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CHAPTER 1 

Introduction and background 

 

“It’s a magical world, Hobbes, ol’ buddy… Let’s go exploring!” 

Calvin & Hobbes – Bill Watterson 

Object manipulation in everyday life is omnipresent. From the child 

playing with its toys to the surgeon holding its scalpel, dexterous 

manipulation of objects is a skill that humans learn to master from a very 

young age and end up performing in a way that is very precise and more 

versatile than any robot or animal. This skill relies on collecting information 

on the state of the manipulated object using our senses, with touch being of 

first importance. Using this information, the central nervous system sends 

commands to our muscles to perform movements that take into account 

how slippery an object is, its shape, the characteristics of the desired 

movement and more. This entire procedure, although very complex, is 

usually performed without even being consciously planned by the human 

performing it. In the first chapter of this thesis, we will give context for how 

touch and motor control work together. First, we will describe the anatomy 

of the fingers and the skin. Then, we will present the mechanoreceptors 

located in the skin, muscles and joints, how they work and the information 

that they provide. After, we will give the mechanical properties of the skin 

and explore its tribology. Next, we will explore the way touch is used during 

object manipulation and its relationship with friction. Finally, we will present 

this thesis’ content and what it brings to our knowledge of touch and to the 

processes involved in object manipulation. 
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1.1. Finger and skin structure 
The fingers are used for most object manipulation that humans perform 

in everyday life, from simple ones such as pushing a door to complex ones 

such as knitting or tying a knot. They are indispensable in everyday life to 

sense the world through touch and also to manipulate objects. In this section, 

we will first review the finger structure, with a particular emphasis on the 

skin, since it is the interface between the outside world and the human body, 

hence essential for the sense of touch.  

1.1.1. General anatomy of the fingers 
Humans usually have ten fingers, five per hand. The index, middle, ring, 

and little fingers are divided into three phalanges (distal, intermediate, and 

proximal phalanges), while the thumb only has two (distal and proximal). The 

opposability of the thumb with respect to the other fingers allows humans 

to exert great forces when holding objects and great dexterity when 

manipulating them. 

 

Fig. 1.1. Anatomy of the finger. Longitudinal cut with the bones, tendons, skin, and 

articulations visible. Adapted from (Sarwak, 2010). 

The bones are positioned close to the central axis of the fingers and 

support their general structure. They are linked by joints around which 

angular movements of the phalanges can be performed. The extensor and 

flexor tendons are connected to the bones and are pulled upon by muscles 

in the hands and arms to produce those movements. The bones are 

surrounded by skin, whose roles include protection of the interior of the 
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body from external threats and sensing the world via touch. The skin’s 

complex structure will be presented in more detail in the next section. 

Finally, nails are located at the end of the dorsal side of the fingers. They are 

made of a plate of hard keratin that continuously grows from the nail bed. 

They are present in most primates and have evolved from the claws of earlier 

animals. Among other functions, they protect the distal phalanges from 

injuries. 

1.1.2. Anatomy of the skin1 
The skin is often considered as our largest organ, weighing 5-6kg and thus 

representing approximately 6% of our body weight (Goldsmith, 1990).  It has 

a surface area of 2 square meters and a thickness that varies from 0.5mm on 

the eyelids to 4mm on the heels of the feet. It is our interface with the 

external world and it serves several purposes. First, it constitutes a barrier 

that protects our internal organs from external threats, such as mechanical 

shocks, harmful bacteria, UV radiation from the sun (Dale Wilson et al., 

2012), etc. More importantly in the context of this thesis, it also serves as an 

important mean to sense the external world, as it is essential to our sense of 

touch, pain, temperature, etc. Other functions of the skin include 

thermoregulation (Romanovsky, 2014) and metabolic functions such as the 

production of vitamin D. 

In humans, the skin can be separated into two categories. The glabrous 

skin is present on the palmar side of the hands and feet, lips, and part of the 

sexual organs. The hairy skin is present on most of the rest of the body. In 

general, glabrous skin is thicker, more resistant, and also a lot more sensitive 

to mechanical deformations and pain than hairy skin (Mancini et al., 2014). 

The glabrous skin of the hands is usually the one in contact with objects 

during manipulation and contains four types of tactile afferent neurons (see 

1.2 Perceiving the world via touch). 

The skin is divided into three layers. In the interior, the hypodermis 

(yellow part in Fig 1.2) is mainly composed of fatty tissues that connect the 

skin to the underlying bones and muscles. The dermis (green part in Fig 1.2) 

merges with the hypodermis in the inner portion of the skin. It contains 

nerves, blood vessels, sweat glands, and most tactile afferents. It provides 

the skin with support and elasticity through the proteins collagen and elastin. 

It also protects from pathogenic microbes and toxic substances through 

                                                           
1 The content of this section is based on  (Hertenstein and Weiss, 2011; Peckham 

et al., 2017; Gould, 2018) 
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different specialized cells used by the immune system (mast cells, T cells, 

dendritic cells, and macrophages). More information on the role of the skin 

in the immune system can be found in (Quaresma, 2019) but are out of the 

scope of this thesis. The dermis also contains sweat glands, which are linked 

to the surface of the skin through sweat ducts. 

 

Fig. 1.2. Structure of the hairy and glabrous skin. The skin is divided into three layers, 

first the hypodermis in the interior, mainly composed of fat, then the dermis in the 

middle, and finally the epidermis in the exterior. Adapted from (Gould, 2018). 

The epidermis (pink part in Fig 1.2), which is the outer part in contact 

with objects during manipulation is itself composed of different parts. At the 

most inner part of the epidermis, marking the frontier with the dermis is the 

stratum basale (see Fig 1.3 for a more detailed view of the structure of the 

epidermis). It is a layer of continuously dividing cells that travel through the 

epidermis towards the exterior of the skin. This layer also contains 

melanocytes, which create melanin, a pigment responsible for our skin color. 

It also contains Merkel cells, associated with SA1 afferent fibers (see 1.2 

Perceiving the world via touch). The time required by a basal cell to go from 

the stratum basale to the top of the epidermis is approximately a month. The 

next layer is the stratum spinosum, or squamous cell layer, which contains 

the keratinocytes. The latter produce the keratin, a tough and protective 



 
 
 
 
 
 

Chapter 1.  Introduction and background | 5 

 

protein that makes up the majority of the structure of the skin, hair and nails. 

The mature basal cells travel through this layer to reach the stratum 

granulosum, also called the granule cell layer. There, they lose their nuclei 

and become more keratinized, making this layer waterproof. In the glabrous 

skin, a thin additional layer is then found, called the stratum lucidum (next-

to-last layer, in grey in Fig 1.2). During their travel through the stratum 

lucidum and stratum granulosum, the cells get flatter, and adhere together 

as they get dehydrated and eventually die. This process results in layers of 

tough, durable material, which continues to migrate up the surface of the 

skin to the stratum corneum, where they finally detach from the rest of the 

skin when they get too fragile. 

 

Fig. 1.3. Structure of epidermis of the glabrous skin. The skin cells continuously 

divide in the stratum basale and travel toward the exterior of the epidermis. Adapted 

from (Betts et al., 2013). 

In the fingertip skin and the glabrous skin in general, the skin is arranged 

in ridges and valleys forming what we call the fingerprints. The periodicity of 

the ridges was measured at 458±71μm and the depth of the valleys relative 

to the top of the ridges at 102±26μm (Cornuault et al., 2015) (see Fig 1.4). 

Sweat pores are found at the top of the ridges. They are the termination of 



 
 
 
 
 
 
6 |  Chapter 1.  Introduction and background 

 

the sweat ducts, which carry the moisture content from the sweat glands. 

The patterns formed by the fingerprint ridges are unique across all 

individuals, even between identical twins. This is because the pressure of the 

amniotic fluid across the surface of the hands and the growth rate of fingers 

both influence the patterns of the fingerprints. 

 

Fig. 1.4. Three-dimensional rendering of the fingerprint geometry. A silicone 

elastomer was used to obtain a negative replica of the fingerprint geometry. Surface 

texture imaging was carried out using a three-dimensional optical profiler. The 

curvature of the fingerpad has been removed.  Adapted from (Dzidek et al., 2017). 

1.2. Perceiving the world via touch2 
Our sense of touch is of the uttermost importance when perceiving the 

world. Right now, without even having to think about it, you might be feeling 

the floor under your feet, a light breeze coming from an open door, or the 

pages of this thesis as you hold it in your hands. All this information comes 

from receptors located in your skin and connected to your nervous system. 

It is conducted to your brain and used to make conscious and unconscious 

decisions, such as closing the door or changing the position of your legs. 

What we usually call “touch” can include the perception of different kinds of 

stimuli by the body, all grouped under the umbrella of somatosensation 

(perception of sensory stimuli over the whole body). Those can include 

thermoreception (feeling of temperature), proprioception (position of the 

body), nociception (pain), and touch in the mechanoreceptive sense. The 

                                                           
2 The content of this section is based on (Hertenstein and Weiss, 2011; Delhaye 

et al., 2018; Tuthill and Azim, 2018; Handler and Ginty, 2021) 
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following sections focus on the glabrous skin, as it is the one involved in 

object manipulation and thus the most relevant in the context of this thesis. 

Mechanoreception relies on a myriad of sensory organs located in the 

dermis and epidermis of the skin, called mechanoreceptors. Those that 

mediate innocuous touch are called “low-threshold mechanoreceptors” 

(LTMRs), while those that mediate pain are called “high-threshold 

mechanoreceptors” (HTMRs).  

LTMRs are very sensitive and can detect forces as low as 0.5mN 

(Johansson et al., 1980). They convert mechanical deformations of the skin 

into neural signals - also called spikes or action potentials - which are 

conducted by nerve fibers - also called afferents - which innervate the 

mechanoreceptors and conduct the signals to the central nervous system. 

These afferents can be classified according to their preferred mechanical 

stimulus type or their response to a static indentation of the skin. There are 

four main types of afferents dedicated to mechanical touch: (i) fast adapting 

afferents of type I, (ii) slow adapting afferents of type I, (iii) fast adapting 

afferents of type II and finally (iv) slow afferents of type II. The fibers of those 

afferents are Aβ fibers, that conduct signals at a speed of 30-75m/s (Gasser, 

1941). 

In this section, we will first present the four types of cutaneous 

mechanoreceptive afferents. We will then briefly give an overview of 

proprioception in section 1.2.2. and nociception in section 1.2.3. 
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Fig. 1.5. Types of tactile mechanoreceptive sensors in the glabrous skin of the 

human hand. A| Location of the mechanoreceptors in the skin and their shape. B| 

Characteristics of the mechanoreceptive afferents. Adapted from (Johansson and 

Flanagan, 2008). 

1.2.1. Mechanoreceptive afferents 

FA-I and Meissner corpuscles 

The type 1 fast adapting afferents - also called FA-I or RA-I - are 

characterized by bursts of action potential during the onset and offset of 

touch stimuli (Knibestöl, 1973)  and have small and sharp receptive fields (see 

Fig 1.4 B). When a single FA-I is excited using intraneural microstimulation3, 

participants report the sensation of a point of tingling vibration (O’Neill et al., 

2019). The mechanoreceptors associated with FA-I are called Meissner 

corpuscles and are found in dermal papillae, which are extensions of the 

dermis into the epidermis. This makes them very close to the contact 

between the skin and objects and allows for very high sensitivity. The 

proximity to the exterior of the skin is also the cause for the small receptive 

fields.  

There are about 140 FA-I per cm² in the fingertips, which is more than for 

any other mechanoreceptor. The receptive field of a single Meissner 

corpuscle is about the dimension of a skin ridge (about 0.4mm) and a single 

FA-I afferent is branched to several Meissner corpuscles, resulting in a 

                                                           
3 Intraneural microstimulation, or INMS, is a technique in which the 

experimenter uses a thin metal needle to excite neurons and to generate sensations 
at individual afferents (Torebjörk and Ochoa, 1980). This technique is based on 
microneurography, a process in which the activity of individual afferents is recorded 
using a thin metal needle (Vallbo and Hagbarth, 1968). 
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receptive field composed of distinct subfields across multiple ridges (Fig 1.5). 

It is possible, although not yet demonstrated, that spatial details at the scale 

of a single fingerprint ridge are resolved at the population level. Although all 

afferents are sensitive to slip events, FA-I are particularly sensitive to the 

compressive skin strains associated with those slips (Delhaye et al., 2021a). 

The sensitivity to changes in dynamic forces of FA-I afferents and their very 

high number in the glabrous skin imply an important role in the control of 

grip force during object manipulation (Macefield et al., 1996; Johnson, 2001).  

 

Fig. 1.6. Receptive fields of FA-I and SA-I single afferents. Examples of receptive 

sensitivity maps of neurons obtained by scans of a small probe at 30 mm/s. The white 

lines indicate the grooves between papillary ridges. Adapted from (Jarocka et al., 

2021). 

 SA-I and Merkel cells 

The type 1 slowly adapting afferents or SA-I make use of Merkel cells and 

are also located in the dermis, at the frontier with the epidermis, but not in 

the papillary dermal papillae. They are thus a little bit further from the 

surface of the skin than the Meissner corpuscles while remaining closer than 

the other afferent types (Fig 1.4 A). They are sensitive to static indentations 
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and present an irregular firing rate that decreases over time (Knibestöl, 

1975). When a single SA-I is activated using INMS, participants report sensing 

a single point of positive or negative pressure (O’Neill et al., 2019). As for FA-

I, afferent Aβ fibers split into multiple branches and connect to multiple 

Merkel cells, resulting in heterogeneous and disjointed but small and sharp 

receptive fields (Fig 1.5). There are 70 SA-I per cm² in the fingertips, making 

them the second most represented afferents. At the population level, they 

convey a neural image of spatially patterned skin indentations, with a spatial 

resolution of about 1mm at the fingertip (Phillips and Johnson, 1981). 

FA-II and Pacinian corpuscles 

The type 2 fast adapting afferents -also called FA-II or PC – use Pacinian 

corpuscles and other cells of the same class that are located deep in the 

dermis (Fig 1.4 A). They are thought to innervate a single Pacinian corpuscle. 

However, those are deeper in the skin than Merkel cells and Meissner 

Corpuscles, resulting in larger and more diffuse receptive fields. There is also 

a smaller number of them, with approximately 22 per cm² in the fingertips. 

They are activated at the onset and offset of skin indentations (Bell et al., 

1994) and during high-frequency vibrations with amplitudes as small as 

10nm (Brisben et al., 1999). They are thought to be responsible for the 

detection and perception of distant events using vibrations transmitted 

through objects, probes, and tools held in the hand (Johnson et al., 2000). 

When activated using INMS, participants report sensing vibrations that are 

not located at a single point, but over a larger area instead (O’Neill et al., 

2019). 

SA-II and Ruffini corpuscles 

The type 2 slowly adapting afferents, also called SA-II, are assumed to 

terminate in Ruffini corpuscles (Fig 1.4 A). They are the least numerous in the 

fingertips, with approximately 12/cm². They react to skin indentation with a 

regular spike train preceded by a period of adaptation (Fig 1.4 B) (Harrington 

and Merzenich, 1970). They are the only LTMR to be often observed firing in 

the absence of a stimulus (Chambers et al., 1972). As for FA-II, they have large 

and diffuse receptive fields. They are six times less sensitive to skin 

indentation than SA-I but are more sensitive to skin stretch (Edin, 1992). They 

have been observed to be directionally sensitive, sending the most spikes 

when the skin was stretched in one direction and being silenced when it was 

stretched at a 90° angle relative to that direction, suggesting a role in the 

perception of hand and finger orientation (Johnson, 2001; Fleming and Luo, 

2013). As mentioned earlier, their termination in Ruffini corpuscles is only 
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hypothesized. A study has suggested that it was the case with cats (Chambers 

et al., 1972), but studies have failed to show similar findings with humans 

(Handler and Ginty, 2021). Moreover, anatomical studies have been unable 

to confirm that SA-II afferents end in Ruffini corpuscles (Paré et al., 2003). 

SA-II do not produce a clear and identifiable sensation when excited using 

INMS (O’Neill et al., 2019). 

1.2.2. Proprioception 
Proprioception is the sense of self-movement and body position (Tuthill 

and Azim, 2018). Along with mechanoreception, it has an important role in 

dexterous object manipulation. It is mediated via mechanosensory neurons 

located within muscles, tendons, and joints. Those neurons and their 

functions are briefly described in this section. 

 

Fig. 1.7. Location of proprioceptive organs in a human limb. Adapted from (Tuthill 

and Azim, 2018). 

Muscle spindles are located deep inside the muscles (see Fig 1.6). They 

are capsules of connective tissues that contain specialized intrafusal muscle 

fibers positioned in parallel with the muscles. Some afferents spiral around 

the central portion of those intrafusal muscle fibers and respond to muscle 

stretch. They are known as “Group Ia afferents” and encode a muscle’s 

length and its rate of change. Other afferents are located at the edge of the 

spindle. They are known as “Group II afferents” and they encode only muscle 

length. 

Golgi tendon organs are located at the interface between the muscles 

and tendons (see Fig 1.6). Each contains the sensory endings of a single 
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mechanosensory neuron wrapped around strands of collagen which are 

attached to individual muscle fibers. The corresponding afferents are known 

as “Group Ib afferents”. They encode muscle tension, as their firing 

frequency increases with in parallel with it and as they are silent at rest. 

 

 

Fig. 1.8. Schematic of receptor types in the joint capsule that convey proprioceptive 

information.  Adapted from (Tuthill and Azim, 2018). 

Joint receptors are located inside the joint capsule, a fibrous membrane 

that envelops the joints (see Fig 1.6 and Fig 1.7). They consist of sensory 

neurons typically associated with the mechanoreceptors of the tactile system 

(see sections 1.2.1 to 1.2.4). Type I are slowly-adapting receptors in the outer 

layer of the fibrous joint capsule, type II are rapidly-adapting receptors in the 

deeper layers of the joint capsule and type III are slowly-adapting receptors 

embedded in the ligaments and terminal regions of the tendons. These 

receptors' responses have been experimentally shown to peak when the 

joint angle reaches its minimum and maximum values (Burke et al., 1988). 

Thus, they are thought to have the role of limit detector or to signal potential 

joint damage. 

Altogether, the receptors of proprioception provide information about 

limb position and velocity, muscle tension, and the angle rate of change of 

the angle of the joints. Thus, proprioception plays an important role in 
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stability, locomotion movement planning and execution, as well as dexterous 

manipulation. 

1.2.3. Nociception 
In the skin are also located afferents known as nociceptors, which are 

sensitive to high-intensity stimulation of several energy forms (mechanical, 

thermal, chemical, etc.). As they have little to no role at all in the context of 

this thesis, the interested reader is invited to consult good references on the 

subject, such as (Yam et al., 2018). 

1.3. Tribology and mechanical properties of the 

fingerpad skin  
When grasping and manipulating objects, the skin deforms at and around 

the contact interface. Those deformations play important roles. First they 

allow a more secure grip of the object being manipulated by conforming the 

skin to the contact surface. Second they are the source of the activation of 

the mechanoreceptors, which give humans information about the object 

being manipulated and the state of the contact interface. The volar side of 

the fingers' distal phalanges is of particular importance, as it is the most 

sensitive part of the hand which is in contact with held objects during fine 

manipulation. The following sections will thus focus on the description of 

their mechanical properties.  

1.3.1. Mechanical properties of the fingerpad 
The mechanical properties of the fingerpad are complex, as it consists of 

a bone, a nail, and different layers of skins, which themselves have their own 

mechanical properties, and are arranged in a specific geometry. Moreover, 

the mechanical properties of those elements as well as their geometry vary 

from one person to another. Several general parameters about the 

mechanics are known and will be briefly described here. 

An important parameter to describe the mechanical properties of a 

material is the Young’s modulus or elastic modulus. It quantifies the 

relationship between the tensile, compressive, or shearing stress σ and the 

strain ε of elastic materials. It is determined using the formula below: 

𝐸 =
𝜎

𝜀
 

Intuitively, it is a constant that measures how much force a material 

requires to be deformed by a corresponding amount. It is only valid in the 
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range of forces in which the material is elastic, as too much force will 

permanently deform the material. The fingerpad skin is not a perfectly elastic 

material even at low normal forces, as it presents elements of viscoelasticity 

and other non-linearities. Approximations of the Young’s modulus of the 

fingerpad as measured in vivo by stretching and shearing the skin can be 

found in Fig 1.6. As shown, it varies a lot according to the person, but also if 

measured along or across the ridges.  

 

Fig. 1.9. Young’s moduli of eight human participants. Solid lines show the effective 

Young’s moduli measured by stretching the skin, and the dashed line by shearing the 

skin. For each participant, left: effective Young’s moduli of the skin along the ridges; 

right: across the ridges. Adapted from (Wang and Hayward, 2007). 

