanism. Addressing this question
requires to assess separately the effect of volume and surface deformation
on slip detection. To some extent, decoupling surface and volume
deformation is possible with materials exhibiting different frictional
properties. Indeed, the coefficient of friction impacts the relationship
between SR and plate displacement. For a given displacement level, SR will
fall faster with plate displacement, and therefore surface deformations will
be lower, on a low-friction material than on a high-friction one. However, in
practice it is difficult to find two materials with frictional properties similar
to those of smooth glass but with different intrinsic friction levels. In Chapter
3, we tried to modify the friction of the glass plate by covering it with RainOff,
but the reduction of friction was too strong so that it disrupted slip
perception.
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Another way to tune fingertip friction is to take advantage of its
dependence on normal force and skin moisture (André et al., 2009). Namely,
increasing the normal force will decrease the coefficient of friction. However
one should be cautious because increasing the normal force will also increase
the stiffness of the finger pad in a non-linear way, therefore potentially
affecting mechanotransduction and thus the way stimuli are perceived.
Another possibility is to modify the level of skin hydration. However, this is
hard to control in practice because simply adding water to the fingertip
contact does not have the same effect on friction as a natural increase of skin
hydration induced by sweat.

Finally, to ease the measurements of slip detection thresholds, an
adaptive psychophysical procedure could be used instead of the method of
constant stimuli used in Chapter 3. The adaptive method rapidly converges
to stimulus levels close to the subject’s detection threshold and therefore it
requires much less trials than the method of constant stimuli. However, it
does not allow the experimenter to measure the sensitivity of the subject to
the stimulus (Jones and Tan, 2013).

How does fingertip skin hydration influence slip perception?

Because fingertip skin hydration affects the friction at the fingertip
contact (André et al., 2009), it also affects the relationship between SR and
plate displacement, i.e. between surface and volume deformation of the
fingertip as exposed above. Further analysis of data from Chapter 3 showed
that fingertip skin hydration significantly influenced the mechanical behavior
of the fingertip contact. Namely, an increase of fingertip moisture increased
friction and thus the values of plate displacement and tangential force for
which the contact entered full slip. However, the impact of moisture on slip
detection thresholds was not clear. We believe that a dedicated study is
needed to address the question of the impact of skin hydration on the
perception of fingertip slip.

What are the relative contributions of skin vibration vs. fingertip
deformation to slip perception during exploration of rough and
smooth surfaces?

In Chapter 3, we discussed the existence of two complementary slip
detection mechanisms: one based on vibrations generated in the skin by
protrusions and texture of the stroking surface, which dominates slip
perception on rough surfaces (Srinivasan et al., 1990), and another one based
on finger pad deformations and allowing subjects to detect slip on smooth
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surfaces. We believe that these two mechanisms are not mutually exclusive
because deformations of the fingertip also occur during exploration of rough
surfaces and reciprocally, vibrations are also produced in the skin when
exploring smooth surfaces. However, the relative contribution of vibrations
vs. deformations to slip detection on rough and smooth surfaces is not clear.
Therefore, it would be interesting to measure precisely the vibrations
generated by a fingertip stroking a smooth plate, examine its frequency
content, and investigate how this relates to surface deformations of the
fingertip skin, i.e. partial slips, and how this affects slip perception. A previous
study examining the tangential force during tactile exploration of two
smooth materials (glass and PMMA) with different molecular structures but
similar geometry found that the frequency content of the force differed
during the incipient slip phase, which explained the capacity of subjects to
discriminate between the two materials (Gueorguiev et al., 2016). This
suggests that the frequency spectrum of the forces generated during
exploration of smooth materials shapes tactile perception and thus
potentially affects slip perception. Reciprocally, it would also be interesting
to examine fingertip contact dynamics during exploration of rough surfaces
and how this affects slip perception. However, it is more difficult to image
the fingertip contact during exploration of non-smooth and non-transparent
surfaces. Nevertheless, a recently developed device able to accurately record
in vivo the interfacial forces produced when a finger interacts with an
arbitrary surface could help address this question (Bochereau et al., 2017).

Are partial slips a generalization of the concept of safety margin

during manipulation?

During object manipulation, grip force applied by the fingers on the
objects is always kept above the minimum grip force preventing object drop.
The safety margin is a measure of the difference between the applied and
minimum grip force (Westling and Johansson, 1984). Tactile afferents have
been shown to encode the safety margin for different frictional conditions
(Johansson and Westling, 1984; Khamis et al., 2014b), but the underlying
neural mechanisms are not clear. Partial slip of the fingertip contact, as
measured with the stick ratio (SR), is a functionally relevant measure of the
grip safety because preventing the object from falling is equivalent to
avoiding slippage at the fingertip-object contact, i.e. maintaining SR > 0. In
addition, SR is independent of the level of fingertip friction, and therefore it
is not affected by the variation of friction with the applied grip force.
Therefore, it would be interesting to examine to which extent the grip force
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modulation could be explained by the level of partial slip at the fingertip-
object contact. This could shed light on the neural encoding of grip safety
during manipulation.

