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Design and control of a tactile stimulator for real texture
simulation: Application to textile fabrics

Abstract

The friction modulation produced by ultrasonic vibrations is one of the methods
which produces the tactile stimulation. The vibration amplitude is modulated
depending on the finger position to give the illusion of touching a texture. This thesis
aims at developing a tactile device able to simulate the sensation of touching complex
textures such as textile fabrics. For this aim, we modelled first the vibration
behaviour and proposed a new strategy to track the resonance frequency of the tactile
device and to improve the robustness of the control. On the other hand, the
relationship between the tribological aspects of interaction finger / stimulator and
the perception of stimuli is assessed to define the most perceived tribological criteria.
The tribological parameter named “friction contrast” is introduced. Following this
tribological study, we developed a new tactile device called SmartTac integrating new
force sensors to measure and control directly the coefficient of friction and to make it
adaptive to the user’s finger. Last, a method for extracting the tribological properties
of three various textile fabrics is applied to simulate them. Our method is validated by
conducting a psychophysical experiment with a success rate of 78%, matching the
simulated surfaces to real surfaces.

Keywords: Tactile stimulation, Ultrasonic vibration, System modelling, Closed-
loop control, Tribology, Textile.



Développement et controle d’un stimulateur tactile pour
simuler des textures réelles : application aux surfaces textiles

Résumeé

La modulation de frottement par vibrations ultrasoniques est une des méthodes
utilisées pour produire une stimulation tactile. L’amplitude de vibration est modulée
en fonction de la position du doigt pour donner l'illusion a I'utilisateur de toucher une
texture. L’objectif de cette thése est de développer une interface tactile permettant de
simuler la sensation tactile de textures complexes telles que des surfaces textiles.
Pour ce faire, nous avons tout d’abord implanté une méthode de contréle robuste du
stimulateur tactile du L2EP grace au développement d'un modele du comportement
vibratoire. Ce controle assure également le suivi de la fréquence de résonance afin
d’optimiser I'efficacité énergétique du dispositif. Dans un second temps et apres avoir
évalué la relation entre les aspects tribologiques de 'interaction doigt/stimulateur et
la perception des stimuli, nous avons prouvé par une étude statistique que le
«contraste en frottement» est le parametre le plus significatif et donc celui a
programmer pour qualifier la variation de perception du frottement. Cette étude nous
a menés a concevoir un nouveau dispositif tactile appelé SmartTac, intégrant des
nouveaux capteurs de force permettant de mesurer et controler directement le
coefficient de frottement pour qu’il soit adaptatif au doigt du sujet. Enfin, apres avoir
décrit une méthode d’extraction des propriétés tribologiques de trois surfaces textiles
tres différentes, la simulation de ces textures est entreprise avec le SmartTac. Notre
approche est testée par la réalisation d'une expérience psychophysique sur la
correspondance entre surfaces simulées et surfaces réelles: un taux de réussite de
78% valide notre démarche.

Mots clés: Stimulation tactile, Vibration ultrasonique, Modélisation des sys-
temes, Controle en boucle fermée, Tribologie, Textile.
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Introduction

The touch perception of surfaces enables us to identify their characteristics and
explore the world around us. In fact, this sense is used in diverse fields in everyday
life to facilitate the interaction between the subject and the surface. Notably, the
textile field is considered to be one of the important fields where the tactile
interaction plays a crucial role in our judgment. For a long time ago, textile trade has
been commonly used among people due to the importance of fabrics whereby clothes
and carpets, for instance, are made. This kind of trade has been developed nowadays
from selling in a real market to an online trade of textile offering many advantages.
The online textile trade is a time-saving operation that can be conducted at anytime
and anywhere in the world. Additionally, it is an easier way of trading as it gives more
possibilities to choose the suitable fabric in a short time compared to the traditional
trade. This type of shopping has significantly increased in the last decade and become
indispensable for the consumers. However, despite the technological progress of the
textile trade, one of the most important aspects is still missing which is the touch
feeling.