Note that these values are obtained by stretching the skin at a scale of 

0.3mm with strain values reaching up to 80%. As for Young’s modulus when 

measured with normal indentation of the skin, it is highly dependent on the 

scale (see Fig 1.7), since different layers of the skin have different Young’s 

moduli, with the stratum corneum being much stiffer than deeper tissues. It 

is also dependent on the area of the indentor. At an indentation depth of 

10μm, the Young modulus was shown to decrease from 0.15 to 0.015MPa 

when the radius of a spherical indentor increased from 10μm to 10 mm (van 

Kuilenburg et al., 2012). 

As mentioned previously, the fingerpad skin is not perfectly elastic and 

presents elements of damping and inertia. At frequencies lower than 100Hz 

and for small enough amplitudes, the skin behaves elastically. Damping 

dominates above this value. Inertial values can be neglected up to 500Hz 

(Wiertlewski and Hayward, 2012). Interestingly, the damping behavior at 

high values of frequency is used to generate changes in friction by using 

vibrating glass plates (Wiertlewski et al., 2016; Vardar et al., 2017; Monnoyer 

et al., 2018). Indeed, when a glass plate is excited with high frequency waves, 

the damping behavior of the skin creates an air cushion between the skin and 
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the glass, diminishing the area of contact and thus the friction between the 

surfaces. This can be used to give the illusion of touching different textures 

when touching screens (Bau et al., 2010). 

 

Fig. 1.10. Schematic overview of the contact between an indenter and the skin. 

Each layer of the skin has its own Young modulus. Adapted from (van Kuilenburg et 

al., 2012). 

Quantifying and describing the deformations of the whole fingerpad is 

interesting, but requires estimations and computer modeling, as in (Wu et 

al., 2006; Tada and Pai, 2008). Techniques such as optical coherence 

tomography (OCT) allow direct observation of the interior of the fingerpad 

skin (Liu et al., 2013, 2017), but only up to a depth of about 1mm. Quantifying 

the deformations in the depths of the skin in three dimensions is more 

complex than the surface strains, which can be done by observation as 

described in the next section. 

1.3.2. Observing the surface deformations of the fingerpad 
Describing the shear deformations of the surface of the fingerpad is 

much easier than describing deformations in 3 dimensions in the sub-layers 

of the skin. Moreover, the deformations in the sublayers are linked to the 

surface deformations even if the precise relationship between the two has 

not been described yet. Describing the fingerpad surface strains is possible 

because diverse optical techniques allow direct observation of the skin when 

in contact with transparent smooth materials such as glass. These techniques 

use a light source and a camera. When light from the light source goes 

through the material, it is mostly absorbed by the fingerpad where it touches 

the glass and it is mostly reflected back to the camera where the skin does 

not touch the glass. This results in dark fingerprints (Fig 1.8), which allow to 

measure deformations by tracking their displacement. 
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Fig. 1.11. Typical image of the fingerpad. Note that the ridges are black as they are 

in contact with the glass. The sweat pores are also visible (white points on the ridges). 

The surface fingerpad deformations have been described in different 

studies and conditions and will be further described in section 1.3.6 

Tangential loading and in the following chapters of this thesis. 

1.3.3. Contact area 
When the fingerpad enters in contact with a smooth material such as 

glass, the skin flattens against it and the contour of the contact area forms 

approximately an ellipsoid. A good approximation for the contact area is the 

Hertz equation (Johnson, 1985) of a deformable ellipsoid being pressed on a 

flat and rigid surface (Adams et al., 2013): 

𝐴𝑔𝑟𝑜𝑠𝑠 = 𝜋 [
3𝑅(1 − 𝜈)2

4𝐸
]

2
3

(𝑁𝐹)
2
3 

where 𝑁𝐹 is the force applied by the fingertip normally to the surface, 𝐸 is 

the fingertip’s Young modulus, ν is its Poisson ratio4 and 𝑅 is equal to 

(𝑅′𝑅′′)
1

2, with 𝑅′ and  𝑅′′ being the fingertips radii of curvature of the 

approximating ellipsoid. We can observe with the experimental data in Fig 

1.9 that the area of contact seems to increase logarithmically with the normal 

                                                           
4 The Poisson ratio is the measure of the deformation of a material in a direction 

perpendicular to the direction of loading. For the fingerpad skin, it is usually 
considered to be 0.5 or slightly smaller as it is largely incompressible (Srinivasan and 
Dandekar, 1996; Wang and Hayward, 2007). 
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force, which is consistent with this equation as both functions are similar 

over this interval.  

 

Fig. 1.12. Gross contact area of the index fingertip in contact with a smooth rigid 

surface as a function of the normal force. Data were taken from (Kinoshita et al., 

1997; Kobayashi and Maeno, 1998; Childs and Henson, 2007; Derler et al., 2009; 

Warman and Ennos, 2009; Soneda and Nakano, 2010; André et al., 2011; Tomimoto, 

2011). Figure adapted from (van Kuilenburg et al., 2013). 

The contact as measured in Fig 1.9 is called the gross contact area 

and is defined as the total area contained within the overall contact 

boundary. However, as it can be observed in Fig 1.8, when the finger is 

pressed against a smooth surface, the skin located in the valleys between the 

ridges is not in contact with the material. Moreover, the skin of the ridges is 

not in perfect contact with the material either. We can thus define the 

contact area in two additional different ways. 𝐴𝑟𝑖𝑑𝑔𝑒 is the apparent area 

encompassed by the fingerprint ridges and 𝐴𝑟𝑒𝑎𝑙  is the actual area of contact. 

Those three definitions follow the inequalities 𝐴𝑔𝑟𝑜𝑠𝑠 > 𝐴𝑟𝑖𝑑𝑔𝑒 ≥ 𝐴𝑟𝑒𝑎𝑙. An 

estimation for the value of 𝐴𝑟𝑖𝑑𝑔𝑒 is the following equation (Dzidek et al., 

2017): 

𝐴𝑟𝑖𝑑𝑔𝑒 = 𝑘𝑟 [
𝑁𝐹5/6

(1 + (𝛽)(𝑁𝐹))1/3
] 
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𝐴𝑟𝑒𝑎𝑙  is much more complicated to calculate and is dependent on the 

scale of the observation. Moreover, it is highly dependent on the moisture 

content of the fingertip, which changes over time, as explained in section 

1.3.5. Moisture. 

1.3.4. Friction 
Whether the fingerpad is used to explore a surface or to hold an object, 

an important parameter is the frictional force. The frictional force is a vector 

parallel to the plane of the contact between the finger and the material, 

whose direction is opposite to that of the movement of the finger or the 

object. According to the two-term non-interacting model, it can be 

approximated with the following expression (Bowden and Tabor, 1954; 

Johnson et al., 1993; Adams et al., 2007): 

𝐹𝜇 = 𝐹𝜇,𝑎𝑑ℎ + 𝐹𝜇,𝑑𝑒𝑓 

where 𝐹𝜇,𝑎𝑑ℎ is due to the molecular bonds formed at the interface of the 

contact between the skin and the object and 𝐹𝜇,𝑑𝑒𝑓 is due to the work stored 

and dissipated by deformations of either the skin or the contacted material. 

However, 𝐹𝜇,𝑑𝑒𝑓 is negligible if the finger is in contact with a smooth and rigid 

surface or in the case of static friction (which is more important than dynamic 

friction during object manipulation). For organic polymers in rubbery state, 

𝐹𝜇,𝑎𝑑ℎ can be expressed as (Schallamach, 1952): 

𝐹𝜇,𝑎𝑑ℎ = 𝜏𝑟𝑒𝑎𝑙𝐴𝑟𝑒𝑎𝑙  

where 𝜏𝑟𝑒𝑎𝑙  is the average interfacial shear strength, which can vary 

according to the location inside the contact.  We can also write: 

𝐹𝜇,𝑎𝑑ℎ = 𝜏𝑔𝑟𝑜𝑠𝑠𝐴𝑔𝑟𝑜𝑠𝑠 

where 𝜏𝑔𝑟𝑜𝑠𝑠 is the average interfacial shear strength over the gross contact 

area. It has been found to increase linearly with the average pressure. It can 

thus be expressed as: 

𝜏𝑔𝑟𝑜𝑠𝑠 = 𝜏0 + 𝛼𝑝 

where 𝜏0 is an intrinsic interfacial strength, 𝛼 is the linearity coefficient and 

p is the average pressure, given by 𝑁𝐹/𝐴𝑔𝑟𝑜𝑠𝑠. These last two equations can 

be combined with the equation of the relationship between the area of 

contact between the area of the sphere and rigid plane of section 1.3.3 to 

obtain the following equation: 
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𝐹𝜇 = 𝜋𝜏0 [
3𝑅(1 − 𝜈)2

4𝐸
]

2
3

𝑁𝐹
2
3 + 𝛼𝑁𝐹 

It is common to write in the simplified following form (Adams et al., 

1997): 

𝐹𝜇 = 𝑘 ∗ 𝑁𝐹𝑛 

where 𝑘 is a load-dependent coefficient of friction and 𝑛 is known as the 

frictional load index. Both values are dependent on the mechanical 

properties of particular human fingers. This last expression is a valid 

approximation because both follow a similar trend over normal forces values 

applied by the fingertips in everyday life (1-15N).  The coefficient of friction 

itself can be expressed as: 

𝜇 =
𝐹𝜇

𝑁𝐹
=

𝑘

𝑁𝐹1−𝑛
 

This dependency of the coefficient of friction on the normal force has 

been observed in many papers, including in the context of this thesis (André 

et al. 2009, Barrea et al. 2016, Supp. Fig. 1 & 2 of chapter 3). An example of 

this relationship is provided in Fig 1.10. 

 

Fig. 1.13. Static coefficient of friction as a function of normal force for 4 different 

human volunteers. Volunteers were asked to rub their finger against a rigid surface 

equipped with a force sensor. The coefficient of friction and normal force were 
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measured at the moment of slip (data points). The curves are functions fitted to data 

point according to the relationship 𝜇 =
𝑘

𝑁𝐹1−𝑛. Adapted from (Barrea et al. 2016). 

This inverse dependency of the coefficient of friction relative to the 

normal force is counter-intuitive, as it could be expected that Amonton’s law 

of friction would apply5. However, as shown theoretically and 

experimentally, the relationship between the frictional force and the normal 

force is much more complex. This relationship plays an important in 

dexterous manipulation. When manipulating light objects, humans can apply 

very small forces, as the coefficient of friction is especially large at low values 

of normal forces. However, when manipulating heavier objects, humans 

have to take into account this relationship between the normal force and the 

coefficient of friction, as the higher the squeezing force, the lower the 

coefficient of friction. 

1.3.5. Moisture 
Moisture level on the glabrous skin varies from person to person and can 

change rapidly. It has an important impact on the tribology of the skin and 

has to be taken into account during dexterous object manipulation. Sweat 

pores can be found on the ridges of the fingertips with a density of 

approximately 220-550/cm² (Baker, 2019). They moisturize the skin by 

transporting sweat secreted by the sweat glands below the skin surface 

through the sweat ducts6.  Their roles include temperature control of the skin 

as well as excretion of toxicants. They respond to emotional and thermal 

stimuli. As we will explain, they also have a role in dexterous objects 

manipulation. 

Moisture influences the tribology of the fingertip skin. The effects of 

water on skin mechanical properties have been described in several studies 

(Comaish and Bottoms, 1971; Buchholz et al., 1988). In particular, it has been 

observed that the coefficient of friction increases with the moisture content 

of the skin, for both the glabrous and hairy skin (Adams et al., 2007; Derler 

et al., 2007). Later, this result has been refined and the relationship between 

                                                           
5 Amonton’s law of friction states that the force of friction is directly 

proportional to the applied load, with a constant coefficient of friction as factor of 
proportionality. 

6 It is worth noting that only eccrine sweat glands are present in the glabrous 
skin of the hands. The sweat they produce is mostly water and NaCl, unlike the 
sebum produced by the sebaceous glands, which can be found in the hairy skin. The 
interested reader is invited to consult (Baker, 2019) for more information. 
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the coefficient of friction and moisture has been shown to follow a bell-

shaped curve, with the coefficient of friction decreasing when moisture 

increases above an ideal level (see Fig 1.11) (André et al., 2009). Moreover, 

it has been shown that, during active manipulation of objects, the grip force 

was adjusted according to the particular level of friction obtained with the 

moisture content. And, even more surprisingly, that the moisture content 

tended towards the value for which the corresponding coefficient of friction 

was optimal (see Fig 1.12). 

 

Fig. 1.14. Estimation of the coefficient of friction of the thumb as a function of the 

moisture and normal force for 10 healthy human volunteers. Volunteers were 

instructed to hold an object in a precision grip at a constant level of normal force, 

while slippage was produced by moving the object. Adapted from (André et al. 2009). 
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Fig. 1.15. Representative changes in moisture level and grip force (GF) with trial 

numbers for a single volunteer. The volunteer performed point-to-point 

movements during each trial. The trials were separated into blocks of 25 with longer 

pauses between blocks. The blocks were then separated into three categories, 

according to the change in moisture. Each data point corresponds to the mean 

moisture level for each trial across all blocks and the vertical bars are the associated 

standard deviations. The p-values of the linear regression fitting the data are given 

for each relationship. Adapted from (André et al. 2010). 

Direct observation of the fingerpad skin in contact with smooth materials 

has explained these results. Using high-resolution imaging, the real area of 

contact 𝐴𝑟𝑒𝑎𝑙   has been shown to increase over time following a first-order 

kinetics relationship when the fingerpad was pressed against a smooth 

surface such as glass (Dzidek et al., 2017). This evolution is the result of 

microscopic junctions made between the keratin of the stratum corneum 

and the glass surface. This process is itself driven by the increase of moisture 

level thanks to the secretion of sweat from the sweat glands. Indeed, 

increased hydration causes the skin to become softer. Saturation was 

typically reached within 20 seconds of contact, regardless of the initial 

moisture state of the finger and the normal force applied (see Fig 1.13). The 

surprisingly slow speed of this process is important for dexterous 

manipulation of smooth, rigid objects, because since the coefficient of 

friction is proportional to 𝐴𝑟𝑒𝑎𝑙, it can be low at the time of contact and take 

several seconds to increase. For this reason, tools often have a rubbery 

handle, as for those materials, close contact is instantaneous, because the 

material follows the shape of the skin. 
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Fig. 1.16. Temporal evolution of the contact area of the index fingertip on a glass 

surface. Adapted from (Dzidek et al., 2017). 

Recently, the precise mechanisms that allow the moisture content to 

reach the level that maximizes friction have been described by a study that 

combined spectroscopic imaging and infrared coherence tomography to 

observe how moisture behaves in a fingertip at the scale of individual ridges 

(Yum et al., 2020). When the fingertip comes into contact with a smooth rigid 

material, the sweat pores secrete sweat on the ridges, creating a close 

contact as described above. The excess sweat present in the valleys does not 

help to increase this close contact since they do not contribute to the 

plasticization of the skin in contact with the material. In fact, too much 

moisture in the area of contact can decrease the coefficient of friction by 

creating a slippery layer of water. The excess sweat thus evaporates and 

leaves the area of contact thanks to capillary evaporation (see Fig 1.14). 

 

Fig. 1.17. Schematic diagram of the process of capillary evaporation for an initially 

wet fingerpad. The excess sweat evaporates, leaving only water in close contact with 

the skin. Adapted from the supplementary figures of (Yum et al., 2020). 
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1.3.6. Tangential loading 
The index fingerpad can undergo tangential loading during object 

manipulation or during tactile exploration. Understanding how the finger 

deforms when loaded tangentially is important to understand the fingerpad 

tribology and has been extensively studied. Because of the curvature of the 

fingertip, the pressure is higher in the center of the area of contact between 

the finger and the contacted material than on the edge (see Fig 1.15) (Tada 

et al., 2002). The traction profile is different in the slip and stick zones and is 

at its largest at the frontier between the stick and slip zone. When the 

tangential force increases, the slip zone increases in size and takes in more 

traction. 

 

Fig. 1.18. Schematic illustration of force profiles under tangential loading during 

partial slip. Pressure (p, red) and traction (q, green) profiles under normal (NF, red) 

and tangential (TF, 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. 

Reproduced from (Barrea, 2017), itself adapted from (Johnson, 1985) with material 

from (Tada et al., 2006a). 

This means that when the tangential force is increased continuously, the 

slippage will progress from the exterior to the interior of the contact area 

(see Fig 1.16), until full slip if the ratio of tangential force over normal force 

exceeds the coefficient of friction (André et al., 2011). The transition period 

between no-slip and full slip is commonly known as partial slip. The stick ratio 

is the ratio between the area that has not undergone slippage and the total 

area of contact between the skin and the object. It is a value that starts at 1 

before the finger starts to slip and reaches 0 at full slip, with values in 

between indicating the presence of partial slip (Tada et al., 2002).  
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Fig. 1.19. Course evolution of the dynamics of finger contact from the initial contact 
to full slip. From left to right: initial stuck contact (dark grey), preloading, slip onset 
starting at the trailing edge, growth of the slip region (light grey), full slip. Adapted 
from (André et al., 2011). 

 

Direct observation showed that the gross contact area diminishes during 

tangential loading and that the deformations are dependent on the direction 

of the loading. However they seem to be highly patterned and reproducible 

and could thus be a potential source of information for the central nervous 

system (Delhaye et al., 2014). The slipping part of the fingertip undergoes 

strains (compression, stretch, and shear) that can reach up to 50% and are 

dependent on fingertip geometry (Delhaye et al., 2016). These strains are 

very important in the detection of partial slip, as demonstrated by the 

observation that diminishing the level of strains by reducing the friction 

impedes the detection of the partial slip (Barrea et al., 2018). 

 

1.4. Touch and friction during object 

manipulation 
1.4.1. The precision grip paradigm 
When manipulating objects, different positions of the hand and fingers 

on the object are possible. An interesting paradigm that has been studied for 

approximately 40 years is the precision grip (see Fig 1.16). The precision grip 

consists in holding an object between the index and the thumb of one hand. 

In this paradigm, the grip force is defined as the mean of the norm of the 

forces normal to the surface of the object exerted by the finger. The load 

force results from the frictional forces at the interface between the object 

and the fingers and is defined as the norm of the sum of the forces applied 

tangentially to both surfaces by each finger. When the object is accelerating 

vertically, significant inertial forces will be induced. The resultant Load Force 
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can thus be calculated as the vectorial sum of those forces and the weight of 

the object: 

𝐿𝐹⃗⃗ ⃗⃗  = 𝑚(𝑎 − 𝑔 ) 

where m is the mass of the object, 𝑔  is the acceleration due to gravity and 𝑎  

is the vertical component of the acceleration of the object. 

 

Fig. 1.20. Forces at play during precision grip. Adapted from (Johansson and 
Flanagan, 2009). 

 

1.4.2. Grip Force and Load Force coupling during dexterous 

manipulation 
When performing vertical movements with an object held in a precision 

grip, the Load Force is used to accelerate the object. The maximal value of 

the Load Force that the fingers can apply to the object is determined by the 

coefficient of friction and the Grip Force following this inequality: 

‖𝐿𝐹⃗⃗ ⃗⃗  ‖ ≤ 𝜇‖𝐺𝐹⃗⃗⃗⃗  ⃗‖ 

If it is not respected, this means that the level of Grip Force is not high 

enough and that the object will slip7. During the vertical acceleration of an 

object, the Load Force will change and the Grip Force will be scaled according 

to the value of the coefficient of friction to avoid slippage. Strikingly, the Grip 

Force changes in parallel with the Load Force (Johansson and Westling, 1984; 

Westling and Johansson, 1984). The minimum value of the Grip Force to 

                                                           
7 To be more precise, this inequality must be respected for both the index and 

the thumb independently. But as the coefficient of friction and the forces applied by 
both fingers are very close, the presented simplification is a good approximation. 
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avoid slippage is commonly known as the Slip Force and the difference 

between the Grip Force and the Slip Force is the Safety Margin. The safety 

margin prevents slippage and is scaled to the uncertainty about the acting 

Load Force (Hadjiosif and Smith, 2015). 

 

Fig. 1.21. Grip Force and Load Force during vertical cyclic movements. The surface 
of contact was either rough (left) or smooth (right) and thus more slippery. The Grip 
Force is synchronously adapted to the Load Force. The Grip Force is consistently 
higher in the case of the smooth object. The dotted line at the bottom of the graphs 
indicates the minimum value of the Grip Force over Load Force ratio observed for 
each trial. Adapted from (Flanagan and Wing, 1995).  

 

The change in parallel of the Grip Force with the Load Force indicates that 

an anticipatory mechanism is at play. This is confirmed by the influence of 

the friction (Westling and Johansson, 1984) or the weight (Johansson and 

Westling, 1988) experienced during the previous trial on the Grip Force 

applied. Moreover, factors such as the size of the lifted object also influence 

the Grip Force, showing the impact of vision on the grip-load force coupling 

(Ellis and Lederman, 1993; Buckingham and Goodale, 2010; Plaisier and 

Smeets, 2012; van Polanen and Davare, 2015).   