What are the relative contributions of forces and torques at the
fingertip contact to force coordination during manipulation and to
fingertip contact dynamics?

Tactile afferents have the capacity to encode the magnitude and
direction of tangential torques applied to the finger pad (Birznieks et al.,
2010; Khamis et al., 2015). Additionally, inertial torque influences force
coordination during manipulation and significantly reduces the grip force
adaptation across lifting trials (Crevecoeur et al., 2011; Giard et al., 2015).
Therefore, torques should be taken into account when investigating force
coordination and adaptation during manipulation. Indeed, tangential
torques applied by fingertips to counteract the torque caused by the mass
distribution of an object contribute to grip safety in the same way as the grip
force. A recent study proposed a generalization of the safety margin based
on a contact model considering both forces and torques applied by the
fingers to the object, and showed that this generalized safety margin offered
a more faithful image of grip safety than the conventional safety margin
based only on grip force (Singh and Ambike, 2017). In view of the potential
role of partial slips as an index of grip safety, it would be interesting to
examine the impact of tangential torque on fingertip contact dynamics.

What is the impact of skin vibrations and finger pad deformations on

grip control?

Vibrations generated in the skin by sudden slips between fingertips and
object have been shown to trigger grip force corrections during manipulation
of a textured object (Johansson and Westling, 1987; Wiertlewski et al., 2013).
This observation resonates with the importance for slip detection of
vibrations produced in the skin during exploration of rough surfaces,
therefore suggesting that the mechanisms of slip detection during tactile
exploration discussed above are also relevant for the study of force
coordination during manipulation. Therefore, it is worth investigating how
skin vibrations and finger pad deformations contribute to force control
during manipulation.

Why is the grip force modulated with the object load?
In anticipatory control of manipulation, grip force is modulated in phase
with the object load (Flanagan and Wing, 1997; Wolpert and Flanagan, 2001).
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If the only goal of the manipulation controller was to avoid dropping the
object, grip force could be maintained at a high level regardless of the object
load, thus guaranteeing a large safety margin. Therefore, the grip force
modulation observed during manipulation reflects other control processes
that are worth elucidating. For instance, the goal of the modulation could be
to maintain a given level of partial slip at the fingertip contact in order to
facilitate knowledge of object dynamics and therefore enhance skilled
manipulation (Witney et al., 2004). In the same idea, it is also possible that
grip force modulation is performed to improve the sensitivity of the skin.
Indeed, the skin is less sensitive when compressed because a given force
variation at a high force level will create less deformation and thus
potentially less modulation in the response of tactile afferents than at a low
force level.

How is friction encoded by the tactile system?

Mechanically speaking, friction is at the heart of tactile interactions.
Indeed, it is influenced by the normal force and skin moisture (André et al.,
2009), and in turn it drives the relationship between partial slip at the
fingertip contact and tangential force, and also the relationship between
partial slip and fingertip displacement (André et al., 2011). There is evidence
that fingertip friction is encoded by the tactile system quickly after initial
contact with an object (Johansson and Westling, 1984; Khamis et al., 2014a).
However, the mechanisms by which the CNS estimates fingertip friction at
initial contact, but also continuously during object manipulation or tactile
exploration, are not clear. Given their dependence on local frictional
properties of the fingertip contact, partial slips and surface strains in the
contact may play a significant role in friction encoding. The question of
friction encoding by the CNS is inherently complex and involves finger pad
mechanics as well as control of movement during tactile exploration. It
shapes tactile perception of explored surfaces and plays an important role
during object manipulation. In short, it is related to all topics addressed in
the present thesis.

Recently, techniques have been developed that offer the possibility to
quickly modulate the friction of a surface without affecting its other
properties such as texture (see next section). A very exciting experiment
would be to perturb friction during manipulation using these friction
modulation techniques and check for a motor response in the muscles
involved in grip control. This would allow researchers to causally test
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whether friction is taken into account in the modulation of the grip force and
shed new light on how friction is encoded by the tactile system.

6.3. Applications

Despite being fundamental in nature, this work is not without several
potential applications, which are summarized here.