Haptic devices are able to simulate the touch perception of the real surfaces in
order to reproduce their features. Nowadays, numerous types of tactile stimulation
devices have been developed which are different in the way of stimulating tactile
signals as well as sense of touch. Tactile stimulators can simulate for example:
texture, temperature, shape, etc. Each of these tactile stimulators has to be designed
with different actuators and a different mechanical design depending on the
dedicated way of touch.

To build a realistic tactile simulation, many interconnected domains must be in-
vestigated extensively:

e The mechanical field is used to design the stimulator dedicated to the specific
type of stimulation.

e The electrical and control field is operated to generate the control signals and
actuate the different parts of the device.

e The control processing and the computer programming are utilized to optimise
the interface between the user and the device and to prepare an automatic way to
save data and measurements.

e The signal processing from tribological measurement is employed to study the
real textile surfaces and to extract their features to be simulated.

e The analysis of the effect of the stimuli on the subjects’ perception is operated
to realize psychophysical experiments which aim at validating the stimulation for
the subjects.

[1]



This thesis entitled “Design and control of a tactile stimulator for real texture
simulation: Application to textile fabrics” is a collaboration between the Laboratory of
Electrical Engineering and Power Electronics (L2EP), Lille University and the
Laboratory of Physics and Textile Mechanics (LPMT), University of Haute Alsace,
Mulhouse. The thesis has been performed thanks to the financial support from the
Nord Pas de Calais and Alsace regions.

Actually, the aim of this research work is the design and control of a tactile
feedback device able to simulate a specific type of surfaces. This topic is
multidisciplinary as it brings together the expertise of the two laboratories in
different domains. The L2EP has started working on this subject in 2004 by
designing different prototypes of tactile stimulation devices based on the friction
modulation. The optimized stimulator called Stimtac made in 2011 was used to
simulate different textures such as gratings, fish scales, and a first attempt of velvet
simulation, already done in collaboration with the LPMT. On the other hand, the
expertise of LPMT in tribology and tactile of textile fabrics is investigated. Being
specialized in a specific field and having a specific expertise, each laboratory
contributes to the improvement of the application by creating an adequate
atmosphere for research to design a tactile stimulation device able to simulate the
real textile fabrics.

The present manuscript is organized as follows:

Chapter 1 presents the state of art of the different types of the tactile feedback
devices. The chapter opens with a classification of the stimulators into two types
which are the local and the global stimulations, depending on the discretization of the
stimulation area induced in the finger. Then, the stimulators based on the friction
modulation and their different types and principle of operation are presented.
Finally, it ends with a presentation of the particularity of the textile fabrics when
extracting their features and their characteristics’ dependence on the sliding
parameters.

Chapter 2 focuses on the development of a new approach to control a large
version of a tactile stimulator based on the friction reduction. The first part of the
chapter begins with an introduction of the stimulators developed previously in the
laboratory. In the second part, the robustness of the stimulator in open loop is
studied after showing the design specifications. Then, in a third part, in order to
perform the closed loop control of the stimulator and to cope with the disturbance
influence, the model of system is established, enabling to find the transfer functions.
In the following part, the closed loop control of the vibration amplitude is
implemented to improve the robustness and dynamics of the system. Finally, the last
part of the chapter ends with an evaluation and a validation of the performances
obtained by the closed loop thanks to experimental measurements and by the use of a
psychophysical study.
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Chapter 3 concerns the analysis of the relation between human perception and
friction in the tactile stimulation. This analysis is performed to integrate the
tribological field between the controlled vibration amplitude and the perception. It is
necessary to investigate more thoroughly the perception of a simulated surface
relative to the user’s finger. The first goal of the chapter is to determine the tactile
perception’s threshold as a function of the vibration amplitude by operating a
psychophysical experiment. Then, we aim at determining the most relevant
tribological criterion relative to the tactile perception. Finally, the dependence of this
friction criterion called “the friction contrast” on the initial coefficient of friction and
the exploration velocity is studied.