We can infer that control during manipulation depends on a process of 

prediction of the object’s dynamics, called feedforward control, and also on 

the sensory information sent to the central nervous system, called feedback 

control. Those two processes seem to function in parallel and to be scaled to 

the performed movement according to their reliability (Körding and Wolpert, 

2004; Crevecoeur et al., 2010).  

In summary, the precision grip and the associated coupling of the Grip 

Force and Load Force is an excellent paradigm to study the mechanisms used 
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to perform dexterous manipulation. This is demonstrated by the numerous 

studies that brought some understanding to the sensorimotor control of 

movement and that have been carried out using this paradigm. Those studies 

performed all kinds of movements and in various environments such as grip-

lifting tasks (Johansson and Westling, 1984), point-to-point movements 

(Flanagan and Wing, 1993), cyclic arm movements (Flanagan and Wing, 

1995), collisions (White et al., 2011), in different gravity conditions during 

parabolic flights (White et al., 2005; Opsomer et al., 2018) or upside-down 

(Opsomer et al., 2021), with an off-centered mass that resulted in a 

significant torque (Kinoshita et al., 1997; Crevecoeur et al., 2011; Giard et al., 

2015), with artificial inertial and viscous loads (Flanagan and Wing, 1997) and 

with distraction of the volunteer using high-level cognitive tasks (Guillery et 

al., 2013, 2017). 

1.4.3. The importance of afferent feedback for dexterous 

manipulation 
Proprioception and touch have an important role during dexterous 

manipulation. This is proven by the difficulty of deafferented patients to 

perform simple tasks in everyday life such as walking, writing, or even lifting 

a glass of water (Rothwell et al., 1982; Blouin et al., 1993; Sainburg et al., 

1993; Sarlegna et al., 2006; Miall et al., 2019). It has been further 

demonstrated by disrupting the tactile feedback of healthy subjects with 

local anesthesia of the fingers, which led to a disturbed control of the Grip 

Force during manipulation with the precision grip (Johansson and Westling, 

1984; Augurelle et al., 2003).  

Both cutaneous and muscle afferents provide the central nervous system 

with relevant information during dexterous manipulation. Their different 

positions imply that they should respond in different ways to different stimuli 

(e.g. only cutaneous afferents will be able to relay information about a partial 

slip of the finger skin, and proprioceptive afferents will be sensitive to 

tensions and vibrations in the muscles and joints due to changes of the Load 

Force). Isolating their contributions is difficult but necessary to understand 

their role during dexterous object manipulation. Several ingenious solutions 

have been found.  

A first solution was to record the different types of afferent responses 

while perturbations were applied on an object held in a precision grip. On 

one hand, it was found that muscles and joint afferents could not be awarded 

a significant role in automatic Grip Force changes due to the perturbations, 
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but that they might provide information related to the reactive force 

produced by the subject (Macefield and Johansson, 1996). On the other 

hand, cutaneous afferents from all classes except FAII responded to the 

perturbation. The FAI in particular tended to respond early enough to explain 

the automatic Grip Force reaction (Macefield et al., 1996).  

Another solution was to instruct human volunteers to put their index 

fingertip on a glass plate and to increase their normal force to keep it from 

moving when a perturbation in the form of a sudden tangential force was 

applied (Crevecoeur et al., 2017). The finger was either restrained to 

suppress the feedback from muscular and joint afferents or it was 

anesthetized to suppress the feedback from cutaneous afferents. Results 

show that proprioception is involved in more rapid automatic responses 

(observable   6̴0ms after the perturbation) and that touch is involved in 

slower responses adapted to the perturbation (  9̴0ms after the 

perturbation).  

Yet another solution was to trick human participants by generating 

artificial skin stretch on the area of contact with a manipulated object. Those 

skin stretches are only perceived by cutaneous afferents. They have the 

effect of increasing the perceived stiffness of the object (Quek et al., 2014). 

Interestingly, when the object is manipulated in a precision grip, the artificial 

skin-stretch increases the Grip Force modulation to the Load Force 

immediately upon first contact with the object (Farajian et al., 2020). These 

results show that indeed, proprioceptive and cutaneous afferents play 

different roles in dexterous manipulation. The precise way in which the 

central nervous system uses information from both of these sources as well 

as that collected by the other senses is complex and remains to be explained. 

1.5. Thesis content 

1.5.1. Overview 
In this thesis, we will expand our understanding of the role of touch 

during dexterous manipulation. In particular, we will answer research 

questions such as: How does the skin of the index deform when manipulating 

objects and how is it influenced by the Grip Force applied? When lifting 

objects with different frictions, what are the cues that allow humans to adapt 

their Grip Force to the coefficient of friction? When manipulating those 

objects with different friction, are the amplitude of deformations of the 

fingerpad skin similar across friction conditions? We have addressed those 

questions by conducting experiments using a novel device called “the Active 
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Touch”, that allows recording fingerpad deformation in parallel with the Grip 

and Load Force while using the precision grip. 

In this first chapter, we introduced the background for this thesis. We 

gave an overview of the anatomy of the finger and the skin, the sense of 

touch, the mechanical properties of the skin, and their role in object 

manipulation.  In the second chapter, we will present and validate the Active 

Touch device and describe how the fingerpad deforms during object 

manipulation. In the third chapter, we will show how localized fingerpad 

strains allow to quickly adapt the grip force when lifting objects. In the fourth 

chapter, we describe how the grip force is adjusted so that the upper bound 

of the amount of partial slip and finger skin deformation remains similar 

across friction conditions. Finally, in the fifth chapter, we summarize the 

contributions of the thesis and discuss them. We will also present the 

remaining open questions, give possible future directions, and present 

potential applications. 

1.5.2. Publications and communications 

Journal paper 

Measuring fingerpad deformation during active object manipulation. 

Schiltz* F., Delhaye* B. P., Barrea A., Thonnard J.-L., and Lefèvre P.  

Journal of Neurophysology (2021) 126(4): 1455-1464. 

https://doi.org/10.1152/jn.00358.2021 

(*) equal contribution. 

This paper is presented in Chapter 2. 

Grip force is adjusted at a level that maintains an upper bound on partial 

slip across friction conditions during object manipulation. Schiltz* F., 

Delhaye* B. P., Thonnard J.-L., and Lefèvre P. IEEE Transactions on Haptics. 

doi: 10.1109/TOH.2021.3137969  

(*) equal contribution. 

This paper is presented in Chapter 4. 

Submitted papers 

Fast grip force adaptation to friction relies on localized fingerpad strains. 

Schiltz* F., Delhaye* B. P., Crevecoeur F., Thonnard J.-L., and Lefèvre P.  

(*) equal contribution.  

This paper is presented in Chapter 3. 

https://doi.org/10.1152/jn.00358.2021
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Conference communications 

Finger pad mechanics during object lifting. Schiltz F., Barrea A., Thonnard J.-

L., and Lefèvre P.  Eurohaptics 2018, Pisa, Italy (2018). Work-in-progress 

poster presentation. Best work-in-progress poster award 

Finger pad mechanics during object lifting. Schiltz F., Barrea A., Delhaye B.P., 

Thonnard J.-L., and Lefèvre P. 48th Annual Meeting of the Society for 

Neuroscience, San Diego, CA (2018). Poster presentation. 

Finger pad mechanics during object lifting. Schiltz F., Barrea A., Delhaye B.P., 

Thonnard J.-L., and Lefèvre P. Materials science and haptics, Saarbrucken, 

Germany (2019). Poster presentation. 

Adaptation to friction during object manipulation. Schiltz F., Delhaye B.P., 

Thonnard J.-L., and Lefèvre P. Materials science and haptics, Saarbrucken, 

Germany (2019). Eurohaptics 2020, Leiden, The Netherlands (2020). Work-

in-progress poster presentation.



 

 

 

 



 

 

 

 

 

CHAPTER 2 

Measuring fingerpad deformation 
during active object manipulations 

 

“That’s the whole problem with science. You’ve got a bunch of empiricists 

trying to describe things of unimaginable wonder.” 

Calvin & Hobbes - Bill Watterson 

 

Published as: Benoît P. Delhaye*, Félicien Schiltz*, Allan Barrea, Philippe 

Lefèvre and Jean-Louis Thonnard, "Measuring fingerpad deformation during 

active object manipulation", in Journal of Neurophysiology, vol. 126, no. 4, 

pp. 1455-1464, October 2021. (*) equal contribution. 

 

During active object manipulation, the finger-object interactions give rise 

to complex fingertip skin deformations. These deformations are in turn 

encoded by the local tactile afferents and provide rich and behaviorally 

relevant information to the central nervous system. Most of the work 

studying the mechanical response of the finger to dynamic loading has been 

performed under a passive setup, thereby precisely controlling the 

kinematics or the dynamics of the loading. However, to identify aspects of 

the deformations that are relevant to online control during object 

manipulation, it is desirable to measure the skin response in an active setup. 

To that end, we developed a device that allows us to monitor finger forces, 

skin deformations, and kinematics during fine manipulation. We describe the 
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device in detail and test it to precisely describe how the fingertip skin in 

contact with the object deforms during a simple vertical oscillation task. We 

show that the level of grip force directly influences the fingerpad skin strains 

and that the strain rates are substantial during active manipulation (norm up 

to 100%/s). The developed setup will enable us to causally relate sensory 

information, i.e. skin deformation, to online control, i.e. grip force 

adjustment, in future studies. 

2.1. Introduction 
Humans are exquisitely skillful at dexterous manipulation of objects with 

their fingers. This dexterity partly relies on optimally adjusting the grip force 

(GF), the force exerted normally to the object surface, to the load force (LF) 

due to the object weight and inertia, and the fingertip-object contact friction 

(Johansson and Flanagan, 2009). Indeed, an excessive amount of force is 

undesirable as it leads to excessive expenditure of energy and could 

potentially crush the object. However, an insufficient grip force will let the 

object slip from the hands. Accordingly, we usually exert a grip force just 

above the minimum, thereby continuously varying GF according to LF and 

the level of friction (Johansson and Westling, 1984; Westling and Johansson, 

1984; Cadoret and Smith, 1996; Flanagan and Wing, 1997). Deformations and 

vibrations produced in the skin during object manipulation are faithfully 

encoded by the numerous tactile afferents innervating the hand and fingers. 

These afferents in turn provide the central nervous system with rich and 

behaviorally relevant tactile information content (Macefield and Johansson, 

1996; Jenmalm et al., 2003; Goodwin and Wheat, 2004; Delhaye et al., 2018, 

2021a). This, for instance, allows the central nervous system to adjust the 

grip force exerted on a manipulated object to the grip conditions (Johansson 

and Flanagan, 2009). Without tactile afferent feedback, we fail to react to 

unexpected perturbations in object load or surface friction and to maintain a 

stable grip force to load force ratio, hence highlighting the critical role played 

by tactile feedback during object manipulation (Nowak et al., 2001; Augurelle 

et al., 2003; Witney et al., 2004). 

In vivo biomechanics of the fingerpad has been extensively studied in 

passive conditions, highlighting the systematic occurrence of partial slips at 

the periphery of the fingertip-object contact during the tangential loading of 

the fingerpad (Tada and Kanade, 2004; Tada et al., 2006a; André et al., 2011; 

Delhaye et al., 2014, 2016). Indeed, we have shown that slip is not 

instantaneous and that the transition from a stable to a slipping contact 
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develops progressively with partial slips initiating at the periphery and 

progressing towards the center of contact until the point of a full slip. As a 

consequence of the relative movements between the non-slipping regions 

and the slipping regions, partial slip is associated with substantial (up to 25%) 

surface-tangential skin strains (Delhaye et al., 2016).  Furthermore, we have 

shown that those skin strains caused by partial slips are readily encoded by 

human afferents (Delhaye et al., 2021a).  Besides, we have also 

demonstrated that human subjects can consciously perceive incipient slip, 

before full slip is reached, given that the surface-tangential skin strains are 

sufficient (Barrea et al., 2018). Taken together, those results have essential 

implications for object manipulation: indeed, the systematic occurrence of 

partial slips during tangential loading implies that partial slips will take place 

during active manipulation. Because partial slips provide a measure of how 

far from fully slipping the contact is, they might be used by the central 

nervous system to adjust GF to the object properties during active 

manipulation. 

It remains unclear, however, how much partial slips spread inside the 

contact area during active object manipulation and how they will be affected 

by the gripping conditions, including the biomechanical properties of the 

fingertips. Indeed, for a given object load, the amount of partial slips 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 developed a new instrumented device that 

enables synchronously recording the forces exerted by the fingers together 

with the fingertip skin deformation at the finger-object contact with a high 

spatial and temporal resolution during active manipulation. The device was 

tested in an experiment involving 18 subjects who were requested to 

perform vertical oscillatory movements. We describe the typical strain 

patterns taking place in the contact in parallel with the kinematic and 

dynamic parameters of the task. 

2.2. Methods 

2.2.1. Apparatus 
To characterize the deformations taking place at the contact between 

the fingerpad and an actively manipulated object, we developed a 

manipulandum equipped with force sensors as well as an imaging system. 



 
 
 
 
 
 
36 |  Chapter 2.  Fingerpad deformations during object manipulation 

 

This system can capture images of the skin in contact with the object through 

a flat and optically transparent plate of glass (Figure 2.1). 

 

Fig. 2.1. Detailed description of the device. A| Assembly sketch of the device. B| 

Cut of the device along the plane in panel A with its key elements and sensors 

highlighted. C| Photograph of the manipulandum along with the definition of the 

reference frame used in the context of this study. D| Custom optical system to image 

fingerprints. Arrows show the trajectory of the light emitted by the “Lighting” and 

reflected at optical interfaces. In this study, the index finger was imaged, and the 

thumb was not. E| Typical image obtained with the system. The checkerboard 

pattern on the right of the image is used to measure very small movements of the 

glass relative to the camera. 

The device is designed to be handled using a precision grip (Westling and 

Johansson, 1984), i.e. pinched between thumb and index. Its aluminum core 

supports two force sensors, one on each side of the manipulandum, to 

measure the forces exerted by each finger (Fig 2.1B, orange, ATI Mini27 Ti, 

ATI-IA). On the outer side of each force sensor, an aluminum piece supports 

a transparent plate of glass, where the object is contacted to be manipulated. 

The rest of the device, including its top hat and diverse small parts, is 3D 

printed using PLA to be lightweight and customized at will (Fig 2.1A-C). Only 

one finger can be imaged, but the outer plate design is symmetric so that the 

contacting surfaces are the same for both fingers. Both surfaces can be 

removed and swapped quickly, allowing the experimenter to test materials 

of different properties (e.g. friction or texture) during one experiment. An 

accelerometer (Fig 2.1B, red, LIS344ALH, STMicroelectronics) is included in 

the top hat of the device. All signals are acquired using an ADC acquisition 

system (NI6225, National Instruments). 
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Fingerprints in contact with the glass plate are imaged using a custom 

optical system based on the principle of frustrated total internal reflection, 

with a coaxial light source and camera (Fig 2.1D). The light source (Fig 2.1B, 

black, LFL-1012-SW2, CCS Inc.) is placed on the opposite side of the imaged 

finger. The light passes through a half-mirror to illuminate the finger. Part of 

the light is reflected by the contacting glass and part of it is transmitted. The 

light transmission index is increased where the fingerprints contact the glass, 

causing less reflection and therefore dark fingerprints in the captured images 

(Fig 2.1E). The light is then collected by a small and lightweight monochrome 

camera equipped with a macro lens (Fig 2.1B, green, camera: GO-5000M-

PMCL, JAI, monochrome, 2560 x 2048 full pixel resolution; macro lens: 

Cinegon 1.8/16, Schneider Optics). The setup enables us to image the entire 

fingerprint at a high spatial (1696 x 1248 pixels) and temporal (100 Hz) 

resolution. Note that only a subset of the camera field of view was recorded 

because of constraints related to the architecture of the device, in particular 

the size of the area illuminated by the light source. Optical tracking allows us 

to measure partial slips from fingerprint images and to derive the skin strains 

(Delhaye et al., 2014, 2016). A checkerboard pattern is glued on the glass on 

the side of the field of view to track very small glass movements relative to 

the camera caused by the elastic deformation of the device. The squares of 

the checkerboard, whose dimensions are 0.5 x 0.5 mm, enable us to measure 

the image resolution (64 pixels/mm) and to verify that the effects of optical 

distortion and elastic deformation of the manipulandum are minimal. The 

width of the device, i.e. the distance between both fingers gripping the 

object, is 50 mm. The total mass of the device is 540 g. 

2.2.2. Participants 
Eighteen healthy subjects (9 women, ages 20-34 years) participated in 

the experiment. Each subject provided written informed consent to the 

procedures and the study was approved by the local ethics committee at the 

host institution (Institute of Neuroscience, Université catholique de Louvain, 

Brussels, Belgium). 

2.2.3. Experimental procedure 
For this experiment, the device was held by a system of pulleys and a 

counter-weight with the same mass as the device, such that the net weight 

of the whole system was close to zero, but its inertia was twice that of the 

device alone. The goal was to isolate the forces and deformations related to 

dynamic interactions (inertial forces) as opposed to static weight. Moreover, 
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an optical distance sensor (DT20-P224B, SICK Sensor Intelligence) was placed 

above the device and measured its vertical position continuously. 

 

Fig. 2.2. Experimental protocol and image processing. A| Subjects performed 

vertical oscillations with a peak-to-peak amplitude of 20 cm, delimited by visual 

targets and rhythmed by auditory cues every 0.75 s (at each peak of the movement). 

B| The device was held in a precision grip. A system of pulleys and a counter-weight 

completely compensated the weight of the device. C| Image processing pipeline. 

From the raw images, the contact area is extracted. Feature points are then detected 

inside this contact area and tracked from frame to frame. A Delaunay triangulation 

is computed from the first frame and the strain rate tensor of each triangle can be 

computed for each pair of images. 
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Subjects were asked to grab the device with their index and thumb at the 

center of the glass plates such that the fingerprints were centered in the field 

of view of the camera (Fig 2.1C-E). Then, they were instructed to move the 

device up and down producing an oscillatory movement between two 

targets spaced by 20 cm for 30 seconds (Figure 2.2). The period was set to 

1.5 seconds, therefore generating 20 oscillations for each block (Fig 2.2A). A 

short tone was played every 750 ms to indicate the instant when they were 

supposed to reach one of the targets. A higher-pitched tone indicated the 

end of the block when the subjects were asked to release the object and 

prepare for the next trial. The same procedure was repeated for 15 blocks. 

Because we observed that subjects tended to apply an excessive level of grip 

force, a subset of them (6) were explicitly asked to try to minimize the grip 

force. 

Moreover, at the end of the experiment, the subjects were asked to rub 

their index finger against the glass surface repeatedly using a published 

procedure (Barrea et al., 2016) to evaluate the coefficient of friction as a 

function of the normal force. A power function was fit to the data (𝜇 =

𝑘(𝑁𝐹)𝑛−1, where µ is the coefficient of friction). It was used to predict the 

slip force. 

The forces, torques, position, and acceleration were acquired at 200 Hz. 

The images were captured at 100 frames per second at a resolution of 1696 

by 1248 pixels. 

2.2.4. Data analysis 
Force, torque, and position signals were low-pass filtered (4th order 

Butterworth, zero phase-lag, cutoff 40Hz). The grip force (GF) was obtained 

by computing the average of the force normal to the surface from the two 

force sensors (along the z-axis, see Fig 2.1C). The load force (LF) is the sum of 

the vertical component of the tangential force from the two force sensors 

(along the y-axis, see Fig 2.1C). The object velocity was obtained by numerical 

differentiation, and the positive velocity peaks were used to split the data 

into individual oscillations during which different parameters were 

computed (mean GF, max LF, …). The vertical position of the center of 

pressure (COP) was obtained using 𝐶𝑂𝑃𝑦 = (𝑇𝑥 − 𝐹𝑦. 𝑧0)/𝐹𝑧, where T is 

torque along a given axis, F is force and 𝑧0 is the normal distance between 

the contact surface and the sensor's surface. It measures the vertical position 

of the resultant force exerted by the index finger normally to the glass. The 

slip force (SF) is the minimum normal (grip) force needed to avoid slip. It was 
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obtained from the power function fit for each subject as a function of the 

tangential force (𝑇𝐹 = 𝜇. 𝑆𝐹 = 𝑘(𝑆𝐹)𝑛). The GF and LF modulations were 

obtained for each oscillation by subtracting the minimum value from the 

maximum value of the specific oscillation. 