Design of somatosensory neuroprostheses

Tactile feedback is essential for fine motor control and, more generally,
shapes our fundamental perception of the world. Therefore, a hand loss is a
highly disabling event that markedly affects the quality of life. Despite
increasingly sophisticated mechatronics, prosthetic devices often do not
directly convey sensation back to their wearers. Recent studies developed
somatosensory feedback systems through peripheral (Graczyk et al., 2016;
Raspopovic et al., 2014; Tan et al., 2014) or central neurostimulation (Flesher
et al, 2016) and combined them with conventional hand prostheses,
therefore restoring tactile sensation during object manipulation to
amputees. Studying how a given mechanical stimulation gives rise to neural
responses in tactile afferents helps researchers to develop electrical
stimulation patterns that are close to the ones elicited naturally during tactile
interactions.

Design of rich tactile displays

A new generation of tactile interfaces offers the possibility to modulate
the friction between the fingertip and the surface dynamically. Friction can
be increased through electrovibration (Shultz et al., 2017; Vardar et al., 2017)
or decreased through ultrasonic vibration (Wiertlewski et al., 2016), and
these two technologies can be combined into a single tactile display (Vezzoli
et al., 2015). Both technologies have in common that the friction modulation
is perceived only when the fingertip is moved across the surface. Therefore,
a better understanding of the dynamics of the finger pad under tangential
loading, and of the physical factors shaping fingertip slip perception is
relevant to better characterize tactile interactions on these friction-
modulation surfaces.

Design of haptic feedback systems for virtual reality and robotic

teleoperation

Tactile sensation plays an important role in haptic feedback. A broad area
of research is concerned with the design of intuitive and efficient haptic
feedback systems, namely for virtual reality and teleoperation applications.
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However, due to the complexity of measuring and reproducing tactile
interactions, tactile stimulations are often lacking in those systems
(Pacchierotti et al., 2016; Webster et al., 2005). By providing a better
understanding of tactile interactions through the study of slip perception, the
results of this thesis are applicable to design better haptic feedback systems.

Design of robotic hands

Identifying the critical parameters relevant for tactile perception and
dexterous manipulation is needed to design efficient robotic manipulators
that will be able to sense and make sense of their environment with a higher
degree of accuracy. Taking inspiration from the impressive human
manipulation abilities will help roboticists to develop new robotic hands that
are more robust and flexible. For example, the complex and specific strain
patterns at the surface of the fingertip skin in contact with an object inspired
the design of a new generation of soft robotic fingers (Ho and Hirai, 2014).



APPENDIX A

Characterizing friction of a selection
of smooth transparent materials

A.1. Motivations

This Appendix presents the results of friction measurements between
human fingertips and a selection of smooth transparent materials with the
aim of helping researchers to select the appropriate materials for
experiments involving fingertip-surface interactions.

A.2. Methods

A.2.1. Tested materials

The selected materials were hard, smooth, i.e. they did not feel rough
during tactile exploration, and transparent, so that the fingertip contact can
be imaged through them. We also added two non-transparent and non-
smooth materials, namely silk and suede, which were used in the seminal
study from Johansson and Westling (Johansson and Westling, 1984) and very
often since then in order to compare the friction measurements with
standard materials from the literature. Below is the list of the nine tested
materials:

e Bulk materials

o Glass

o Acrylic
e Coatings

o Varnish

o Screen cover
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o PP
o PET
o RainOff
o Non-transparent materials
o Silk
o Suede

The coatings were applied on glass plates and the non-transparent
materials were put on wooden plates, therefore always having hard surfaces
in contact with the fingertips. The varnish is a protective coating to be
sprayed on objects and designed for hobbyists. The screen cover is a
commercially-available scratch-resistant protection for the screens of tablets
and smartphones. PP and PET are commercially-available auto-adhesive and
transparent protective coatings. RainOff is a hydrophobic coating produced
by Arexons, a division of Petronas Lubricants, Villastellone TO, Italy. It is
designed to repel water on car windshields. Interestingly, it allows reducing
the fingertip contact friction while being highly transparent and therefore
not altering the quality of the fingerprint images recorded through the glass.

A.2.2. Apparatus and data collection

We used the robotic platform described in Chapter 3 to perform the
measurements. The robot was controlled to keep a constant force in the
direction normal to the contact and a constant speed tangentially to the
contact. Given the influence of normal force (NF) on fingertip contact friction
(Adams et al., 2013; André et al., 2009) (also demonstrated in Chapter 2), we
tested three normal forces relevant for tactile exploration and object
manipulation, namely 2N, 5N and 10N.

Four subjects participated in the experiment. They exhibited different
skin hydration levels ranging from dry to very wet. For each trial, the robot
loaded the tested material normally to the right index fingertip of the subject
until reaching the prescribed normal force. Then, keeping the normal force
constant, the plate was moved tangentially to the contact in the radial
direction, i.e. towards the thumb of the subject, at a constant speed of
5mm/s on a distance of 50mm. Finally, the plate was moved away from the
fingertip. Each condition was repeated five times, totalizing 135 trials per
subject (5 repetitions x 3 NF levels x 9 materials). Force exerted by the
fingertip on the plate and position of the plate were recorded at 1kHz during
the trials.
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A.2.3. Data processing

The dynamic coefficient of friction was computed for each trial as the
ratio of the tangential to the normal force (TF/NF) during plateau of the
tangential force. More precisely, we computed the average TF/NF ratio
during the time period ranging from 5s to 8s after the onset of the tangential
movement of the plate, which corresponded to a plate displacement ranging
from 25mm to 40mm. Data were processed using Matlab.

A.3. Results

Figures A.1 to A.3 present the friction measured for NF = 2N, 5N, and
10N, respectively. Figure A.4 regroup all measurements and shows that the
dynamic friction coefficient decreases with increasing NF, as is the case with
the static coefficient of friction.
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Fig. A.1. Dynamic coefficient of friction between fingertip and the nine tested
materials with NF = 2N.
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Fig. A.2. Dynamic coefficient of friction between fingertip and the nine tested
materials with NF = 5N.
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Fig. A.3. Dynamic coefficient of friction between fingertip and the nine tested
materials with NF = 10N.
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Fig. A.4. Summary of all measurements for the nine materials and the three levels of
NF: 2N, 5N, and 10N.

A.4. Comments and recommendations

The static coefficient of friction is defined as the ratio of the tangential
to the normal force (TF/NF) at slip onset (Chapter 2). On rough materials, slip
onset is accompanied by a sudden decrease of the tangential force (TF).
However, we often observed here that TF increased smoothly with plate
displacement until reaching a plateau, with no sudden drop of TF nor of the
TF/NF ratio. The Supplemental Data section below displays the time
evolution of TF/NF for individual subjects. Overall, this means that the static
coefficient of friction is not properly defined for most of the smooth
materials tested here. However, for the two non-transparent materials, TF
dropped shortly after the onset of the tangential displacement of the plate,
therefore allowing a proper definition of the static coefficient of friction.

Besides, on some trials, the finger exhibited a stick-and-slip behavior
when stroked by the plate, i.e. short and jerky motions caused by alternate
sticking from friction and sliding when the friction is overcome by the
tangential force applied by the stroking plate. This stick-and-slip
phenomenon was observed on varnish and, to a lesser extent, on PP, PET,
and acrylic. Detailed inspection of the data and previous testing not reported
here reveal that the stick-and-slip phenomenon is influenced both by skin
hydration and by NF. It seems to occur preferentially for dry skin and large
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NF. However, the influence of NF actually depends on the material used. In
general, stick-and-slip is a complex phenomenon that depends on many
factors including roughness and relative velocity of the two surfaces in
contact (Bengisu and Akay, 1999; Liu, 2012). A detailed study of the
parameters influencing stick-and-slip at the fingertip contact would be
valuable to better understand the fundamental mechanics of tactile
interactions but is beyond the scope of this text. Here, we simply report
whether or not stick-and-slip occurred with the different tested materials.
Our observations are summarized in Table A.1.

Table A.1. Summary of observations made on the different materials. The presence
of a static coefficient of friction (CF) means that a decrease of the TF/NF ratio was
observed shortly after the onset of the tangential movement of the plate, indicating
slip onset. In addition, the presence of stick-and-slip in the time evolution of the
forces is reported.

Material | Static Stick-and- Comments
CF? slip?

Glass No No -

Acrylic No Sometimes Frictional behavior similar to glass.

Varnish | Yes Yes Stick-and-slip occurs almost
systematically.

Cover No No Frictional behavior similar to glass.

PP Yes Yes -

PET No Sometimes Similar to screen cover, but with
more stick-and-slip.

RainOff | No No Low friction, highly reproducible
stimuli.

Silk Yes No Low friction, highly reproducible
stimuli, very clear static CF.

Suede Yes No Low friction, highly reproducible
stimuli, very clear static CF.