2.2.5. Image processing 
We used an image processing pipeline already described in previous 

work to detect the slipping regions and evaluate the surface skin strains 

inside the contact area (Delhaye et al., 2014, 2016). It is summarized here 

(see Fig 2.2C). First, the gross contact area was extracted from the 

background using a two-stage procedure. The first stage consists in manually 

depicting the contact area contour for a small subset of frames (typically 10 

to 20 frames per subject). In the second stage, features relevant for the 

segmentation (Sankaran et al., 2017) are computed and fed to a machine 

learning algorithm (classification tree, fitctree function in Matlab) that is 

trained on the manually segmented data to extract the contact area and then 

used to extract the contact area on the whole sequence of frames. 

Second, for each oscillation, three sets of features having good gradient 

properties for tracking (Shi and Tomasi, 1994) were sampled at the first, the 

middle, and the last frame of each oscillation respectively. Indeed, the 

contact area varies during the movement due to rolling of the fingertip, i.e. 

some skin parts are coming into contact and other parts are leaving contact 

during the active movement. It is therefore essential to re-sample features 

at different times to cover the contact area with features during the whole 

oscillation. The minimum spacing between features for feature detection 

was set to 17 pixels. Then, those features were tracked from frame to frame 

using a classical algorithm implemented in OpenCV (Lucas and Kanade, 1981; 

Bradski, 2008). Depending on the initial frame (first, middle or last), the 

features were either tracked forward or backward in time (or both). Finally, 

the 3 sets of features (first, middle and last) were merged, and those 

overlapping were suppressed. The very small glass movements that occurred 

due to the compliance of the force sensors and the plates (of the order of a 

couple of pixels) were monitored by tracking features located on a 

checkerboard attached to the glass. The velocity of the glass movement was 

subtracted from the velocity of the fingerprint movement before further 

analyses. 

Third, a Delaunay triangulation was performed on the features from their 

location in the first frame. And the triangle strain rate from frame to frame 
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was computed as described earlier (Delhaye et al., 2016), to yield a 2-by-2 

strain rate tensor for each triangle and each pair of consecutive frames (Fig 

2.2C). The strain rate norm was obtained by computing the norm of the strain 

rate tensor for each triangle and each pair of consecutive frames. Moreover, 

if the triangle’s center moved by more than 1/2 of a pixel between 2 

consecutive frames, it was considered as slipping whereas if the movement 

was smaller than 1/2 pixel, it was considered non-slipping or stuck to the 

glass. The stick ratio, the ratio of non-slipping area to the total contact area, 

was obtained for each pair of consecutive frames. 

2.2.6. Statistical analysis 
All statistical analyses were performed in MATLAB, using the functions 

corr (for Pearson correlation), ttest (for paired t-tests) and regress (for linear 

regression). The power-law fits were obtained by computing the coefficients 

of a linear regression on the logarithmic transformation of the data. 

2.3. Results 
We asked subjects to perform paced vertical oscillations holding the 

manipulandum in precision grip, i.e. with the thumb and index finger (Fig 

2.2B). Figure 2.3 shows the evolution of the recorded variables during a 

typical experimental block. A video of the fingerpad during a typical trial is 

also provided on Figshare8. The manipulandum weight was fully 

compensated by a counterweight, and therefore LF was only due to the 

object acceleration and was zero when the object was still. Thus, as expected, 

the manipulandum movement (Fig 2.3A) generated cyclic fluctuations in LF 

due to the inertial forces, and we observed two peaks of load force that were 

very similar in amplitude, one in the upper and one in the lower part of the 

trajectory. The load force variations were accompanied by variations of the 

grip force applied by the subjects (median correlation across oscillations, 

r=0.61±0.17, mean±std across subjects, n=18, see also here below and Figure 

2.6), and LF peaks gave rise to synchronized grip force peaks (Fig 2.3B). These 

GF peaks were such that the GF/LF ratio was kept above the friction limit in 

most cases (in red, Fig 2.3C), and therefore the object did not slip. However, 

even though full slip was avoided during most oscillations, the zone of stable 

contact also fluctuated, as partial slip was observed and was quantified by 

the stick ratio (SR, Fig 2.3D), which typically reached a minimum when the 

constraints were maximal, that is at the maximum of LF or the minimum GF 
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to LF ratio. As described earlier in a passive context (Delhaye et al., 2016), 

partial slip is accompanied by significant strain patterns in the slipping 

regions. The heatmaps provided in the bottom part of Figure 2.3 show the 

evolution of the three independent components of the strain rate tensor at 

each point of the contact area during one oscillation (Fig 2.3E). The last line 

shows the norm of the strain rate tensor (Fig 2.3F, see Methods). While it 

does not bear any physical meaning, the strain rate norm provides a clear 

picture of the distribution of the strains and their intensities inside the 

contact area, irrespective of the type of deformation and invariant to 

rotation. As expected from previous reports, the strains take place at the 

periphery of the contact and propagate further toward the center as the SR 

decreases, i.e. when the GF to LF ratio comes closer to the friction limit. As 

shown in a typical trace in Figure 2.3, each oscillation was isolated based on 

its trajectory (Fig 2.3A, see Methods) and analyzed separately. 

 

Fig. 2.3. Typical trace. A,B,C,D| Evolution of the manipulandum vertical position 

(A|), fingertip forces (grip force, in blue, and load force, in black, B|), slip margins 

(grip force to load force ratio, in black, and friction limit at the load force peak, in 

red, C|) and stick ratio (D|) as a function of time during a typical experimental block. 

The oscillations are delimited with vertical lines at the times of positive velocity 

peaks. E,F| Evolution of the strain rate tensors, shown as three heatmaps for e_xx, 

e_yy, and e_xy (E|), and the strain rate norm (normalized by the 90th percentile, F|) 
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as a function of time during a typical oscillation. The sketch of the finger on the left 

shows the orientation of the finger with respect to the heatmaps (strains are shown 

as if viewed through the finger). The red parts are negative and show compression, 

and the blue parts are positive and show stretch. Consecutive heat maps are 

separated by 100 ms. 

2.3.1. Forces and strain patterns during oscillations 
Since all signals followed a stereotyped pattern for each oscillation, we 

looked at the averaged evolution of the traces during all oscillations (Figure 

2.4). The GF, LF, and SR patterns follow the behavior described earlier (Fig 

2.4A-B, see also Figure 2.3). That is, the maximum GF and the minimum SR 

were observed on average at the time of the maximum LF. We also looked at 

the vertical displacement of the center of pressure (COP, Fig 2.4C), which is 

mainly caused by a redistribution of the pressure inside the contact area and 

the rolling of the finger. We observed that the COP moved significantly 

downward during the first half of the oscillation and upward during the 

second half of the oscillation. Even though each oscillation showed a slightly 

different pattern of deformation and widely different levels of minimum SR 

across subjects (see below), the general shape follows a trend that is 

expected from previous work (Delhaye et al 2016). The strain rate amplitude, 

as measured by the 90th percentile of the strain rate norm across the entire 

contact, typically followed a trajectory similar to the variation of LF, or LF 

rate. Fig 2.4E shows the averaged pattern of strain rate during one oscillation 

for a typical subject. Since the central stuck zone is pulled up by the glass 

during the upper part of the trajectory (and pulled down during the lower 

part of the trajectory), the vertical strains (e_yy) were tensile in the lower 

regions of the contact area and compressive in the upper region of the 

contact area (Fig 2.4E). As a consequence of the elastic properties of the skin, 

horizontal strains (e_xx) appeared following the same pattern as the vertical 

ones, except that they were tensile where the vertical strains were 

compressive and vice versa. They were also smaller in amplitude. Finally, 

shear strains were substantial on the proximal (left) and distal (right) parts of 

the contact area. The norm of the strain rate (e_n) shows the areas of the 

skin where the strains are the largest, irrespective of the direction of the 

strains. It can be observed from those that a wave of strains progresses from 

the exterior of the contact area towards its center as the stick ratio 

decreases. In Figure 2.3, the wave of strains doesn’t reach the center of the 

fingertip as the stick ratio doesn’t reach zero. 



 
 
 
 
 
 
44 |  Chapter 2.  Fingerpad deformations during object manipulation 

 

 

Fig. 2.4. Oscillation averaged traces and strain rate patterns for a typical subject. 

A,B,C,D| Average traces across all oscillations expressed as a function of oscillation 

cycle progress (in percent) for a typical subject. The forces (grip force, in blue, and 

load force, in black, A|), stick ratio (SR, B|), the center of pressure (COP, C|), and 

90th percentile of the strain rate norm (D|) are shown. The shaded areas represent 

the standard deviations. The oscillations are cut using the positive velocity peaks and 

the signals are synchronized by expressing their evolutions in terms of percentage of 

time inside the oscillation cycle. E| Average strain rate patterns for a typical subject. 

Consecutive heat maps go from the bottom up and each column shows strain rates 

along a dimension. Strains were synchronized in the same way as the traces in 

A,B,C,D. Each strain heatmap is presented the same way as in Fig 2.3E-F. 
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2.3.2. Different levels of grip force during manipulation 
Looking at subjects' gripping behavior (Figure 2.5), as described by the 

average GF value during one oscillation, we found that it was consistent 

across the entire experiment (Fig 2.5A). Indeed, even though the average grip 

force was on average slightly higher in the first block, this difference was not 

significant when compared to the last block (Fig 5B, paired t-test, t(17) = -

1.14, p = 0.272). Within a block, there was a clear tendency of subjects to 

progressively decrease their grip force (Fig 2.5A). This was not related to a 

change in the movement kinematics, which should affect the load force. 

Indeed, even though the first two oscillations of each block seemed to 

sometimes generate a higher load force (i.e. faster movement), the average 

load force of the third movement was already at the same level as the last 

movement (paired t-test, t(17) = -1.59, p = 0.130). Interestingly, GF 

progressively decreased during the experimental block and the difference 

between the grip force of the third and the last movement was highly 

significant (Fig 2.5C, paired t-test, t(17) = -3.67, p = 0.002), as previously 

observed during similar experiments (Augurelle et al., 2003). 

While the skin deformation patterns were similar across subjects and the 

grip force levels were constant across the experiment, we observed that 

different subjects used very different levels of grip force leading to very 

different amplitudes of deformations. Indeed, we found that the subjects 

that were instructed to use a minimum GF tended to apply an amount of GF 

just above the minimum required by friction, as shown by the peak in GF 

being just above the slip force estimated thanks to the friction 

measurements (Fig 2.5D). However, other subjects applied an excessive 

amount of GF. This is not resulting from the subject not coordinating their GF 

with the LF, as the subjects applying excessive GF also showed a high level of 

GF modulation, thereby taking into account the LF modulation (Fig 2.5E). It 

was rather explained by a high level of mean GF. 
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Fig. 2.5. Gripping behavior. A| Evolution of the mean grip force (GF) across 

oscillations, blocks, and subjects (n=18). For each subject, the forces were 

normalized by the mean across all blocks and oscillations. Lines are mean across 

subjects and shaded areas show standard deviation. Dashed lines show means of 

minimum and maximum grip forces. B| Comparison of grip force at the first and last 

block (averaged across oscillations from those blocks). C| Comparison of grip force 

at the third and 18th oscillation (averaged across blocks). Pairs in B and C were t-

tested, significant results are marked with stars (**: p<0.01). D| Grip force (GF) as a 

function of slip force (SF) at the instant of minimum GF to LF ratio. The slip force is 

the minimum grip force required to avoid slipping. The dashed line is the identity 

line. E| Grip force (GF, same as in D) as a function of the grip force modulation. In D 

and E, one point corresponds to the median value for one subject, the vertical and 

horizontal whiskers show the interquartile, the empty dot corresponds to the subject 

shown in Figure 2.4. 
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2.3.3. Mechanical parameters related to different grip force 

levels 
The different levels of GF that individual subjects used to perform the 

oscillations led to different observations about the parameters of the 

manipulation (Figure 2.6). First, the vertical displacement of the COP (see 

Methods) tended to strongly decrease with the grip force level (Fig 2.6A). This 

decrease was observed across subjects, with a relationship that followed a 

negative power law (Fig 2.6A left, R2=0.91, F(1,16)=165.65, p<0.001, 𝑓(𝑥) =

𝑎. 𝑥𝑏, with a=10.93 and b=-0.84). It was also observed within-subjects, with 

a negative correlation that was significant at the group level (Fig 2.6A, right, 

paired t-test, t(17) = -4.45, p<0.001). This trend was not followed for the two 

subjects with the lower GF values, probably because of the very small range 

of GF (as shown by the very small horizontal whiskers for the two blue dots 

in Fig 2.6A right). The skin displacement range was also quantified. It 

measures the maximal vertical range of motion of a fingerprint feature inside 

the contact area and therefore quantifies how much the skin moves within 

the slipping regions (Fig 2.6B, left). This variable is strongly correlated with 

the maximum level of skin strain rate (shown in Fig 2.6C, correlation r=0.88).  

Both variables decreased with the grip force, according to a power-law (Fig 

2.6B, left, displacement range: R2=0.63, F(1,16)=26.99, p<0.001, 𝑓(𝑥) =

𝑎. 𝑥𝑏, with a=1.79 and b=-1.27 ; Fig 2.6C, left, strain rate norm: R2=0.61, 

F(1,16)=25.50, p<0.001, 𝑓(𝑥) = 𝑎. 𝑥𝑏, with a=84.37  and b=-1.04), and the 

negative correlation within subjects was also observed (Fig 2.6B, right, 

displacement range: paired t-test, t(17) = -3.55, p = 0.002; Fig 2.6C, right, 

strain rate norm: paired t-test, t(17) = -3.32, p = 0.004). Again, the within-

subjects correlation was lower for some subjects having small variations of 

GF across trials. 
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Fig. 2.6. Mechanical parameters related to behavior. A, B, C, D, E| Relationship 

between different mechanical parameters and the grip force (GF), namely center of 

pressure range of motion (A|), fingerprint maximal range of motion (B|), maximal 

value of the 90th percentile of the strain rate norm (C|), minimum of stick ratio (SR, 
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D|), and mean load force (LF, E|).  Left panels show the median across all oscillations 

of the different parameters as a function of mean grip force (GF) across oscillations 

for each subject. Dots are medians, vertical and horizontal whiskers show 

interquartile. Right panels show the intra-subject correlation of the parameters with 

the grip force, with the grey box indicating the average correlation across subjects. 

A t-test was performed for each variable and the stars depict the result of the test 

(nothing, p>0.05; *, p<0.05; **, p<0.01;***, p<0.001; n=18). Colors were attributed 

to each subject according to the mean GF level and correspond across panels. The 

yellow dot with a black contour corresponds to the subject shown in Figure 2.4. 

The maximal strain rates were substantial, and ranged from 6%/s to 

100%/s (Fig 2.6C, left). Obviously, the maximal strain rates strongly 

correlated with the maximal strain values observed during an oscillation 

(r=0.99), which ranged from 1% to 17% depending on the subject’s GF level. 

Finally, as could be expected, the minimum value of the stick ratio within an 

oscillation was low for low levels of grip force and tended to 1 for very high 

levels of grip force (Fig 2.6D, left). We did not observe any significant 

tendency at the group level in the within-subjects correlation (Fig2. 6D, right, 

paired t-test, t(17) = 1.60, p = 0.128). As a control, we verified that the use of 

a high level of grip force was not related to the level of load force, but rather 

to an inappropriate adjustment to friction. We found that indeed, while there 

were some variations in the level of load force across subjects, related to 

variations in the movement acceleration from trial to trial, the correlation 

with the grip force was low (r=0.17, Fig 2.6E, left). However, within-subjects, 

we observed a clear positive correlation at the group level, meaning that the 

subjects adapted their level of grip force to the movement kinematics (Fig 

2.6E, right, paired t-test, t(17) = 5.74, p<0.001). As could be expected, this 

tendency was strongest for the low GF values, for which the risk of slip is 

higher, and therefore a tight coupling between LF and GF is required. 

In summary, we showed that higher levels of GF yielded less fingertip 

rolling (as measured with the vertical displacement of the center of 

pressure), fewer skin strains (as measured with the strain rate norm) and a 

higher proportion of the skin remaining stuck on the glass (as measured with 

the stick ratio). 

2.4. Discussion 

2.4.1. General discussion 
In this paper, we described a novel device that enables synchronous 

monitoring of strains in the fingertip skin in contact with a manipulated 
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object and the forces exerted by the fingers on the object. The device was 

tested in an experiment involving 18 subjects and permitted to describe and 

quantify the strain patterns emerging from active object manipulation. This 

is the first study showing that substantial skin strain rates (>50%/s) take place 

inside the contact area during active manipulation, even though the object is 

in a stable, non-fully slipping contact and the object never dropped from the 

hand of the subjects. 

The development of this device was inspired by a previous publication 

presenting a much simpler apparatus (Tada et al., 2002). This equipment was 

also manipulated in a precision grip and comprised force sensors under each 

finger and a camera to monitor the stick ratio, which relied on 167 manually 

drawn points on the fingertip to monitor skin displacement from frame to 

frame. Importantly, our setup has a much higher resolution (64 pixels per 

mm) and therefore enables an accurate measurement of local skin strains, 

which was not possible earlier. 

Given the substantial amplitude of the strain rates measured in this 

study, it is reasonable to assume that those strains can be faithfully captured 

by the tactile afferents, and in particular the FA-I afferents (fast adapting type 

I afferents). Indeed, we recently demonstrated, in a passive setup, that FA-I 

afferents are sensitive to the compressive strain rates related to partial slip, 

comparable in scale to those observed here (Delhaye et al., 2021a). Those 

strains therefore likely provide tactile feedback about grip safety (Khamis et 

al., 2014). 

There was a wide range of mean grip force levels used by different 

subjects observed in this study. Some subjects tended to apply a grip force 

level just above the friction limit while some others exerted a much higher 

grip force. Those behaviors lead to very different feedback. The “safe” 

strategy – exerting a high level of grip force – leads to a very limited amount 

of partial slip and a low level of deformation. Therefore, it also provides a 

limited amount of information related to contact stability. The “risky” 

strategy – using a grip force level just above the friction limit – leads to a large 

fraction of the contact area in partial slip and substantial strain rates inside 

the contact. Therefore, this strategy enables rich tactile feedback about the 

contact state at each oscillation. 

While there was a clear relationship between the level of grip force and 

the amount of skin strains (Fig 2.6C), there was also a large variability. This 

variability can be explained by individual differences in skin properties. 
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Indeed, the fingerpad can have very different mechanical and geometrical 

properties: stiffness (Wang and Hayward, 2007), humidity (André et al., 

2010), size (Peters et al., 2009), and all of those likely influence deformation 

and perception (Peters et al., 2009; Gueorguiev et al., 2016). 

2.4.2. Limitations 
The developed device has some limitations. First, for a device that is 

intended to be used in precision grip, that is pinched between the thumb and 

index finger, its mass is rather large (around 500 grams). This limitation can 

be compensated by a counterweight, as done in this work, but it modified 

the weight/inertia relationship of the object, which makes it more remote 

from natural object manipulation. The manipulation of an object with no 

weight but high inertia, as done in the present study, is comparable to object 

manipulation in weightlessness in terms of contact forces with the object. 

Furthermore, due to the counterweight setup, we are limited to vertical 

movements. In addition, we used smooth transparent glass. While this is a 

very convenient material for imaging the skin-object contact, the flat contact 

with a glass surface is very different from the rough contact experienced with 

most natural objects. 

As summarized above, some subjects tended to use a high level of grip 

force, much higher than the friction limit. This contrasts with previous work 

showing that, under normal sensory feedback, people tend to manipulate 

objects with a grip force close to the slip limit (Augurelle et al., 2003). This 

might be explained by three factors. First, the instrumented object might 

look fragile and subjects tended to apply excessive GF levels to make sure 

not to drop it. Second, by compensating the weight of the object with a 

counterweight (see Methods), the experienced weight is much lower than 

the one expected from the object appearance and size, which may surprise 

the subjects. As a result, it is likely that an excessive GF is exerted by caution. 

Moreover, there is a discrepancy between the perceived weight of the 

object, which is zero, and the interaction force resulting from the doubled 

inertia. Therefore, it cannot be excluded that the motor system might have 

determined the object weight through its inertial parameters and attempted 

to set the grip force accordingly.  Finally, glass remains a material having 

particular frictional properties, with a coefficient of friction that can vary by 

up to one order of magnitude depending on several factors (Pasumarty et al., 

2011; Adams et al., 2013; Delhaye et al., 2014), and might therefore 

encourage higher safety margin even if not needed.  
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2.5. Conclusion 
The device developed in this study will enable the monitoring of fingertip 

skin strains at the finger-object contact and provide a window into the 

feedback from tactile afferents inside the contact area during manipulation. 

Future work will test if unexpected changes in the object parameters, such 

as a change in friction, can be quickly detected and accounted for thanks to 

the feedback provided by partial slip.



 

 

 

CHAPTER 3 

Fast grip force adaptation to friction 
relies on localized fingerpad strains 

 

“To invent your own life's meaning is not easy, but it's still allowed, and I 

think you'll be happier for the trouble.” 

Bill Waterson 

 

Humans can quickly adjust their grip force to a change in friction at the 

object-skin interface during dexterous manipulation in a precision grip. To 

perform this adjustment, they rely on the feedback of the mechanoreceptive 

afferents innervating the fingertip skin. Because these tactile afferents 

encode information related to skin strain, the nature of the feedback 

signaling a change in friction must somehow originate from a difference in 

the way the skin deforms when manipulating objects of different frictions. 

To better characterize the origin of the underlying sensory events, we asked 

human participants to perform a grip-lifting task with a manipulandum 

equipped with an optical imaging system. This system enabled to monitor 

fingertip skin strains through transparent plates of glass that had different 

levels of friction. We observed that, following an unexpected change in 

friction across trials, participants adapted their grip force within 370ms after 

contact with the surface. By comparing the strain patterns when 

unexpectedly switching from a high to a low friction condition, we found a 

significant increase in skin strain inside the contact area arising over 100ms 

before the motor response, during the loading phase, suggesting that local 

and partial strain patterns before lift-off are used in the nervous system to 

adjust the grip force as a function of the frictional condition. 
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3.1. Introduction 
In a seminal paper in the 80s, Johansson and Westling described how 

efficiently human participants handle objects of different textures and 

friction (Johansson and Westling, 1984). They observed that when lifting 

objects, humans scaled their grip force (GF) to the frictional properties of the 

surface, such that an object with a slippery surface was gripped more firmly 

than one with a sticky surface. Moreover, it was found that a change in the 

frictional properties of the object from one trial to the next elicited a GF 

adaptation that was observable only 100ms after contact with the surface. 

Such adaptation was canceled under local anesthesia, underlining the 

essential role of afferent feedback (Westling and Johansson, 1987; Nowak et 

al., 2001; Augurelle et al., 2003; Witney et al., 2004). A rapid feedback loop 

is thus able to take into account tactile afferent information about the 

surface efficiently (Johansson and Flanagan, 2009; Delhaye et al., 2018).  

However, the mechanisms underlying such a feedback loop remain 

unknown. Indeed, since the surfaces used in the aforementioned paper 

(Johansson and Westling, 1984) had very different textures, it is not clear 

whether the feedback provided by the afferents was related to the 

topography of the material, thereby quickly eliciting the recall of a motor 

memory related to the surface, or if the feedback was directly related to 

friction, such that the motor system could scale the GF accordingly. Notably, 

it was later demonstrated that humans can adapt to changes in friction 

(Birznieks et al., 1998), even those that are not directly associated with a 

change in texture (Cadoret and Smith, 1996). In this study, different textures 

and coatings were used to show that humans adjust the level of GF to the 

coefficient of friction and not to the texture when lifting objects.  These 

results suggest that the skin strain during each lifting movement can be used 

to scale the grip force without necessarily requiring a full slip event. 

The possibility that humans adjust their grip force quickly based on an 

estimate of friction is supported by recent imaging studies of fingertip strain 

during loading. We and others have shown that localized partial slips take 

place at the object-finger interface during tangential loading (Levesque, 

2002; Tada et al., 2006a; André et al., 2011; Delhaye et al., 2014). Partial slips 

are associated with substantial skin strains in the contact area (Delhaye et 

al., 2016) that trigger strong afferent responses (Delhaye et al., 2021a), and 

may therefore signal an impending slip. Importantly, reducing friction 

accelerates the progress of partial slips and leads to an earlier discharge of 

the tactile afferents, which can potentially inform the central nervous system 
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about the upcoming contact instability (Khamis et al., 2014; Delhaye et al., 

2021a). Moreover, the perception of tactile slip seems to be induced by skin 

strains associated with partial slip, since it is perceived before full slippage 

and is impeded when the amount of strains is diminished by applying a 

coating that reduces friction (Barrea et al., 2018). Furthermore, generating 

artificial skin strains at the contact interface with the object during lifting also 

leads to an increase in GF (Farajian et al., 2020). 

Taken together, the aforementioned findings lead us to hypothesize that 

partial slip, or the associated skin strains, are a sufficient sensory signal to 

adjust the GF to the friction condition during active manipulation. To test this 

hypothesis, we sought to describe and quantify where and when skin strains 

associated with partial slip take place following an unexpected change of 

friction, and if those allow participants to adapt their GF to a change in 

friction that is not associated with a change in texture. To this end, we used 

a validated custom-made manipulandum able to record interaction force and 

skin deformation at the contact area between the object and the finger 

(Delhaye et al., 2021b). We asked human participants to repeatedly grip and 

lift a manipulandum, while the friction was changed unbeknownst to the 

participant (Fig 3.1B). We found that participants adjusted the GF to a change 

in friction only 114ms after liftoff (370ms after contact was made with the 

surface), suggesting that most of the sensory information about the friction 

change was available before the object started moving. To further 

understand the mechanisms underlying such adjustments, we imaged, at the 

same time, the contact area between the index finger and the object. We 

used those images to track the skin strains resulting from partial slip (Fig 3.1F-

G), and reveal a localized strain contrast after friction changes very early in 

the trial, i.e. before liftoff. Our findings thus support the hypothesis that 

humans make use of localized strain patterns to adjust the GF to unexpected 

changes in friction. 
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Fig 3.1. Experimental setup, experimental procedure, and typical trial. A| 

Participants held the manipulandum in a precision grip with both fingers applied on 

transparent glass plates. The device includes sensors allowing the measurement of 

the forces applied by both fingers as well as an imaging system allowing the 

recording of the index fingertip skin. B| Participants performed ten blocks of five 

trials. Transparent plates with high and low friction properties were interchanged 

between each block. Half of the participants started with the high friction material. 

The first trial of each block is called “CATCH” trial, as opposed to “NORMAL” trials. 

C| Group mean of the GF of the first SP for participants who started with the high 

friction material for the top graph and for participants who started with the low 

friction material for the bottom one. GF is normalized according to the procedure 

described in Methods. The shaded areas show the standard error of the mean. D| 

Evolution of the vertical position of the manipulandum and the forces applied during 

a typical trial. It consists of four fast movements (Mvt) with static phases (SP) in-

between. Note that the second LF peak of each movement is due to the participant 

having to slow down the manipulandum because of the inertia of the system. The LF 



 
 
 
 
 
 

Chapter 3.  Fast grip force adaptation to friction and fingerpad strains | 57 

 

during the second static phase is slightly higher due to a larger portion of the cable 

being positioned under the device at this height. E| Position of the index finger and 

area of contact with the glass. All strains in this study are displayed as if they were 

observed through the glass during the manipulation. The distal side is on the left. 

The pink curve delimits the contact area. F| Typical image. Only the index finger was 

monitored. G| Heat maps of the norm of the skin strain rates obtained from a pair 

of consecutive images, as described in (Delhaye et al. 2016). This sequence shows 

strains during the first 200ms of a typical first movement (Mvt1 in panel C). Strains 

are observed at the periphery of the contact area. The central stuck zone remains 

undeformed. 

3.1. Methods 

3.1.1. Participants 
Eighteen volunteers (5 females; ages 20-65) participated in the 

experiment. All of them provided written informed consent to the 

procedures and the study was approved by the ethics committee at the host 

institution (UCLouvain, Brussels, Belgium). 

3.1.2. Apparatus 
At rest, the device was standing on a table with a hole to allow the 

passage of the cables coming from the bottom of the device. Its weight 

(540g) was partially compensated by a counterweight (320g) attached to a 

system of pulleys. The device is described at length in a recent 

publication(Delhaye et al., 2021b). Succinctly, forces were measured under 

each fingertip using two six-axis force and torque sensors (ATI Mini27 Ti, ATI-

IA, Apex, NC, USA). From those measurements, the GF and LF were 

computed, as described in Data Analysis. The position was measured using 

an optical distance sensor (DT20-P224B, SICK Sensor Intelligence). The 

position and forces were sampled at 200 Hertz with a NI-DAQ card (NI6225, 

National Instruments).  

A custom optical system allowed to image the index fingerprints in 

contact with the glass (Fig 3.1F). Because of constraints in the design of the 

manipulandum, it was only possible to monitor one side, as the light is 

emitted by an array from the side where the thumb is, blocking its 

observation. This system is based on the principle of Frustrated Total Internal 

Reflection and enables a high contrast between the point in contact with the 

glass and those that are not. Images are recorded at 100 fps with a camera 

(GO-5000M-PMCL, JAI, monochrome, 2560 x 2048 full pixel resolution). 
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Image size is 1696 x 1248 pixels with a resolution of 4096 pixels/mm², which 

corresponds to an area of 26.5 x 19.5mm.  

Two kinds of glass plates were used to generate different levels of 

friction. The first set of plates are simple transparent optically flat plates of 

glass. They are referred to as “high friction”. A process called “glass frosting” 

was used to alter friction in the second set of plates.  In brief, a chemical 

process was used to imprint a nanoscale pattern on the surface of the glass.  

With the right set of parameters (height and roughness), this decreased the 

real area of contact between the finger and the plate and thus the coefficient 

of friction (Derler et al., 2009; Skedung et al., 2010, 2011; Adams et al., 2013; 

Wiertlewski et al., 2016; Inamoto and Tomeno, 2019). This nano-structured 

glass was referred to as the “low-friction” surface. The transparent plates are 

indistinguishable to the naked eye. 

3.1.3. Experimental procedures 
Participants stood in front of a table on which the device was positioned. 

After an auditory cue, they were instructed to grip and lift the device to a 

height of about 20cm within 0.8s, and then hold it still for 1.5s. They then 

performed three fast point-to-point movements (0.8s) with pauses (1.5s) in-

between. Auditory cues were used to pace each movement. We observed 

that participants’ movements were slightly slower than what was instructed, 

resulting in slightly longer movements and shorter static phases. The 

participants were requested (and often reminded during the experiment) to 

use a minimal amount of GF. Indeed, we observed in a preliminary study that 

participants tended to use an excessive amount of GF naturally, probably 

because this device composed of a camera and sensors seems fragile and 

looks heavy. The glass plates were cleaned with alcohol after each trial. This 

served the purpose of getting images as clean as possible. Also, this 

procedure removed sweat that could alter the topography of the glass plates 

at a microscopic level and thus the level of friction. After each block of five 

trials, participants were instructed to take a break on the other side of the 

room, from a location where they could not see the experimenter 

manipulating the device. During that break, the experimenter interchanged 

the plates such that the friction was changed from high to low or from low 

to high. This procedure was quick and took a maximum of 2 minutes. Half of 

the participants started with the high friction condition and the other half 

with the low friction. This caused no difference in their adaptation to friction, 

as measured by the difference in GF between conditions during the first static 

phase of normal trials (t-test, t(15)=0.36,p=0.72). The coefficient of friction 
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was measured for each material at the end of the experiment (see Friction 

Measurement). In total, the experiment lasted between one and a half and 

two hours for each participant. 

Friction measurements. We measured the coefficient of friction between 

the participants’ fingers and both materials at the end of the experiment 

using the method described in (Barrea et al., 2016). Briefly, participants were 

instructed to rub their index finger and thumb on the glass plates for three 

periods of fifteen seconds at different levels of normal forces. The 

approximate range of normal forces for each period was 0 to 2.5N for the 

first, 2.5 to 6N for the second, and 6 to 10N for the third. The moment of 

slippage was detected by finding the maximum of the ratio of tangential 

force over normal force at the start of each rubbing motion. This ratio was 

measured and was our estimation for the static coefficient of friction 

corresponding to the normal force applied at that moment. The data were 

obtained for both fingers of all participants (see Supp Fig 3.1-2) and fit with 

a negative power law (André et al., 2009). From the fits, we computed a 

single coefficient of friction value for each participant and each material for 

the 1-5N range that corresponded to the approximate range that the 

participants used for manipulation. The friction was averaged across both 

fingers.  The measurement of the friction was always performed first on the 

material with which the participant finished the experiment. 

3.1.4. Data analysis 
Forces and position data were filtered with a fourth-order low-pass 

Butterworth filter with a cut-off frequency of 40Hz. The GF is defined as the 

mean of the norm of the forces normal to the surface of the object exerted 

by each finger. The LF is defined as the norm of the sum of the forces applied 

tangentially to both surfaces by each finger. When comparing dynamics or 

kinematics between participants as in Fig 3.3, 3.4 and 3.5, an average curve 

was first computed for each participant by first synchronizing all trials on the 

maximum of LF for each separate movement. Then, statistics such as the 

inter-subject mean or standard error of the mean were computed based on 

these average curves.  

GF normalization. As participants typically used different levels of GF, a 

normalization procedure was used when comparing the GF signals across 

conditions and participants. A GF normalization value was obtained for each 

participant by taking the mean of GF during the first static phases of all 
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normal trials (except the first two blocks that were excluded because of the 

learning period). They are shown in Supp Fig 3.3. 

Image processing. A previously described image processing pipeline was 

used to evaluate the skin strains from the raw images (see Delhaye et al, 

2014, 2016). This pipeline is only summarized here. First, a custom-made 

machine learning algorithm was used to detect the area of contact between 

the finger and the glass plate for each image. This algorithm was trained for 

each participant separately with manually detected areas of contact for 

randomly selected images.  Then, feature points were selected automatically 

from several frames of the sequences of images (at the beginning, during, 

and at the end of each movement). Their position was tracked forward and 

backward in time from frame to frame using an algorithm of optical flow 

(Lucas and Kanade, 1981; Shi and Tomasi, 1994). A Delaunay triangulation 

was then computed and the evolution of the shape of the triangles allowed 

to measure the local strain rate along three dimensions (vertical, horizontal, 

and shear strain rate). The norm of the strain rate was calculated as follows: 

𝜀𝑛 = ‖
𝜀𝑥𝑥 𝜀𝑥𝑦

𝜀𝑥𝑦 𝜀𝑦𝑦
‖ = √𝜀𝑥𝑥

2 + 𝜀𝑦𝑦
2 +2𝜀𝑥𝑦

2  (1) 

where 𝜀𝑥𝑥, 𝜀𝑦𝑦 and 𝜀𝑥𝑦 are the horizontal, vertical, and shear strains rates 

components respectively. This gave a quantitative measure of how the 

different parts of the fingertips were being deformed, irrespective of the type 

and directions of these strains. In this study, we were mostly interested in 

comparing the amount of strain rate according to the condition of friction 

and the adaptation of GF rather than the specific description of these 

strains(Delhaye et al., 2021b). 

As different participants showed markedly different levels of strains, we 

normalized the strain rate norm of each participant by the mean value of the 

strain rate norm across the entire area of contact and trials at the time of 

maximum LF. The normalization values of the strain rate norm are given 

together with the normalization value of the GF for each participant in Supp 

Fig 3.3. 

The first images of the contact were difficult to interpret. Indeed, the 

fingertip skin can be rough and stiff on a small scale, depending on the 

moisture content of the individual’s skin. When it enters in contact with a 

stiff surface such as glass, the initial real area of contact is low. However, 

during the first tens of milliseconds of the contact, moisture secreted by the 

sweat pores hydrates the skin, rendering it softer and elasticizing it. The skin 
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then enters in closer contact with the surface and the real area of contact 

increases (Pasumarty et al., 2011; B. Dzidek et al., 2017; Bochereau et al., 

2017). As a rapidly changing real contact area not associated with skin strains 

was problematic for the interpretation of the results of our image-processing 

pipeline, we decided to discard the images directly following the time of 

contact between the skin and the surface from our analysis. We used the first 

image of the loading phase, defined as the moment when a participant starts 

applying tangential force to lift the object after the pre-loading phase 

(Westling and Johansson, 1984) as the first image in our image processing 

pipeline. This guaranteed that the apparition of moisture would only play a 

negligible role in our measurement of strains and that the strains caused by 

the vertical lifting of the object would be included in our analysis. 

Strain rate summary across participants. To get a summary of strain rates 

across trials and participants, we first had to project the values from the 

triangulation used to compute the strains to a standardized structured grid 

common for all participants. To that end, we first created a reference ellipse 

with a major to minor axes radii ratio of 3/2. A gridded mesh of size 91x61 

was attached to this reference ellipse. Then a least-square procedure was 

used to fit ellipses on the coordinates of the fingerprint contact area contour 

for all individual images (Fitzgibbon et al., 1999). Finally, we computed the 

projection (offset, scaling, and rotation) from the ellipse obtained from the 

image at the instant of the LF peak to the reference ellipse for each trial and 

movement. This projection, obtained for each trial and movement, was 

applied to the center of each triangle for all images to obtain strains on the 

reference ellipse. The maximum of LF was chosen to compute the projection 

because this timestamp is used to synchronize the trials. At that instant, the 

area of contact between the finger and the glass has already plateaued. After 

having applied this projection, the strain rate norm was averaged for each 

participant and each condition (i.e. catch/normal and low/high friction). An 

example of such data for a typical participant is presented in Supp Fig 3.4. 

Subsequent statistics on strains across participants were performed on the 

projected data.  

Inspection and sorting of trials. As mentioned in Results, the first two 

blocks were considered to be “training blocks” as the participants’ GFs 

decreased significantly during those for all participants and were thus 

excluded from the data analysis (Fig 3.1C). The third block was the first 

included in our analysis because it was the first for which (1) the grip forces 

were on average smaller than in the next one in the high friction condition 
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and (2) the grip forces were larger than in the next one in the low friction 

condition. For some trials, participants placed their index finger outside of 

the field of the camera or displaced it outside of the field during the trial due 

to slipping or rolling. Some trials were therefore not included in the analysis. 

Only the parts of the trials where the finger got out of the field of the camera 

were removed. After a close inspection of each trial, 99 out of 720 were at 

least partly removed because the images were unusable during some part of 

the trial. Those trials were still used for the kinematics and dynamics analysis 

of Fig 3.2-4. Also, 15 participants were used for the image and forces analyses 

of Fig 3.5 because two participants had very dry skin and the image quality 

was insufficient to obtain reliable strain data.  

Full slip trials. To get a different look at our data, we counted the 

proportion of trials for which a full slip occurred during the first movement, 

which yielded the following results: a full slip occurred in 11.33% of the high 

friction normal trials, 12.75% of the low friction normal trials, 11.77% of high 

friction catch trials, and 31.03% of low friction catch trials. A full slip is said 

to occur when all the feature points whose positions are tracked from frame 

to frame are measured as moving with respect to the glass. This result is 

consistent with the differences in strain that are shown in Fig 3.5 B and C. 

That is, in some cases, the strain wave reached the central point of the 

contact. Note that even if full slip occurred for some trials, the extent of 

slippage was small and was quickly stopped by a corrective GF (slipping 

distance of the central part of the contact area of 0.19±0.25mm, mean±std, 

for trials in which the full slip was reached). The full slip trials were included 

in the strain analysis like all other trials. Full slips were reached before the 

minimal interval of time needed for the sensory feedback to reach the central 

nervous system defined by the grey box of Fig 3.5A a smaller number of 

times: in 3.52% of the high friction normal trials, 4.02% of the low friction 

normal trials, 7.46% of the high friction catch trials and 14.04% of low friction 

catch trial. 

3.1.5. Statistical analyses 
All statistical analyses were performed with MATLAB, using the functions 

corr (for Pearson correlation), ttest (for paired t-tests), and tinv (inverse of 

Student's T cumulative distribution function). The test performed, the 

number of degrees of freedom, and the T-statistics are always mentioned 

with the p-value. 
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3.2. Results 
Participants performed a series of grip and lift trials using a custom-made 

manipulandum held in a precision grip (Fig 3.1A). Following an auditory cue, 

they were instructed to grip and lift the object vertically to reach a target 

(movement, “Mvt1” in Fig 3.1D), and then hold it stationary for one and a 

half second (static phase, “SP1”). This task was followed by three up and 

down movements that are not analyzed in this study (Mvt2- 4, and SP2-3, 

also paced by auditory cues, not analyzed here). After each experimental 

block consisting of five trials, the participants were asked to sit on a chair 

with their back turned away to the experimental set-up, and the 

experimenter quickly interchanged the surfaces without the participants 

noticing (Fig 3.1B). Two sets of glass plates having different levels of friction 

were used (see Methods). We defined the first trial following a surface 

change as a “catch trial”, since it included an unexpected change in friction, 

and the other four trials were called “normal trials”. The first two blocks were 

considered to be “training blocks” as the participants’ GFs decreased 

significantly during those for all participants and were thus excluded from 

the data analysis (Fig 3.1C).  

The manipulandum was equipped with force sensors that allowed us to 

monitor the GF and the load force (LF, acting vertically and due to the object 

weight and inertia). A typical point-to-point movement was accompanied by 

two LF peaks, related to the acceleration and deceleration phases of the 

movement (Fig 3.1D). Note that each upward LF peak was paired with a GF 

peak. We synchronized all trials at the instant of the first LF peak. During the 

static phases, LF remained fairly constant (2.2N, the object’s weight) as did 

GF.  