We observed that dynamic friction systematically decreased with
increasing normal force, and sometimes dramatically, as is the case with
static friction (Chapter 2). This dependence must be taken into account when
selecting materials for a given experiment and researchers must determine
carefully what normal force will be applied at the fingertip contact during
experiments. In addition, the exerted normal force should be controlled and
kept constant during the trials in order to ensure reproducible stimuli across
trials.
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The materials exhibited either a low friction (for RainOff, silk, and suede)
or a high friction (for the rest of them), with no tested material exhibiting an
intermediate friction level. The low-friction materials were the ones with the
highest reproducibility across trials. Besides, the influence of NF on the
dynamic coefficient of friction was more dramatic for the high-friction
materials than for the low-friction ones.

The dynamic coefficient of friction of acrylic was very similar to the one
of glass, as already observed in a previous study (Gueorguiev et al. 2016). The
friction behavior of the screen cover was also very similar to the one of glass,
with no static friction, no stick-and-slip, and approximately the same friction
values at the different levels of NF (Fig. A.4). Screen cover offers the following
benefits: (1) scratch resistant and highly transparent; (2) designed to prevent
deposition of sweat and grease from the fingertip. Together, these features
ensure a good quality of fingerprint images by limiting the parasitic elements
such as tiny scratches or fingerprint artifacts left on the surface after previous
strokes. In addition, reducing sweat and grease deposition also limits the
variation of the moisture content at the surface of the skin during strokes,
therefore improving reproducibility of stimuli.
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A.5. Supplemental data

Figures A.5 to A.8 show the time evolution of the TF/NF ratio for the four
subjects individually.
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Fig. A.5. Time evolution of TF/NF for subject AB, for NF = 2N (blue), NF = 5N (green)
and NF = 10N (red). The subject had a rater dry fingertip skin.
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Fig. A.6. Time evolution of TF/NF for subject OC, for NF = 2N (blue), NF = 5N (green)
and NF = 10N (red). The subject exhibited an average level of skin hydration.
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Fig. A.7. Time evolution of TF/NF for subject LO, for NF = 2N (blue), NF = 5N (green)
and NF = 10N (red). The subject had a rather wet fingertip skin.
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Fig. A.8. Time evolution of TF/NF for subject FS, for NF = 2N (blue), NF = 5N (green)
and NF = 10N (red). The subject had a naturally very damp skin.
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ASMC User’s Guide

Published as Supplemental Material of: A. Barrea*, D. Cordova Bulens*,
P. Lefevre and J.-L. Thonnard, "Simple and Reliable Method to Estimate the
Fingertip Static Coefficient of Friction in Precision Grip," in IEEE Transactions
on Haptics, vol. 9, no. 4, pp. 492-498, Oct.-Dec. 2016. (*) equal contribution.

B.1. Introduction

ASMC (A Simple Measure of the Coefficient of friction) is an algorithm
designed to compute the static coefficient of friction at the fingertip-object
contact from the forces and torques measured by a six-axis force/torque
sensor. This user’s guide provides step-by-step explanations to prepare data,
analyze it and visualize and export the results. This user’s guide is intended
as a complement to the paper describing the method. Please read the paper
before reading this guide. The algorithm has been tested with Matlab R2013a
and Matlab R2015a running on Windows 7.

B.1.1. Abbreviations used in this guide and in the code

Abbreviation Meaning
TF Tangential force
NF Normal force

U (sometimes noted @ Static coefficient of friction, defined as TF/NF at
“mu” slip onset
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B.1.2. Inputs
ASMC needs the following data in order to carry out the analysis:

e The normal force (NF) exerted by the finger on the force sensor;

e The tangential force (TF) exerted by the finger on the force sensor;

e The center of pressure (COP) position of the finger on the sensor (cf.
formula in appendix);

e The size of the sensor;

e The minimum accepted values of TF and NF (see explanations
below);

e The position of the thresholds on the sensor (thresholds are defined
below).

B.2. Before using the ASMC algorithm

ASMC runs on a project folder that must contain all data files that will be
analyzed. Each data file must be named using the following convention:
“<subject>_<condition>.csv”. The data files must only contain five columns
of data corresponding to F,, E, F,, COP, and COPy, respectively. F,, E, and
F, correspond to the forces measured by the force sensor along the x-, y- and
z-axis, respectively. COP, and COP, are the COP position along the x- and y-
axis respectively. See appendix to know how to compute COP from force and
torque data. Each row of a data file corresponds to a single time step. The

accepted file extensions for the data files are “.lvm”, “.csv”, “.txt” and “.tsv”.

B.3. Using ASMC

To start, run “asmc.m”. This opens the main window (see Fig. B.1). From
this window, the user can import new data, process previously imported
data or plot analyzed data, with the corresponding buttons.