The index fingertip contact with the object’s surface was monitored 

through the glass plates using a high-speed, high-resolution camera (Fig 3.1E-

F). Image processing techniques allowed us to track fingerprint movements 

and evaluate surface skin strains during the lift movement (Fig 3.1G, (Delhaye 

et al., 2014, 2016), see Methods). The rate of change of skin strains resulting 

from LF increase during the lift of the manipulandum was observed at the 

periphery of the contact area (Fig 3.1G). In most trials, the center of the 

fingertip remained stuck and non-deformed, except when full slip was 

reached (87 times out of 633, or equivalently 14% of trials). The contact area 

was an approximately ellipsoidal shape and increased over time following a 

logarithmic increase consistent with previous observations (André et al., 

2011). On average, the contact area reached 85% of its maximum value 
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200ms after the time of contact and had usually reached its maximum value 

340ms after initial contact (value reached: 94.4±5% of the maximum value, 

mean±std). This time corresponded to an average of 30ms before liftoff. 

3.2.1. Consistent difference in friction between smooth 

transparent materials 
First, we verified that the two materials showed a consistent difference 

in their coefficient of friction. To that end, the friction between the fingertips, 

index and thumb, and the two sets of plates was measured at the end of the 

experiment to reduce potential cues about the different materials that could 

have been used during the manipulation task. Note that all participants 

except three reported that they did not notice that different materials were 

used. Following ((Barrea et al., 2016), see Methods), we characterized the 

coefficient of friction over a range of GFs relevant to our experiment (see Fig 

3.2). The data were obtained for both fingers of all participants (and are 

reported in Supp Fig 3.1 for the index and Supp Fig 3.2 for the thumb) and fit 

with a negative power law. We observed that the coefficient of friction of the 

low friction glass remained lower than the one of the high friction glass 

across all levels of normal force tested, as shown in Fig 3.2A for a typical 

participant. From the fits obtained for each participant, we summarized the 

coefficient of friction by a single value, being the average coefficient of 

friction over the range of 1 to 5N (which spans the levels of GF used in this 

study, see e. g. Fig 3.1D), and across fingers. Overall, the friction was always 

higher in the case of the high friction material and the average relative 

difference was larger than 20% (paired t-test, t(17)=10.0696, p<0.001) (Fig 

3.2B-C).  Given that we aimed to observe behavioral adaption to changes in 

friction, we required a sufficient difference between materials and set a 

lower bound to a relative difference of 10%. Accordingly, one participant was 

removed from all subsequent analyses because the relative friction 

difference was too low (only 2%, less than the 10% required, see the unfilled 

dot in Fig 3.2B-C, participant S1 from Supp Fig 3.1-2). In summary, then, the 

two flat and transparent materials used in this study showed a consistent 

difference in friction, on average 23% across participants. 
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Fig. 3.2. Consistent difference of friction. A| Coefficient of friction of the index finger 

as a function of grip force for a typical participant obtained using the method 

described in (Barrea et al. 2016). B| Mean coefficient of friction of both materials 

over the observed manipulation range (1-5N) for each participant (n=18). C| 

Difference in friction of the materials over the manipulation interval (1-5N), relative 

to the mean of the values of the coefficient of friction of both materials. The brackets 

show the 95% confidence interval of the mean. The dashed line indicates the level 

of sufficient difference in friction between materials for a participant to be included 

in the study. In panels B| and C|, one point corresponds to one individual participant 

and the data were averaged across both fingers and the empty circle shows the 

participant that was removed from the following analysis because of a difference of 

friction smaller than 10%. 

3.2.2. The grip force is adjusted to friction 
Next, we sought to assess whether the different materials elicited 

different gripping behavior. First, we tested if participants could adapt to the 

difference in friction by using a consistently higher GF for the lower friction 

during the normal trials, i.e. those not following an unexpected change in 

friction. We found that indeed, most of the participants used a higher level 

of GF for the lower friction as averaged over the three static phases (Fig 

3.3A), even though the level of GF varied widely across participants. Overall, 

the relative difference was statistically significant and close to 15 % (Fig 3.3B, 

mean 14.87±12.7%, paired t-test, t(16)=4.8224, p<0.001). Thus, participants 

spontaneously adjusted the GF level to the friction condition. Moreover, the 

relative GF difference was of the same order of magnitude as the relative 

friction difference. We observed that the participant that was removed from 

the analysis because of a lack of difference in friction showed no significant 

difference in behavior across the friction conditions (diff=2%, as measured 

by the average level of GF during the static phases of normal trials).  
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Fig. 3.3. GF adaptation to friction during the static phases. A| Mean value of the GF 

for each material during the static phases of normal trials for all participants (n=18). 

B| Change in the mean value of the GF from the high to low friction material during 

the static phases of normal trials, relative to the mean value of the GF in both friction 

conditions. The brackets show the 95% confidence interval of the mean.  C, D| Same 

as A, B|, except the static phases of the high friction normal trials are compared to 

the first static phase of the low friction catch trials, which directly follow. The bar 

delimited with hashed lines indicates the catch trials. E, F| Same as C, D|, except the 
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static phases of the low friction normal trials are compared to the first static phases 

of the high friction catch trials, which directly follow. For D| and F|, the percentage 

of change is relative to the mean of the values of normal and catch trials. The 

participant that is removed from the study due to a low difference of friction is 

shown with an empty circle and is not included in the means and confidence intervals 

shown. 

3.2.3. Catch trials show GF adjustment within the first 

movement 
Having observed that there was indeed a GF adaptation to friction for 

normal trials, we then tested if a change in friction elicited a quick adjustment 

of the GF, as observed in the first static phase of the catch trials. To that end, 

we compared the static GF after the first movement (SP1, Fig 3.1D) of the 

catch trials to the static GF experienced and learned during the normal trials 

of the preceding block of trials associated with the material with different 

frictional properties. The catch trials could be of two types: (1) low friction 

catch trials, following an adapted exposure to high friction, were referred to 

as “catch-low”, and (2) high friction catch trials, following an adapted 

exposure to low friction, were referred to as “catch-high”. The difference or 

change between those two conditions really point out to the effect of a 

change in friction. 

For the “catch-low” trials, which required an urgent increase in GF 

because the drop of friction increased the risk of slip and drop of the object, 

we found that the GF was already higher during the first static phase (Fig 

3.3C-D, paired t-test, t(16)=4.5486,p<0.001)). The adaptation was close to 

20%, thus already of the same magnitude as the adaptation learned 

throughout many trials (Fig 3.3B). Then, we looked at the “catch-high” trials, 

for which the urgency was lower since the experienced surface friction 

increased and therefore the risk of slippage was lower than for the directly 

preceding trials. We also found that the GF changed after only one 

movement, although the relative difference of GF was about 10% on average, 

thus not as large as for the catch trials in the other direction. Although this 

difference was not observed for all participants, it was statistically significant 

(Fig 3.3E-F, paired t-test, t(16)=3.1527,p<0.01).  

In brief, participants adapted the GF to the friction condition, and this 

adaptation was already present at the end of the first movement following 

catch trials, and for both directions of the changes in friction. 
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3.2.4. Grip force adjustments start close to the time of catch 

trials 
Since we observed that the GF was already adjusted to the friction level 

after the first movement of catch trials, we investigated the temporal 

evolution of the GF during these catch trials to determine when the changes 

in GF evoked by the change in frictional properties arise (Figure 3.4).  The 

participants produced movements with very similar kinematics across 

conditions, as shown by the height and LF curves, which could not be 

distinguished across conditions (Fig 3.4, top two rows of panels A and B). We 

observed that GF curves of the catch trials progressively diverged from those 

of the normal trials (Fig 3.4A-B, third row). In these graphs, the GF were 

normalized according to their average values during the first static phase for 

each subject (values reported in Supp Fig 3.3). 

For the “catch-low” trials (Fig 3.4A), we found that the GF difference 

reached statistical significance very early, just after liftoff (114±23ms delay), 

or 50ms before the peak of LF (Fig 3.4A, bottom row). This timing 

corresponded to 308±80ms after initial contact. This difference was 

substantial, as it peaked on average at 40% with respect to GF during the first 

static phases of the normal trials.  

For the “catch-high” trials (Fig 3.4B), the difference in GF reaches 

statistical significance later in the movement (540ms after the peak of LF, 

709±20ms after liftoff, and about 902±74ms after initial contact) and is 

relatively smaller at the end of the first movement, as seen previously (Fig 

3.3).  

Importantly, note that participants tended to apply a slightly higher level 

of GF at the very beginning of the contact of catch trials no matter the sign 

of the friction change (i.e. catch-low or catch-high), which might be explained 

by the short break between blocks. This GF increase is better observed in Fig 

3.5A. This increase is also very similar across the two conditions, as no 

significant difference were observed until 70ms after the peak of LF, when 

participants can start using tactile cues to adjust their GF (see next section).  

This systemic increase of the GF at the start of new blocks, similar regardless 

of the actual friction condition, suggests that participants did not anticipate 

the friction for the catch trials, and that the adjustment was purely made 

based on the sensory feedback.  
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Fig. 3.4. Adaptation to friction during the first movement of catch trials A| 

Evolution of object height, LF, GF, and GF difference as a function of time for the first 

movement of catch-down trials for all participants (n=17). Trials are synchronized to 

the LF peak. Lines are averages across participants and shaded areas are the standard 
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deviation. 0s indicates the time of the maximum of Load Force. Blue is for high 

friction and red is for low friction. Thick continuous traces are normal trials and 

dashed lines are catch trials. GF normalization values are reported in Supp Fig 3.3. 

The star shows the time of the statistically significant difference between GF curves 

(p<0.05). The lower panel shows catch minus normal trials.  B| Same as A for the 

catch-down trials. 

In summary, we showed that GF reaches a level that is significantly 

different from the level of the normal trials during the first lift following a 

change in friction, around the time of liftoff for the “catch-low” and a bit 

more than half a second later for the “catch-high” trials.  

3.2.5. Subtle contrast in skin strain rate before liftoff are cues 

for GF adjustments 
Looking at the ∆ GF traces (Figure 3.4A-B, bottom rows), we can observe 

an upward inflection for “catch-low” trials, and a downward inflection for 

“catch-high” trials, happening around the LF peak and suggesting that the 

corrective behavior kicks in around that time. To probe the timing of the 

reaction of the participants to the change in friction, we thus looked at the 

rate of change in GF (see Fig 3.5A).  

In Fig 3.5A, we first show the catch-low and catch-high ∆ GF traces 

zoomed in a 600ms time window centered on the LF peak, which appeared 

to be the instant of inflection of the curves. The time derivatives of those 

curves are also shown below in Fig 3.5A. Note that in this figure, in contrast 

to Fig 3.4, we excluded the data from two participants having consistently 

poor image quality and we also only included the trials in which the images 

reached high-quality standards (84% of trials among the remaining 

participants, see Methods for more details). As observed in Fig 3.5A, the two 

∆ GF traces followed very similar trends just after contact and started to 

diverge around the LF peak. We found that the ∆ GF rates start to diverge 

significantly 10ms after the time of peak LF (or 370±76ms after initial contact 

or 176±21ms after liftoff), suggesting that online corrections to friction arise 

around this moment. Note that this is also approximately the time when the 

∆ GF rates become statistically significantly positive, or negative, for the 

“catch-low” trials, or the “catch-high” trials, both 20ms after the LF peak. The 

∆ GF traces diverged significantly only 70ms after the peak of LF, showing 

that participants did not anticipate a change in friction at the start of catch 

trials. 
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Fig. 3.5. Differences in skin strains preceding the force adaptation A| Mean 

difference of GF and mean difference of GF rate between catch and normal trials. 

Only participants for whom the images were of sufficient quality are included (n=15). 

0ms indicates the time of the maximum Load Force. Shaded areas are the standard 

deviation. The vertical dashed line indicates the time when the differences of Grip 

Force rates are statistically significantly different from each other (10ms). The grey 

zone indicates the time during which tactile information was too close to the motor 

reaction to contribute to detecting the friction condition. B| Heat maps showing the 

areas where the deformations are statistically significantly different between 

conditions. A Student test with was used (t(14) < 2.145, alpha = 0.05). The first line 

compares normal high friction trials to catch-low friction trials and the second line 

compares catch-high friction trials and normal low friction trials. C| Heat maps of the 

effect-size of the differences in strains between catch and normal trials. The red color 
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indicates higher strains in the case of the catch trial and the blue color higher strains 

in the case of the normal trial.  

The different responses of participants to catch-low and catch-high trials 

suggest that a sensory signal informative about the frictional properties of 

the material originated before this time. We further needed to take 

conduction delays into account, which for tactile-motor responses are close 

to 90ms on average. Accordingly, we drew a grey box that encompasses the 

90ms before the instant of significant difference to indicate the minimal 

interval of time needed for the sensory feedback to reach the central nervous 

system and trigger a motor response (Pruszynski and Johansson, 2014; 

Pruszynski et al., 2016; Crevecoeur et al., 2017). Thus, to trigger a motor 

reaction observable just after the LF peak, a sensory signal must be readily 

observed before the beginning of this grey box (i.e. 80ms before LF peak).  

Accordingly, we evaluated the skin strain associated with partial slip 

during a period encompassing 300ms before the LF peak until 100ms after 

(see Supp Fig 3.4). In the same manner, as for the GF, we report here the 

contrast between the catch and the normal trial, looking for a difference that 

might have triggered a corrective behavior. In Fig 3.5, we report the 

differences in strain rate norm between the different conditions (catch-low, 

top row and catch-high bottom row), as expressed in the form of a p-value, 

obtained from paired t-tests performed for each pixel over the whole 

fingertip contact area (see Methods). In Fig 3.5C, we report the differences 

in strain rate norm between the different conditions (catch-low, top row and 

catch-high bottom row), as expressed in the form of an effect size, obtained 

from paired t-tests performed for each pixel over the whole fingertip contact 

area (see Methods). Red zones show the parts of the fingertip where strain 

rates were significantly higher for the catch trials, i.e. where a significant 

excess of strain rate was observed, whereas blue zones show parts of the 

contact having a significantly lower strain rate for catch trials. Strains were 

first normalized according to their average value at the time of peak LF (see 

methods for more details and Supp Fig 3.3 for normalization values). This 

normalization procedure was performed because subjects showed markedly 

different average levels of strains. 

For “catch-low” trials shown in the top row of Fig 3.5B, a zone of excess 

strain rate norm in the distal part of the center of the fingertip starts 

appearing 250ms before the maximum of LF and is consistently observed 

until the LF peaks. This excess disappears progressively when participants 
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start to adapt their GF to the level of friction and when the general level of 

strain rate becomes small. Conversely, some smaller zones in the periphery 

show lower levels of strain rates. Thus, surprising the participant with a 

material with friction lower than for the previous trials generates a 

consistently higher level of strain rates deeper inside the contact areas while 

leaving the periphery less strained at some places. This striking observation 

is valid over the span of several hundred milliseconds and can thus be taken 

into account by participants when adjusting their GF. 

For the “catch-high” trials shown in the bottom row of Fig 3.5B, we do 

not observe any large zone of difference in strain rate norm. Some patches 

in the more central part tend to show lower levels of strains rate norm. The 

sensory signal is less contrasted in the case of “catch-high” trials suggesting 

that the GF decrease might be an automatic slow decrease following a light 

GF excess applied because of a new block. A typical “catch-high” and “catch-

low” trials are provided in the supplementary video. These show that the 

strain rate reaches a higher level deeper in the surface of contact in the case 

of “catch-low” trials. 

As the observed strain contrasts take place before the grey zone defined 

earlier, they can contribute to the information used by the participants to 

adapt their GF to the condition of friction. 

In summary, we observed the onset of a motor response resulting from 

the friction change approximately at the moment of the LF peak and this 

online GF correction was consistent with a sensory signal resulting from an 

increase in the strains closer to the central parts for the contact area 

happening over 100ms before the motor response. This subtle but essential 

sensory signal, therefore, explains GF adaptation to changes in friction. 

3.3. Discussion 
This is, to our knowledge, the first study that quantifies how fast humans 

can adjust their GF to a change in friction in the case of flat transparent 

surfaces. We demonstrate that this adjustment can be based on a local strain 

pattern that takes place in the contact area with the manipulated object and 

signals an insecure grip. Specifically, we show that when confronted with 

lower friction than expected, skin strains advance deeper and faster in the 

contact area. The differences in skin strains with respect to a normal trial are 

already significant very early after the initial increase of the load force, and 

more than 100ms before the motor response, which is a reasonable delay to 
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explain it (Macefield and Johansson, 2003; Crevecoeur et al., 2017). These 

differences are present over a period of time of several hundred milliseconds 

and can thus constitute a warning signal that allows the central nervous 

system to adjust the GF to the friction condition. 

We observed that the levels of skin strains varied greatly from participant 

to participant, as can be seen by the strain rates normalization values in Supp 

Fig 3.3. We have shown similar levels of variation of skin strains in a previous 

study where participants had to perform oscillations in a precision grip 

(Delhaye et al., 2021b). We can also observe in that study that a larger 

amount of skin strains is linked to a lower stick ratio and that the stick ratio 

also varied greatly between participants. The stick ratio was also measured 

in a study where participants had to perform a grip-lifting task (Tada et al., 

2002). The authors hypothesized that humans control the level of GF to 

maintain a constant amount of partial slip (~40% of the contact area) when 

lifting objects of known friction and weight, but they mentioned in their 

paper that the validness of this hypothesis has to be verified, as only three 

participants were tested. It is worth noting that humans perceive slippage at 

very different levels of partial slip in a passive setting (Barrea et al., 2018). 

The variability in the levels of strains and stick ratio during manipulation and 

the variability in the partial slip between participants seem to point towards 

strategies of manipulation that vary from person to person. This requires 

further inquiring, by performing experiments with tasks of different nature, 

with varying friction and weight of the manipulated object. A characteristic 

of our results is the asymmetry of the participants’ behavior between “catch-

high” and “catch-low” trials (Fig 3.4). Although the motor reaction seemed 

to be triggered at the same time in both conditions (Fig 3.5A), it took more 

time to reach a level of GF that was adapted to friction in the catch-high 

condition. It is worth noting that a short reaction time in the catch-low 

condition is critical: it is urgent to increase GF since not correcting it could 

lead to a dramatic slip and drop of the object. In contrast, the excessive GF 

in the catch-high trials only results in a temporary slight excess of energy 

expenditure, which does not require to act quickly. The difference in urgency 

to adapt GF between conditions is observed in the differences of strains (Fig 

3.5 B-C), where a surprisingly low level of friction caused significant 

differences in strains whereas a surprisingly high level of friction did not.  

Although we characterized the friction between the fingers and the 

manipulated object by a constant scalar value per participant-condition pair 

(Fig 3.2B-C), this is clearly a gross approximation of a very complex 
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phenomenon. The tribology of the skin is complex and varies significantly at 

different temporal and spatial scales (Pataky et al., 2005; Adams et al., 2013; 

Van Kuilenburg et al., 2015). One aspect of this complexity is related to the 

complex geometry and mechanics of the finger: the fingertips are composed 

of several layers, from the bone in the interior of the fingertip to the 

epidermis in the exterior. The epidermis of the glabrous skin is characterized 

by the presence of ridges and furrows that form the fingerprints and present 

a complex topography (Choi et al., 2021). This complex geometry and 

mechanics is likely to impact the friction on a trial-to-trial basis, depending 

on how the finger contacts the object. Another aspect of the complex 

tribology of the skin is that it evolves over time: Sweat pores are present at 

the surface of the skin and produces humidity at the interface that heavily 

impacts the level of friction when gripping a material, which changes over 

the course of several seconds (André et al., 2010; Yum et al., 2020). The 

occlusion phenomenon defines humidity evolution and plasticization of the 

skin when in close contact with the material for a few seconds (Adams et al., 

2013). The level of friction thus varies during a single trial as moisture varies 

due to occlusion. In our experiment, the moisture level is however probably 

partially maintained when trials are close enough to one another. Thus, in 

the context of this study, the differences in friction measured between 

materials, which could vary widely between participants, are to be 

considered as approximations of their actual values, which can vary during 

manipulation. However, it is clear that the difference in friction between 

materials was consistent and sufficient to generate coherent adaptation of 

GF during the overall experiment. 

Several of our senses are used when performing a task as difficult as fine 

object manipulation. Our sense of touch in particular is very important. It 

sends critical information to the central nervous system to adjust GFs to 

various parameters of the manipulation such as friction. We have shown that 

when gripping and lifting small objects, the skin strains depended on the level 

of friction at the interface of the contact. The localized differences in skin 

strains between conditions during the loading phase were consistent with 

the timing of the first signs of adaptation of the GF and were sufficient to 

explain them. We have quantified and described those skin strains and 

measured the GF modulation, which started less than 500ms after the initial 

contact. 
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3.4. Supplementary figures 

 

Supp. Figure 3.1. Coefficient of friction of the index finger for all participants 

 

Supp. Figure 3.2. Coefficient of friction of the thumb for all participants 
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Supp. Figure 3.3. Normalization values for the GF and strains 

 

 

 

Supp. Figure 3.4. Averaged strain rate data on the standard grid during the first 
movement for a typical participant. Compression is shown in red and dilation in 
blue. The first row shows the horizontal strain rate, the second shows the vertical 
strain rate, the third shows the shear strain rate and the fourth shows the strain rate 
norm. The average was computed over all normal high friction trials (n=15) for a 
typical participant. 