4] ASMC = B 22

ASMC v8
© Allan Barrea & David Cérdova Bulens 2015

Import ‘ ‘ Process ‘ ‘ Plot

Fig. B.1. ASMC main window.
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B.3.1. Import window

Clicking on the “Import” button of the main window opens the Import
window (see Fig. B.2). The project folder that contains the data to be
imported can be selected using the “Browse” button on the top right corner
of this window. Once the project folder has been selected, its full path
appears on the text box at the top of the window. Clicking on the “Import
data from...” button starts data import. Once the data import is over, a
message indicating whether the import was successful or not is displayed in
the lower text box (see Fig. B.3).

The import process outputs a file called
“<project_folder_name>_data.mat” into the project folder. This file contains
a structure organized as presented in Fig. B.4.

B ASMC - Import = B %

Import data from... C:llzers\abarrea\Dropbox\Experiments\ASMC\demo'data

Overwrite imported data file without asking

Fig. B.2. Import window.

Bl ASMC - Import = B =%

Import data from... C:\lzers\abarrea\Dropbox\Experiments\ASMC\demo'\data

Overwrite imported data file without asking

Running import process (overwriting imported data file without asking)...
Data success fully imperted in: C:\Users\abarrea\Dropbox\Experiments\4SMC\demo\data\data_data. mat

Fig. B.3. Import window after data import. Once data is imported, a message is
displayed in the lower part of the window.
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data

subject_1 subject_2 e subject_n
|
condition_1 condition_2 ... condition_n

TF NF COP moist

Fig. B.4. Imported data file structure. The imported data file is a structure that
contains a field for each subject. In turn, each subject has fields with structures
containing data for each condition.

B.3.2. Process window

The Process window (see Fig. B.5) allows the user to configure and run
the analysis. As for the import, the project folder must be selected using the
“Browse” button before running the analysis.

The analysis can be configured using the textboxes presented in the
“Configuration parameters” box. Here, the user can define the sensor limits
and the movement direction. Clicking on the “Advanced settings” button
opens the Advanced settings window (see Fig. B.6) that allows for further
configuration of the analysis. The following parameters can be adjusted in
this window:

e Position of the thresholds as a percentage of the sensor size;

e Use of extrema in TF or in TF/NF to search for slip onsets;

e Type of movements performed during the experiment (full or half
sensor range);

e Number of standard deviations allowed before considering a data
point as an outlier;

e Maximum deviation allowed from the straight movement. If the
movement amplitude in the direction orthogonal to movement
direction exceeds this value, the individual movement will be
considered tilted and will not be included in the results;

e Minimum NF needed to consider contact between the sensor and
subject’s finger;

e  Minimum TF needed to consider contact between the sensor and
subject’s finger.

Once all the settings in the Advanced settings window are set, click the
“OK” button to save these settings. Back in the Process window, the “General
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parameters” box allows the user to select whether or not to automatically
overwrite any already existing results file in the project folder. You can also
select whether to display the processing report or not. The processing report
will be explained further in this document.

After configuring the analysis, the user can save the configuration in the
project folder. To do so, the user must write a name in the “Config file name”
text box and click on the “Save configuration file” button. The outputted file
has the “.asmc” extension. If a configuration file already exists in the project
folder it can be loaded by typing its name in the text box and clicking the
“Load” button.

Clicking on the “Process” button launches the data analysis. At the end
of the analysis a results file is saved in the project folder. This file is named
“<project folder name>_results.mat”. It contains a structure named
“results” and is organized as presented in Fig. B.7.

u ASMC - Process = | = &

Project folder C:\sers\abarrea\Dropbox\Experiments\ASMC\demo\data

— Configuration parameters

Upper sensor limit [rm] 0025
Movement direction | y-axis x|
Lower sensor limit [m] -0.025
[ Advanced settings ] I Save configuration file l
— General parameters.
Cwverwrite results without asking Display processing report ’ Process ]

Configuration saved in
C:\Wsers\abarrea\Dropbox\Experiments\ASMCldemoldata'config.asmc

Fig. B.5. Process window.
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n ASMC - Advanced settings = = =

— Advanced configuration parameters

Portion of sensor range used to fix detection thresholds

B0% ~

Signal to use when =earching for slip onsets

& TF @ TF/NF

Type of movements performed

@ Ful range ) Half range

0.008

Number of std dev before outlier

2

Max deviation before titted [m]

0.0

Min NF before sensor dropped [M]

0.1

Min TF before sensor dropped [N]

0.0z

e 4

Fig. B.6. Advanced settings window.

results

subject_1 subject_2 subject_n
|

mu NF k n

Fig. B.7. Structure obtained at the end of ASMC process. The results file is a
structure that contains a field for each subject. In turn, each subject has fields with
computed data.
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B.3.3. Report window

The Report window (see Fig. B.8) automatically pops up if you checked
the “Display processing report” checkbox in the process GUI. It allows the
user to check data analyzed by the ASMC algorithm. In this window, the user
can select the subject(s) and the condition(s) he or she wishes to visualize,
once the subject(s) and condition(s) are selected, click the “Print” button to
visualize the data process.