 

  



 

 



 

 

 

 

 

CHAPTER 4 

Grip Force is adjusted at a level that 
maintains an upper bound on partial 
slip across friction conditions during 
object manipulation 

 

“-You can’t just turn on creativity like a faucet. You have to be in the right 

mood. 

-What mood is that? 

-Last minute panic.” 

Calvin & Hobbes – Bill Waterson 

 

Published as: Félicien Schiltz*, Benoît P. Delhaye*, Philippe Lefèvre and 

Jean-Louis Thonnard, "Grip Force is adjusted at a level that maintains an 

upper bound on partial slip across friction conditions during object 

manipulation", in IEEE Transactions on Haptics. (*) equal contribution. 

 

Dexterous manipulation of objects heavily relies on the feedback 

provided by the tactile afferents innervating the fingertips. Previous studies 

have suggested that humans might take advantage of partial slip, localized 

loss of grip between the skin and the object, to gauge the stability of a 
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contact and react appropriately when it is compromised, that is, when 

slippage is about to happen.  To test this hypothesis, we asked participants 

to perform point-to-point movements using a manipulandum. Through 

optical imaging, the device monitored partial slip at the contact interface, 

and at the same time, the forces exerted by the fingers. The level of friction 

of the contact material was changed every five trials. We found that the level 

of grip force was systematically adjusted to the level of friction, and thus 

partial slip was limited to an amount similar across friction conditions. We 

suggest that partial slip is a key signal for dexterous manipulation and that 

the grip force is regulated to continuously maintain an upper bound on 

partial slip across friction conditions. 

4.1. Introduction 
Dexterous manipulation requires to constantly adjust the grip force level 

to the object properties (e.g. weight, friction) and kinematics (e.g. inertial 

forces). In particular, the tactile system collects information about the 

object-skin frictional condition, such that the grip force is adequately scaled 

to this parameter. Indeed, a slippery surface is squeezed more firmly than a 

sticky surface (Johansson and Westling, 1984; Westling and Johansson, 1984; 

Cadoret and Smith, 1996). While tactile feedback is essential for a normal 

adjustment of the grip force (Augurelle et al., 2003; Witney et al., 2004), it 

remains unclear what is the nature of the sensory feedback responsible for 

the force adjustment to friction. 

When passively loaded tangentially against a flat surface, the finger slips 

in a progressive manner, such that the periphery of contact first loses the 

grip and then partial slips propagate to the center until full slip is observed 

(Levesque and Hayward, 2003; Tada and Kanade, 2004; André et al., 2011; 

Delhaye et al., 2014). Partial slips are associated with substantial skin strains 

that are faithfully encoded by tactile afferents, suggesting that the central 

nervous system has access to at least some information about partial slip 

(Delhaye et al., 2016, 2021a). Partial slip can also be readily observed during 

active manipulation, and the resulting skin strains are directly related to the 

grip force level (Delhaye et al., 2021b). Given the stereotyped pattern of 

deformation associated with partial slip, it can be a very salient feedback 

signal for the central nervous system, since it provides a mean to 

continuously gauge the stability of the contact. That is, the further partial slip 

propagates inside the contact area, the closer to full slip is the contact, or 

said differently, the more insecure is the grip. Indeed, we have also recently 
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shown that following an unexpected reduction of friction, partial slip 

propagates further toward the center of contact and triggers quick grip 

adjustment (Schiltz et al., 2021). 

Here, we asked whether grip force is continuously adjusted to maintain 

a similar upper bound on the level of partial slip. To that end, we asked 

healthy volunteers to perform point-to-point movements between targets 

while monitoring partial slip. Friction was changed every five trials. We found 

that while the amount of partial slip varied across participants, that is some 

participants manipulated the object with higher safety margin than others, 

most of them tended to manipulate the object to maintain a constant upper 

bound on the level of partial slip, thereby adjusting the grip force 

appropriately. 

4.2. Material and methods 

4.2.1. Experimental apparatus 
 We used a custom-made manipulandum with embedded optical 

imaging and intended to be held in a precision grip, i.e. between the thumb 

and the index fingers (Fig 4.1A). The device is described in detail in another 

publication (Delhaye et al., 2021b). Succinctly, the forces applied by the index 

and the thumb were measured using two force sensors (ATI Mini27 Ti, ATI-

IA, Apex, NC, USA). From those measurements, the grip force (GF) and the 

load force (LF and LFv) were computed (see Signals and Strains 

Measurements). The mass of the device was 540g and it was partially 

compensated with a counterweight of 320g, resulting in a static load force 

around 2.2N (apparent weight). An optical distance sensor (DT20-P224B) 
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measured the vertical position of the manipulandum. The position and forces 

were sampled at 200Hz with a NI-DAQ card (NI3225, National Instruments). 

Fig. 4.1: Experimental setup, experimental procedure, and typical trial. A| The 

manipulandum, held in a precision grip. B| The friction was alternated after every 

block of five trials. Half of the participants started with each friction condition. C| 

Position and forces during a typical high friction trial, which consisted of a grip-lifting 

task followed by three point-to-point movements. Note that the weight of the device 

was partially compensated with a system of pulleys. D| Schematics of the position 

of the index finger relative to the reader for strain rates heat maps. E| Typical image 

of the fingertip obtained with the device. The delimitation area of contact is shown 

in purple. F| Typical strain rates during movement 2 and 3, corresponding to the 

typical trial in C. Blue corresponds to dilation and red to compression. The time of 

min and max LFv are indicated above the corresponding strain rates maps. 

The index fingerpad skin in contact with the glass was imaged using a 

custom optical system (Fig 4.1D-E). This system uses the principle of 

frustrated total internal reflection which results in a high contrast between 

the parts of the skin in contact with the glass and those that are not, thus 

giving a detailed image of the fingerprint ridges. Images are recorded at 100 

fps with a high-resolution camera (GO-5000M-PMCL, JAI, monochrome, 2560 

x 2048 full pixel resolution). Image size is 1696 x 1248 pixels, which 

corresponds to an area of 26.5 x 19.5mm, with a resolution of 4096 

pixel/mm². Those images enabled to monitor the partial slips (see below). 

Two kinds of glass plates with different levels of friction were used. One 

of them was optically flat glass, and the other had a treatment such that it 

displayed roughness at the nanoscale level, changing the real area of contact 

between skin and the glass plate and thus reducing the coefficient of friction 

(Derler et al., 2009; Skedung et al., 2011; Adams et al., 2013; Inamoto and 

Tomeno, 2019). 

4.2.2. Experimental procedure 
Eighteen participants (5 females, ages 20-65), took part in the 

experiment. They all provided written informed consent to the procedure 

and the study was approved by the ethics committee at the host institution 

(UCLouvain, Brussels, Belgium). They stood in front of the table on which the 

device was standing. Each trial consisted of a grip-lifting task followed by 

three vertical point-to-point movements (one up and two down, see Fig 

4.1C), each of which had an amplitude of 20cm. The experimental procedures 

have already been described in greater details in a previous publication that 
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analyzed the grip-lift movement only (Schiltz et al., 2021). The procedures 

are therefore only summarized here. Auditory cues were used to pace each 

movement (0.8s) and pause between movements (1.5s). The glass plates of 

different friction were interchanged after each block of 5 trials (Fig 4.1B). Half 

of the participants started the experiment with the high friction condition 

and the other half with the low friction condition. Participants were 

instructed to apply a minimal level of GF while still avoiding slippage of the 

device. Ten blocks of five trials were performed, for a total of fifty trials. 

Note that a part of the data, namely the first lift of the object, is described 

in a separate study (Schiltz et al., 2021). 

At the end of the experiment, the coefficient of friction was measured by 

using the method described in (Barrea et al., 2016). Briefly, participants 

rubbed their index and thumb back and forth on the glass plates at different 

levels of normal forces. The ratio of tangential force over normal force at the 

moment of slippage was used as an estimation of the coefficient of friction 

as a function of the normal force. The average of this function over the 

interval of manipulation (1-5N) was used as a scalar coefficient of friction 

value for each individual subject, as in Fig 4.5. The measures of the 

coefficients of friction are provided in (Schiltz et al., 2021). The coefficients 

of friction were different for each material-participant pair, but were 

consistently higher for one of the two materials for each participant. 

However, one participant was removed from the analyses because the 

friction measurements showed no difference between the two materials and 

two others because the quality of the images obtained did not allow precise 

measurements of strains. In the context of this study, we omitted trials 1 to 

10 because learning had a large influence during those. We also omitted the 

first trial of each block to diminish the influence of the previous block friction 

condition. 

4.2.3. Signals and strains measurements 
Force and position data were collected with a sampling rate of 200Hz and 

filtered with a fourth-order low-pass Butterworth filter with a cut-off 

frequency of 40Hz. The Grip Force (GF) is defined as the mean of the norm of 

the forces normal to the surface of the object exerted by each finger. The 

Load Force (LF) is defined as the norm of the sum of the forces applied 

tangentially to the surfaces by each finger. LFv is defined as the sum of the 

vertical component of the forces applied by the fingers tangentially to the 

surface of contact. As the levels of GF were markedly different across 
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participants, in some analyses, GF was normalized (i.e. Fig 4.2), by dividing it 

by the average value of GF during the first static phase across all trials for 

each participant. Normalization values are provided in (Schiltz et al., 2021). 

The images were collected at 100 fps. A previously described pipeline 

was used to measure the skin strains from the images (Delhaye et al., 2014, 

2016). Briefly, the area of contact was semi-automatically detected using a 

custom machine-learning algorithm. Then, feature points were detected at 

the beginning, middle, and end of each movement and tracked forward and 

backward in time using an optical flow algorithm (Lucas and Kanade, 1981; 

Shi and Tomasi, 1994). A Delaunay triangulation was then computed and the 

evolution of the shape of the triangles was used to compute the local strain 

rate tensors, containing the two axial strain rates on the diagonal (horizontal, 

𝑒𝑥𝑥, and vertical, 𝑒𝑦𝑦) and the shear strain rate (𝑒𝑥𝑦) off the diagonal. The 

norm of the tensor (𝑒𝑛) was also computed as a measure of the amplitude of 

the strain no matter the orientation or the sign. In order to be able to 

combine strain data across participants (as in Fig 4.4), we first projected the 

values of the strains from the triangulation on a standardized structured 

mesh common for all participants that took the form of an ellipse with a 

major to minor axis radii of 3/2. With all the data projected on a standard 

grid, we could then have an average of the strains rates norms for each 

participant in each condition and then compare those averages using t-tests 

(as in Fig 4.4). 

The stick ratio (SR) is the proportion of the finger contact that is not 

slipping on the glass. The value of the 90th percentile of the strain rate norm 

used in Fig 4.2, 3 and 6 has been described in a previous publication (Delhaye 

et al., 2021b). Briefly, it is a measure of the strain rate norm of the parts of 

the finger that undergo the largest deformation.  The greater the 

deformations, the greater the value. 

4.3. Results 
First, we describe typical strains rates patterns during point-to-point 

movements (Fig 4.1). Next, we describe how the kinematics and the 

dynamics changed according to the friction condition and observe that the 

grip force adapted to the friction condition during movements and static 

phases. We also describe the evolution of the stick ratio (SR) and the 

amplitude of strain rates (Fig 4.2). Next, we analyze the variables related to 

partial slip, such as the stick ratio and the amplitude of strain rates and we 

show that the grip force adjustment allowed to keep them unchanged 
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despite the change in friction at the times of max LFv 2 and 3 (Fig 4.3). After 

that, we compare the deformations according to the ratio of GF over LF and 

observe that when the ratio is lower, more deformation takes place (Fig 4.4). 

Moreover, we map those differences of deformations. Then, we observe that 

participants with lower levels of friction show stronger adaptation (Fig 4.5). 

Finally, we try to link the level of stick ratio to the adaptation of grip force 

from one movement to the next. No significant trend is observed (Fig 4.6). 

4.3.1. Typical trial 
The evolution of the device vertical position and forces applied by a 

participant during a typical trial are shown in Fig 4.1C. The trial is divided into 

four movements and three static phases according to the kinematics during 

the trial. Movements 1 and 2 are upwards movements of 20cm while 

movements 3 and 4 are downwards movements of 20cm. Each movement is 

characterized by a positive and a negative peak of LFv. The first peak is 

related to the acceleration of the object, and the second is due to the 

participants having to slow down the device at the end of the motion, partly 

because of the counterweight and the resulting high inertia of the system.  

The skin strain rates associated with movements 2 and 3 and 

corresponding to the trial in Fig 4.1C are shown in Fig 4.1F. The first rows 

correspond to the strain rates in the horizontal direction (along x), the second 

to the strains in the vertical direction (along y) and thus aligned with the 

movement, and the third correspond to the shearing strain rates. When 

looking at the vertical strain rates, we see that maxima of LFv are associated 

with compressions of the bottom part of the fingerpad while minima of LFv 

are associated with compressions of the top part of the fingerpad and 

dilation from the bottom part. As a consequence of the elastic properties of 

the skin, horizontal compressions take place in the parts where vertical 

dilations take place and vice-versa. Positive LFv peaks are associated with a 

larger amount of strains that go further into the contact area because of the 

higher value of LFv. 

4.3.2. Kinematics, dynamics and fingerpad mechanics during 

movements 2 and 3 
We have already established in a previous study that the level of friction 

is indeed different between the two glass plates, with an average relative 

difference of friction between conditions across participants in the interval 

1-5N of 24%.  We also showed that participants start adapting their GF to the 

new friction condition during the first movement of the first trial of each 
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block (Schiltz et al., 2021). We start by describing the kinematics and 

dynamics of the second and third movements according to the friction 

condition (Fig 4.2). We can observe from the vertical position (Height) and 

LFv traces that participants performed very stereotyped movements and that 

the kinematics did not change across friction conditions. The Normalized GF 

and ∆GF curves show that participants squeezed the device harder in the low 

friction condition. This observation is valid for the static phases as well as 

during the movements. Note that those are expressed in terms of 

normalization values provided in (Schiltz et al., 2021). It is interesting to note 

that the ∆GF increases and decreases with LFv, thus showing that 

participants modulated their GF with the level of friction. The difference in 

GF according to the level of friction was the largest at the times of maxima 

of LFv and thus at the times when the risk of slippage is the highest. Looking 

at the stick ratio (SR), we see that slippage progresses during the movement 

and peaks at the time of max LFv 2 and 3. The values of SR are similar in both 

friction conditions and follow similar profiles. The 90th percentile of the strain 

rate norm follows a particular dynamic, where a double peak occurs for both 

movements 2 and 3. Again, the curves are very similar across friction 

conditions.  

 

Figure 4.2. Kinematics and dynamics during the second and third movements.  

Evolution of the manipulandum position (height), LFv, Normalized GF, difference of 

Normalized GF, SR and 90th percentile of the strain rate norm during the second 

movement for all participants (n=15). Trials are synchronized at the time of LFv Max 

2 and LFv Max 3. Shaded areas are standard errors of the mean. 
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4.3.3. Mechanical parameters remain stable across friction 

conditions thanks to Grip Force adaptation 
Looking at Fig 4.2, we saw that participants adapt to friction by increasing 

their GF when it is more slippery, keep similar kinematics and that strains and 

SR levels remain very similar. In Fig 4.3A, we show the values of several 

variables of interest at the time of LFv Max 2 that describe the mechanics of 

the fingerpad as well as the forces applied. In the first row, each colored 

oblique line links the median value obtained for each participant across all 

trials. The second row is the difference of these median values between 

friction conditions for each participant. The colors of the individual points are 

each assigned to one participant and kept the same in all panels. They are 

classified from blue to red according to the ascending order of the values of 

∆GF during movement 2. For movement 2 first, we observed that the GF 

differed across friction conditions (paired t-test, t(14)=-3.73.2, p=0.0022) 

even though the levels of GF varied across participants. The levels of LF also 

varied across participants, remained constant across conditions (paired t-

test, t(14)=1.5, p=0.18). This shows that participants did not tend to change 

their kinematics according to the friction condition. Similarly, we did not 

observe any statistically significant difference across friction conditions for 

the strain rates (𝑒𝑛
90, 90th percentile of the strain rate norm) (paired t-test, 

t(14)=-0.68, p=0.5) and for the Stick Ratio (paired t-test, t(14)=-0.32, p=0.75). 

As could be predicted, the GF/LF ratio differed across friction conditions 

(paired t-test, t(14)=-3.6, p=0.003). We can make similar observations for 

movement 3. Differences are observed for GF (paired t-test, t(14)=-4.36, 

p=0.0007) and GF/LF (paired t-test, t(14)=-3.48, p=0.004), but not for the LF 

(paired t-test, t(14)=-0.35,p=0.73), the strain rate norm (𝑒𝑛
90, paired t-test, 

t(14)=0.97, p=0.35) and the stick ratio (paired t-test, t(14)=-0.69, p=0.5). We 

can thus observe that in both movements 2 and 3, when the friction changed, 

participants applied different levels of GF, which caused them to have similar 

levels of deformations and stick ratio while also keeping similar kinematics. 
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Figure 4.3. Forces and mechanical parameters during the second and third 

movements. Values of the GF, LF, 90 th percentile of strains rate norm, Stick Ratio, 

and GF/LF ratio at the time of the LFv max 2 and 3 (Mvt 2 and 3). In the first line, 

each point is the median value obtained for one participant across all trials of each 

friction condition. The error bars show the confidence intervals of the means. In the 

second line, each point is the paired difference of the Low Friction minus High 

Friction values of the first line. The colors of the points each correspond to one 

participant going from blue to red, from the lowest difference of GF to the highest 

at LFv Max 2. The error bars on the left and right of each panel correspond to 

movements 2 and 3 respectively. 

4.3.4. Amount of strains increases when GF/LF is lower 
Since we described the skin strain rates during movements 2 and 3 (Fig 

4.1F) and we showed that the difference in GF between friction conditions 

caused the level of deformations to remain relatively similar in Fig 4.3, we 

investigated the effect of GF on the level of skin deformations. We compared 

the skin strains during movements 2 and 3, in Fig 4.4A and 4.4B, respectively. 

In the first row, we look at high friction trials and the second, at low friction 

trials. The values reported are the differences in strain rate norm between 

the trials with a value of GF/LF higher than the median and those with a value 

lower than the median, as expressed by the t-value obtained from t-tests 

performed for each point of the structured grid (see Material and Methods). 

Intuitively, the blue patches show the parts where larger strains occur when 

GF/LF is lower, red patches where more strains occur when GF/LF is higher 

and green patches where the difference is not statistically significant. 

 

Fig. 4.4. Differences in skin strain rates according to the GF/LF ratio A| Heat maps 

of the t-statistics of the differences in strains rates between “high GF/LF” and “low 

GF/LF” trials during the second movement. The t-statistic is set to zero when the 
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difference is not statistically significant and the corresponding p-value is smaller than 

0.05. The blue color indicates more deformations in the case of the “low GF/LF 

trials”, the red color indicates more deformations in the case of the “high GF/LF 

trials” and the green no statistically significant difference. The first line is for the High 

Friction condition and the second for the Low Friction condition. B| Same as A, but 

for movement 3. 

First, we can observe in Fig 4.4 that more strain takes place when GF/LF 

values are lower, as witnessed by the blue patches, which show the places 

where the finger deforms more in this case. Red patches are mostly absent, 

showing that when participants squeeze harder, there is almost no place in 

the fingerpad where more deformations take place. We can observe that the 

times when the largest differences in deformation take place are at the times 

of max LFv 2 and 3, as those are the times when there are the largest 

amounts of strains in general. 

4.3.5. Participants with lower friction show more adaptation 
Fig 4.5 shows for each participant the value of the coefficient of friction 

as a function of the Adaptation Index. The Adaptation Index is defined as the 

difference in the normalized GF from the low to the high friction condition. 

We can observe from this figure that participants who have lower 

coefficients of friction show larger adaptation (High Friction: R2=0.27, p=0.03, 

Low Friction: R2=0.3, p=0.02). This means that participants who have a higher 

risk of slippage overall tend to adapt to the friction condition more precisely. 

 

Fig. 4.5. Coefficient of friction and Adaptation Index. A| Values of the coefficient of 

friction in the high and low friction conditions as a function of the Adaptation Index.  