B ASMC - Report E=EER

Choose subiject and condition to print report

504 ~| | roosn v | Print |

]
all

Fig. B.8. Report window.

When the “Print” button is pressed, two windows open up for each
selected subject and condition. The first one, presented in Fig. B.9, shows the
COP trajectory. The left panel shows the COP trajectory on the sensor. In the
right panel, this trajectory is decomposed into the component selected as
the movement direction (here COP_y, i.e. along the y-axis) and the
component in the orthogonal direction (here COP_x, i.e. along the x-axis).
Furthermore, each plot displays raw data (dark gray lines), filtered data (blue
or green lines), useful zones (in white) and rejected zones (in light gray).
Some useful zones are sometimes rejected; in that case they are either
displayed in red (indicating an outlier value of p) or in (indicating a
tilted movement). Each of these elements can be set visible or invisible using
the checkboxes at the bottom of the window. In addition, red lines indicate
the sensor limits and the dotted horizontal black lines indicate the detection
threshold in the movement direction (here COP_y) and the tilt threshold in
the orthogonal direction (here COP_x).

The second window (see Fig. B.10) displays information about NF, TF and
u. We recall that p is defined as TF/NF at slip onsets, indicated by the red
dots. Again, raw COP trajectory is displayed with dark gray lines and filtered
COP trajectory in the movement direction with blue lines. Useful and
rejected zones are displayed using the same color code as described above.
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B.3.4. Plot window

The Plot window (see Fig. B.11) allows the user to plot the results of the
ASMC analysis. First, the user must select the results file he or she wishes to
visualize using the “Browse” button. When a results file is selected, data for
the various subjects contained in this file are shown in the “Select results to
plot” box. The user can choose which data to plot by selecting it in the “Select
results to plot” box and clicking on the “>>" button. Only subjects that are
moved to the “Results to plot” box will be plotted. Subjects can be moved
back from the “Results to plot” box by clicking on the “<<” button. Clicking
on the “Print” button displays the selected plots.

Various checkboxes allow the user to further parametrize the plots. By
default, data from all subjects are plotted into a single figure but in different
subplots. If several results files containing identical subject names are
loaded, the user can plot all the data of a single subject in the same subplot
by checking the “Plot subjects together” checkbox. The “Plot all data
together” checkbox allows the user to plot all data in a single plot. The “Plot
each graph in a separate figure” checkbox allows plotting each subject’s data
on a different figure. If the “Save figures” check box is checked, all figures are
saved into the folder specified in the “Directory to save figures” textbox. This
folder can be changed by the user.

A plot example is presented in Fig. B.12. In this figure, the dots represent
the measured p values and the solid line represents the model fitted to the
data.
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B ASMC - Plot =B8] %

Select a results file  |rs\abarrea\Dropbox (INMACOSY J\Experiments\ASMC\demo'data\data_results_config.mat

C\Users\abarrea\Dropbox\ExperimentsASMC Browse
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Fig. B.11. Plot window.
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Fig. B.12. Relationship between p and NF. The dots represent the measured pu
values. The lines represent the fitted model p = k - (NF)""! (see paper for further
explanations of this model).
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B.4. Computing COP location from force and
torgue data

The calculated Center of Pressure (COP) coordinates (x,y) of a point force
applied to a force/torque sensor are as follows:

M, + FE.z, M, — Fyz,
COP, = L —"— COP, = ———2—
* F; Y F;
COPy, COP, x- and y-coordinates of the center of pressure
Z Distance from sensor’s surface to ref. frame’s origin
E., E, F, Force along the x-, y- and z-axis
My, M, Torque about the x- and y-axis

Proof

Sensor origin Sensor origin

Computing COP, (case A)

My, + Eczg
X Torques abouty =0 = M, — F;xg + Fzp =0 = x5 = 3
VA
Computing COP,, (case B)
Mx - FyZO
L Torques aboutx =0 = My + F,y, —Fzyp =0 =y, = — T
z

Conclusion

If zy # 0, then tangential forces (F, F,)) influence COP measure:

M, + F.z, M, — F,z,

COP = xo= —— COB, =y, = — Fy COP, = z,
z z

If zy = 0, then the above expressions simplify:

X

E

COP, =0

M,
COP, = — COP, =
E,







APPENDIX C

Software tools for fingerprint image
analysis

Software tools have been developed in Matlab to analyze the images of
the fingertip contact. They are acquired as high-resolution gray-level images,
where fingerprints contacting the countersurface are enhanced by an optical
method based on Frustrated Total Internal Reflection (FTIR). First, a new
image segmentation algorithm is described, that allows an automatic
detection of the contour of the contact. This algorithm is part of the
imagetools toolbox, which is presented next. Finally, the libactivetouch
toolbox is introduced, which contains analysis code dedicated to the
ActiveTouch manipulandum presented in Chapter 4. The software described
here accompanies the thesis.

C.1. Automatic segmentation of the fingertip

contact

A new image segmentation algorithm has been developed to detect the
contour of the fingertip contact automatically on these images. This contour
encloses all contact points and thus corresponds to the gross or apparent
contact area Agross- It is roughly elliptical in shape at initial contact.
However, during tangential loading of the fingertip, the contour deforms and
often adopts a non-convex shape that depends on fingertip morphology and
on the angle formed between the finger and the surface.

The algorithm consists of two major steps. First, a model is learned from
images segmented manually, i.e. on which the actual contour was traced by
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a human operator. Then, after the model is trained for a given set of images,
it is applied to segment new images on which it has not been trained. This
allows the algorithm to be tuned for a specific set of images relatively easily
(the training is performed on less than a hundred images), and then to be
applied to a much larger number of images with good performance.

The algorithm is based on a linear classifier discriminating between two
classes: (1) the foreground, defined as the interior of the contact, and (2) the
background, defined as the exterior of the contact. More precisely, a given
image is decomposed into square blocks of 16-by-16 pixels. On each block,
several features are computed, that are described below. Then, these
features are linearly combined to yield a given number, the weights of this
linear combination being learned during the training phase. Therefore, a
number is associated with each square in the image. If this number is larger
than a given threshold, then the entire square is classified as belonging to the
foreground. Otherwise, it is considered belonging to the background.
Classifying each square portion of the image yields a binary image of the
contact. This image being noisy due to inevitable classification error, some
post-processing is needed to obtain a smooth contour.

The post-processing consists of several successive steps. First, the biggest
connected component in the foreground is isolated and other, smaller
components are discarded. Then, background holes isolated in the
foreground are filled and thus changed into foreground. Next, an opening
operation is performed on the image, which is a morphological operation
consisting in eroding, then dilating the foreground to remove tiny patches of
foreground. This opening operation has the effect of smoothing the contour
of the contact. Finally, the contour of the foreground is extracted and further
smoothed by convolving it with a Gaussian window.

Three features are computed on each square region of the image. They
have been chosen because they gave reasonably different values for squares
in the foreground and in the background, allowing these two classes to be
separated by the linear classifier. The features are the following:

1. Variance of gray level within each square block;

2. Difference between the maximum and the minimum value of gray
level within each square block;

3. A measure of the presence of fingerprints within each block,
computed using Gabor filters. More precisely, this feature is
computed as follows. First, the original image is filtered using 2D
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Gabor filters whose spatial period matches the one of the
fingerprints. Eight different filters are used, sharing the same spatial
period but whose orientations vary regularly with steps of 180/8
degrees. Then, the standard deviation of the gray level is computed
across the eight filtered images and is averaged within each square
block, which gives the value of the feature within each block. This
technique allows the periodic fingerprint patterns that are presentin
the foreground but absent in the background to be highlighted,
effectively separating the foreground from the background.

Finally, because consecutive images in a given sequence do not vary
much, the contour computed on a given image is used to limit the expansion
of the contour on the next image of the sequence. Of course, this is not
applicable to the first image of the sequence.

C.2. Imagetools toolbox

This toolbox contains tools dedicated to the analysis of fingertip contact
mechanics from fingerprint images. It supports the image analysis workflow
described in Chapters 4 and 5. It is based on the image analysis tools
developed by Benoit Delhaye during his thesis (Delhaye, 2014) and initially
served to analyze data presented in two studies examining the mechanical
behavior of the finger pad under tangential loading (Delhaye et al., 2014,
2016). It has then been improved and was used to analyze data presented in
this thesis. The formalism used throughout the code of this toolbox in
described in the file formalism. txt accompanying the code.

C.3. Libactivetouch toolbox

This toolbox is used to analyze data acquired with the ActiveTouch
manipulandum described in Chapter 4. It makes use of the imagetools
functions to analyze image data but also contains code to process and
visualize force and torque data acquired with the manipulandum as well as
supporting function for experimental protocols.
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