Values for the coefficient of friction are average values over the 1-5N interval of both 

fingers and the Adaptation Index is the difference in the normalized maxima of GF 

during movement 2. B| Same as A, but with the difference of coefficient of friction. 
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4.3.6. Level of SR is not linked to adaptation of GF/LF from one 

movement to the next 
So far, we have found that GF/LF levels were different according to the 

friction condition while the amounts of strains and Stick Ratio remained 

similar during movement (sections B and C) and that lower levels of GF/LF 

caused higher levels of surface strains inside individual movements (section 

D). Next, we sought to determine whether the Stick Ratio or the amount of 

strain observed during one movement (in this case, the first movement) 

could cause a participant to increase or decrease their GF in the next 

movement. Thus, we asked if these sensory signals can be used by 

participants to adjust the level of GF between trials.  We tested the 

hypothesis whether when the Stick Ratio falls at a very low level at 

movement 1, it causes the subject to increase GF or slow down their 

movement 2. To that end, we measured the difference in the GF/LF ratio 

from movement 1 to movement 2. The GF/LF ratio was computed at the 

instants of peak LFv for each movement (this instant was chosen because it 

corresponds to the time when the chance of slippage is the highest). Then, 

we looked if this change was correlated with the SR observed in the first 

movement (as measured by Pearson’s linear correlation coefficient). Note 

that we used the GF/LF ratio instead of the GF alone to account for the 

variations of the kinematics across movements. We found that indeed for 

most participants, those values were negatively correlated, as witnessed by 

most of the colored stars of Fig 4.6 being below zero. Note that participants 

are ordered by ascending values of the coefficient of correlation in the left 

panel for clarity. This order is kept in the second panel so that the subjects 

can be identified across them. Most of the stars are below zero, suggesting 

that when SR was low during movement 1, participants tended to increase 

their GF/LF ratio for movement 2 and when SR was high, participants tended 

to decrease their GF/LF ratio for movement 2. However, for a given 

movement, GF and SR are also, by nature, correlated (lower GF is associated 

with lower SR). Therefore, our analysis is susceptible to spurious correlation. 

To test for such spurious effect, we shuffled the association between 

movement 1 and 2 across trials a thousand times, and recomputed the 

correlation (see shuffled data in Fig 4.6).  It can be seen in Fig 4.6 that the 

error bars that result from the shuffling are generally also negative, showing 

similar levels of correlation, as indicated by the non-significant paired t-tests 

comparing the means of the shuffles and the actual data across participants 

(high friction, t(16)=-0.59, p=0.56, low friction, t(16)=0.6, p=0.53). Thus, the 

effect shown in Figure 4.6 might be due to spurious correlation and therefore 
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our analysis does not demonstrate any evidence that GF was adjusted 

according to the level of SR in the previous movement. 

 

Fig 4.6. Correlation between ∆GF/LF and SR. The stars show the value of Pearson’s 
linear correlation coefficient between ∆GF/LF and SR. ∆GF/LF is the difference 
between the values of GF/LF at LFvmax 2 and LFvmax 1. SR are taken at LFvmax 1. 
The boxes show the means across all participants. Error bars show the average and 
standard deviation for 1000 random permutations of the GF/LF of movement 2. For 
the means across participants, they show the standard error of the mean. 

The same analysis was made with en
90 to see whether different levels of 

strain rates during movement 1 caused an adaptation of GF/LF between 

movement 1 and 2 (not shown here). These analyses yielded similar results. 

The correlations between en
90 and ∆GF/LF were generally positive, but not 

greater than when movements were shuffled (paired t-tests, high friction, 

t(16)=0.16, p=0.87, low friction, t(16)=-1.2, p=0.22). 

4.4. Discussion 
In this study, we have shown that, by adjusting their level of grip force, 

participants kept similar lower bounds on the levels of stick ratio and strain 

rates across friction conditions. This is consistent with the observation made 

in (Tada et al., 2002) that participants adjust their GF to keep similar lower 

bounds on the Stick Ratio when lifting objects. It is also consistent with the 

observation that humans detect slippage based on the level of partial slip 

(Barrea et al., 2018). Given that single tactile afferents signal localized strain 

rates during partial slip (Delhaye et al., 2021a), it is plausible that the stick 

ratio can be decoded at the population level (Khamis et al., 2014) during 

active manipulation and that the central nervous system adjusts the grip 

force to keep this parameter above a lower bound. 
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The observation that participants who have a lower coefficient of friction 

tend to show a better adaptation to the friction condition (Fig 4.5) might be 

anecdotic. However, it is not surprising since, given their low coefficient of 

friction, deformation of the skin will take place more easily, thus giving more 

information to the participant about the friction condition, as more afferents 

are activated. Moreover, the importance of adapting GF to the coefficient of 

friction will be higher for those participants, as the risk of slippage is also 

higher. 

We have tried to assess whether the SR and the strains observed during 

a movement had an influence (corrective increase or decrease of GF) on the 

subsequent movement, but the data did not show any significant trend. The 

relationship between SR or the strain rates and the GF/LF ratio is not direct 

because several other factors, such as the position of the fingers on the glass, 

fingertip moisture that changes over time (Adams et al., 2007; André et al., 

2011), non-linear behavior of the skin (Pailler-Mattei et al., 2008) also play 

an important role. The changes in SR and strain rates in the present study 

that allow the adjustment of GF are much more minute since they are far 

from causing a full slip as the safety margin is not compromised and thus 

more difficult to observe when compared to the differences that took place 

after a change in friction as in (Schiltz et al., 2021). 

4.5. Conclusion 
We have shown that GF adaptation across friction conditions allows 

maintaining similar lower bounds on the levels of Stick Ratio and upper 

bounds on skin strain rates during manipulation. Future experiments should 

be conducted to try to get insight into the mechanisms that lead to online 

corrective GF adjustments. 

 



 

 

 

 

 

CHAPTER 5 

General discussion and future 
directions 

 

“There’s never enough time to do all the nothing you want.” 

Calvin & Hobbes – Bill Waterson 

 

5.1. Summary of contributions 
This thesis is a new element in a series of theses conducted at UCLouvain 

focused on touch, fingerpad deformations, and their influence on object 

manipulation. During what was arguably the first thesis of this series, Anne-

Sophie Augurelle performed an experiment in which participants had to 

manipulate an object in a precision grip while their fingers were 

anesthetized. This experiment highlighted the importance of cutaneous 

feedback for dexterous manipulation, as participants were not able to adjust 

their grip force to the coefficient of friction (Augurelle et al., 2003). Then, in 

the next thesis, Thibaut André took a different approach to dexterous object 

manipulation. He studied how touch and deformations of the skin interact 

and described how the fingertip skin slips on a smooth material by visualizing 

it through a glass and how it is affected by the level of hydration (André et 

al., 2011). He developed a moisture evaluator to measure the fingertip skin 

hydration during object manipulation (André et al., 2008), used it to show 

that there is an optimal level of moisture to maximize the coefficient of 

friction (André et al., 2009) and that the level moisture is optimally 

modulated during object manipulation (André et al., 2010). Then, Benoît 
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Delhaye developed a custom robotic platform that allowed him to monitor 

fingerpad deformations while applying controlled levels of forces. He used it 

first to describe in more details how the stick ratio and the contact area 

evolved during tangential loading of the fingertip (Delhaye et al., 2014) and 

then to describe and quantify the surface strains in detail (Delhaye et al., 

2016). Finally, Allan Barrea developed a method to measure the static 

coefficient of friction of the fingertips in a precision grip as a function of 

normal force (Barrea et al., 2016). He also used the robotic platform to 

investigate how humans detect partial slip (Barrea et al., 2018). Together 

with Benoît Delhaye, they combined this robotic platform with 

microneurography to describe how individual afferents respond to skin 

deformations (Delhaye et al., 2021a). Finally, he initiated the development 

of the Active Touch manipulandum, which allows measuring fingerpad 

deformations during object manipulation and is of crucial importance in the 

present thesis. All the above-mentionned works are essential in the context 

of this thesis, as they give insight into fingerpad deformations in a passive 

condition, fingerpad friction, how to measure it, and the factors that 

influence it (i.e., the normal force and the level of hydration in these studies). 

In this thesis, we first completed the development of the Active Touch 

manipulandum and validated its function. We tested it on 18 participants in 

a vertical oscillation task (chapter 2). We described how the stick ratio and 

the strain rate evolved during the oscillations. That is, the stick ratio reached 

a minimum around the time of the maximum of load force and the strain rate 

approximately followed the load force rate, with a substantial level of strain 

rates (norm up to 100%/s). We also showed that participants had different 

strategies, with average levels of grip force going from 1 to 15N. We finally 

showed that this had an important effect, as participants with higher levels 

of grip force showed higher levels of stick ratio and lower levels of surface 

strain rates. 

Then, we decided to investigate how humans adapt to friction when 

lifting objects (chapter 3). Using glass and a smooth material with a 

coefficient of friction lower than that of glass, we asked participants to 

perform grip-lifting tasks while monitoring the skin strains. We showed that 

when switching from the glass to the low friction material, participants 

quickly increased their Grip Force to avoid slip, within 370ms after contact 

with the surface. A strong increase of strain rate was observed in the central 

part of the fingertip before the transport phase and over 100ms before the 
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adjustment of Grip Force. This localized increase of strain rate is a good 

candidate for the sensory signal that allowed the Grip Force adaptation. 

Finally, we described the differences in partial slip and skin deformations 

during point-to-point movements (chapter 4). We showed that, in fact, the 

levels of partial slip and skin strain rates remained approximately equivalent 

between the conditions thanks to the difference in Grip Force applied by the 

participants. We confirmed that, indeed, the level of Grip Force altered the 

fingerpad mechanics by showing that trials where participants applied lower 

levels of Grip Force resulted in larger surface skin strain rates. We also 

showed that participants with a smaller coefficient of friction showed a larger 

adaptation to the friction condition, as measured by the difference of grip 

force between the trials of different friction conditions. 

Overall, in this work, we described fingerpad deformations during the 

manipulation of objects. On one side, we showed the influence of the grip 

force, load force, and coefficient of friction on the fingerpad skin 

deformations, and on the other side, how those deformations were, in turn, 

used to adjust the Grip Force during object manipulation. This contributes to 

understanding the extraordinary ability of humans to perform fine 

movements. 

5.2. Limitations 
This work inevitably presents limitations, most of them are linked to the 

Active Touch Device, which although ingenious cannot measure everything. 

The first limitation is that, due to physical constraints of the device, only 

the index finger is imaged, leaving unobserved the skin deformations that 

take place on the thumb. The partial slip and skin strains probably do not 

progress in the same fashion on both fingers during all trials. It is thus 

possible that skin deformations taking place on the thumb could be the cause 

of Grip Force adjustments or changes in the kinematics of the movement. 

However, both fingers present a similar coefficient of friction (see Supp. Fig 

3.1. and Supp. Fig 3.2). This leads us to think that both fingers present 

relatively similar skin deformations. They must thus have similar mechanics 

and transmit similar information used for fine object manipulation. 

Nonetheless, when searching for the cause of a change of grip force when a 

participant manipulates the active touch, we are only looking at the surface 

strains of one of the two fingers at a time. To remedy this problem, a solution 

would be to reproduce the same experiments by observing the thumb for 
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half of the trials and the index finger for the other half of the trials.  Another 

better - yet more costly - solution would be to build a new version of the 

active touch in which both fingers are recorded at the same time.  

Moreover, as we are using a standard camera, only 2-dimensional 

surface strains are measured. When the fingertip skin deforms during object 

manipulation, the deformations can propagate from the epidermis up to the 

bone, with vibrations detectable in the forearm. The mechanoreceptors are 

located inside the skin below the epidermis at different levels of depth 

according to the afferent type. It seems intuitive that they would be most 

sensitive to deformations and vibrations that propagate at those depths. 

Luckily, surface skin deformations are intrinsically linked to skin 

deformations under the surface. But the exact manner in which they are 

linked is not yet precisely described, despite multiple models with varying 

degrees of complexity (Dandekar et al., 2003; Tada et al., 2006b; Liu et al., 

2017). However, precise surface strains have been linked to the activation of 

individual afferents (Delhaye et al., 2021a), proving that looking at surface 

strains as a tactile cue for fine object manipulation makes sense. 

Another limitation of the device is its weight. The device was designed to 

be manipulated in the most natural manner possible. Nevertheless, as its 

weight is quite high (530g) and the surface of contact used (glass) is slippery, 

a counterweight and a system of pulleys have to be used so that participants 

can manipulate it without too many difficulties. This led to a considerable 

increase of the inertia of the system, making the experience of manipulating 

the device different than manipulating most objects on earth. 

A final limitation comes from the fact that the optical technique used to 

image the fingerpad deformations requires close contact between the skin 

and the glass. This contact is dependent on the moisture content of the skin, 

which can start very low and increase for seconds when entering in contact 

with objects (Dzidek et al., 2017). Hence, for grip-lifting experiments, the first 

few images are usually unusable as moisture is entering in contact with the 

glass and the fingerprints are not immediately visible. It is therefore difficult 

to describe the surface strains during this period. 
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5.3. Open questions and future directions 
Science wouldn’t be science if all questions could be answered. This 

section identifies three questions that remain open and could be answered 

in future works. 

5.3.1. What is the influence of skin hydration on fingerpad 

deformation and on the online control of the Grip Force 

during manipulation? 
The coefficients of friction during the experiments conducted in this 

thesis were measured for each participant in all experiments. However, the 

coefficient of friction is a value highly impacted by the level of hydration of 

the skin (André et al., 2009). A fingertip that is too dry or too humid will tend 

to be more slippery than a fingertip with the right amount of moisture. 

Moreover, the moisture content tends to reach the optimal value to 

maximize the coefficient of friction when the skin is in contact with objects 

(André et al., 2010; Yum et al., 2020). Therefore, how the moisture content 

influences fingerpad deformations and the control of Grip Force inside a 

single trial remains to be elucidated. A transparent probe that can measure 

the moisture content of the fingertip during manipulation with the Active 

Touch is under development and will be used to answer this question. An 

additional question that can be answered using this device is the way how 

the real contact area between the fingerpad and the material 𝐴𝑟𝑒𝑎𝑙  is 

affected by the moisture content. 

 

5.3.2. How do minute deformations affect the online control 

of Grip Force during object manipulation? 
Although some level of online correction was present during individual 

trials between point-to-point movements (see chapter 4), we were unable to 

link them to the Stick Ratio or fingerpad strains. We assumed that the 

changes in this variable are too minute to be detected by our apparatus in 

the context of this experiment. This could be investigated by generating 

unexpected changes of weight or friction of varying degrees and linking them 

to corrective Grip Force changes. 
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5.3.3. What are the roles of cutaneous and proprioceptive 

afferents for weight and torque estimation during 

object manipulation?  
As explained in chapter 1, proprioception and touch are both used during 

object manipulation. Although proprioception cannot be used to detect 

friction in the absence of a full slip, it can nevertheless give information about 

the weight of a manipulated object or the torque of an object whose center 

of mass is not located between the fingers because of the pressure that is 

exerted on the joints and muscle spindles. The mechanoreceptors of the skin 

can also transmit information about the weight and torque because they 

have an influence on fingerpad deformations. Performing experiments with 

the Active Touch device involving changes in weight and torque inevitably 

leads to the issue that it is impossible to know for certain the cause of online 

Grip Force correction, as they can be caused by sources located outside of 

the monitored contact area. Proprioception makes use of afferents with a 

higher conduction speed than skin mechanoreceptors. However, skin 

deformation could arguably give more precise information about the forces 

and torques applied on the fingertip. How the information of both systems is 

combined has been explored in a passive set-up (Crevecoeur et al., 2017) but 

remains to be further studied during active manipulation. 

5.4. Potential applications  
The science conducted in this thesis is fundamental at its core. The aim 

is eventually to understand how humans perform fine manipulation. 

However, several potential applications could one day make use of the work 

presented. We review two of them in the present section. 

5.4.1. Biomimetism for friction sensors and slip detection in 

robots 
For a long time, robots have been built to be specialized at performing 

just a few tasks each. With the advent of artificial intelligence, it is possible 

to create more versatile robots that could perform a broader range of tasks 

than ever before. If those robots are to manipulate previously unknown 

objects, they should be able to grasp those objects and squeeze them with 

the right force according to the coefficient of friction between the robot and 

the object. Thus, they need to be able to evaluate this coefficient of friction 

to manipulate the objects efficiently. Usually, friction sensors require rubbing 

of the contacted surfaces, which is not practical for dexterous object 
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manipulation. The absence of slippage can be detected by robots hands using 

the correlation between the signals of two force sensors situated at different 

places on the robotic hand, yet this only gives a lower bound on the 

coefficient of friction (Massalim et al., 2021).  

According to Chen et al. (2018), tactile sensors that would allow robots 

to perform dexterous manipulation should be able to perform three tasks: 

1. Detect gross slip9, to adjust the grip force 

2. Detect incipient slip10, as an indication on the grip safety 

3. Measure friction on contact with an object and/or following a gross 

or incipient slip event while manipulating an object 

A whole range of friction sensors that are able to perform those tasks to 

varying degrees have been developed (Nakamura and Shinoda, 2001; Maeno 

et al., 2004; Chen et al., 2015, 2016; Heyneman and Cutkosky, 2016). 

However, all of them still present some limitations, such as requiring the 

manipulated object to have a planar surface, or the coefficient of friction to 

be included in a certain range, or requiring a long time to compute the 

coefficient of friction, etc. In the review by Chen et al. (2018), they mention 

in that the most promising solution to a sensor that would allow dexterous 

manipulation would include a visual detection of incipient slip of slip events. 

In this thesis, by describing how humans use slip events to adjust their grip 

force and by describing visually the specific deformations that lead to grip 

force correction, we participated in understanding nature’s solution to this 

problem, which could potentially inspire future engineers. 

                                                           
9 Gross slip has the same definition as full slip in the context of this thesis. It does 

not especially imply the object falling from the robot’s hands. 
10 Incipient slip has the same definition as partial slip in the context of this thesis. 
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Fig. 5.1. Example of a friction sensor, the “Papillaray”. The Papillarray consists of 
an array of silicone pillars with different heights, inspired by the skin of the human 
fingerpad. When a lateral force is applied, tracking the displacements of the pillars 
can be used to detect incipient slip. In conjunction with the measurements of the 
forces applied on the pillars, this can be used to estimate the coefficient of friction. 
Reproduced from (Khamis et al., 2019). 

5.4.2. Somatosensory prosthesis 
With two million amputees in the United States alone, the development 

of performant prosthetic limbs is important for the quality of life of many 

people around the world (Ziegler-Graham et al., 2008). In recent years, a lot 

of progress has been made in the development of prosthetic arms and hands 

for amputees and tetraplegics. The most recent ones allow voluntary 

movements controlled by thought and allow to feel through them. When 

possible, intended movements are inferred from activation patterns of 

residual muscles (Cipriani et al., 2011; Muceli et al., 2014; Sartori et al., 2018) 

and sensory feedback is delivered by stimulating the residual nerves in the 

stump (D’Anna et al., 2019; George et al., 2019; Vu et al., 2020). If not 

possible, as is the case with tetraplegic patients, intended movements can 

be inferred from activation patterns across populations of cortical neurons 

in the primary motor cortex and the posterior parietal cortex (Hochberg et 

al., 2006, 2012; Collinger et al., 2013) and sensory feedback can be delivered 

by stimulating neurons in the somatosensory cortex (Klaes et al., 2014). In all 

cases, the nature of the sensory signals sent by the prosthesis to the nerves 

or the brain is important. For now, those prostheses are a lot simpler than 

actual human hands and do not reach the same capabilities. In a recent 

review on the neural mechanisms of manual dexterity, the authors explain 
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that the brain-controlled bionic hands are limited by an insufficient 

understanding of the neural mechanisms underlying manual control 

(Sobinov and Bensmaia, 2021). In the context of this thesis, although we did 

not look at the neural mechanisms directly, we improved the understanding 

of manual control. This better understanding could be of use when designing 

prosthetic limbs. 

 

Fig. 5.2. A patient picking grapes with the DEKA LUKE arm. The DEKA Luke arm is a 

six-DOF bidirectional neuromyoelectric prosthetic hand and wrist that conveys 

biomimetic sensory feedback and is activated using electromyographic recordings 

from residual arm muscles. Adapted from (George et al., 2019). 

5.5. Concluding words 
In this thesis, we made progress in understanding how the fingerpad skin 

deforms during fine object manipulation and how those deformations impact 

the control of the forces applied by human participants. Using a novel 

custom-made device called the Active Touch, we conducted experiments 

that allowed us to describe how the forces applied during object 

manipulation and fingerpad deformations interact. We showed that the 

deformations are influenced by the Grip Force and that they were used to 

adjust the level of Grip Force to the friction themselves. At the end of the 

day, we can be impressed by how our skin, the mechanoreceptors, the 

central nervous system, the brain and muscles all work together to give 

humans the amazing ability to perform fine manipulation of objects. The next 
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time you use your fingers to cut an onion or bring a glass of Belgian beer to 

your lips, I suggest that you have a small thought about the complexity of our 

body and the impressive tasks that this mysterious choreography of organs 

working together allows you to accomplish in everyday life…  
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