Chapter 4 proposes a new high fidelity tactile device called SmartTac. The
particularity of this device lies in the fact that it includes new force sensors allowing
to measure in real time the friction force and then the coefficient of friction. Thus,
this stimulator is able to control in real time the coefficient of friction, which is in
agreement with the conclusion of the third chapter in order to simulate textile
surfaces. Tribological validation of the coefficient of friction control is proved by an
experiment on subjects showing a stable and desired level of friction with a variable
response time between 3 and 5 ms. A first attempt to control the friction contrast is
shown but a limitation of the SmartTac is found, due to the variability of the initial
coefficient of friction. Therefore, a solution to reduce this variability is introduced
and tested.

The final chapter evaluates the performances of the developed and controlled
tactile stimulator for textile fabrics simulation. The chapter opens with a fabric
feature extraction with a multilevel approach allowing to evaluate the friction
between real fingers or an aluminium slider and the surfaces to be simulated. Two
psychophysics experiments are operated: The first experiment aims at calibrating the
amplitude of the haptic signal from a series of trials performed on 11 subjects. The
second experiment is performed on 21 volunteers aiming at validating the simulated
fabrics. Three various textile fabrics are chosen which are: a pile fabric (velvet), a
fabric with a texture and a standard hairiness (cotton twill woven fabric) and a fabric
with a fine texture and without hairiness (polyester twill woven fabric). This
experiment gives satisfactory results with an average of 78% for the matching rates
between the simulated and the real surfaces, which validates the simulated surfaces
strategy.

The manuscript ends with conclusions of the research work along with
perspectives that are envisaged.

[3]
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1 State of the art

1.1 The sense of touch

The sense of touch represents one of the five human senses (sound, sight, touch,
smell, and taste). Through touch, humans can enter into contact with the
environment and can perceive the objects around them. Its importance lies in its
ability to detect and make a difference between the objects that interact with. This
sense plays the role of intermediary between the environment and the brain when
entering in contact with objects. The sensation perceived when touching is performed
by the activation of different receptors inside the skin, sensitive to external stimuli.
Each type of sensory receptors can be classified according to its ability to detect
various stimuli such as mechanoreceptors for touch, thermoreceptors for
temperature (whether cold, warm or hot) and nociceptors for pain. The receptors
cover the skin surface and play a crucial role in preventing the brain from touching
surfaces that can affect the skin. Without the sense of touch, the skin cannot be
protected against harmful sensations such as hotness or pain that can burn or injure
the skin when touching some surfaces or the hand cannot catch an object safely. The
information we receive from the objects surrounding us through the sense of touch
are huge. Although we do not yet know all the elements that affect skin when
touching something, the sense of touch is considered very important, and enables to
explore the world around us.

Even if there is a lot of discussions about the role and sometimes the existence of
some mechanoreceptors, they will be presented in this manuscript in the most
common way. Mechanoreceptors perceive sensations of pressure, vibration, and
texture. There are four types of mechanoreceptors. Each of them has a specified
function. The four mechanoreceptors types are: Merkel discs, Meissner’s corpuscles,
Ruffini corpuscles and Pacinian corpuscles as shown in Figure 1-1.

Epidermis

Dermis

Pacinian corpuscle Ruffini’s corpuscles Merkel's disks Free nerve endings

Figure 1-1: Finger mechanoreceptors (Darian-Smith, 1984)
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The mechanoreceptors in the skin can be separated into distinct categories: the
fast adapting (Pacinian and Meissner) and the slow adapting (Merkel and Ruffini)
mechanoreceptors.

The fast adapting mechanoreceptors (FA), like the Pacinian Corpuscles, detect
rapidly small and quick changes in the stimulus sensed by the human skin with a
response time less than 0.1 second. This sensitive type of mechanoreceptors is found
principally in the subcutaneous layer of the skin, to be protected against injuries that
may affect the skin. These receptors are used in the surface roughness perception, as
the fingertips are dragged across a surface, or to detect small and quick vibration
levels. As the skin acts to distribute the forces applied by the surfaces with a
maximum sensitivity, it is not necessary to have a high surface density of these
receptors, even if they are located rather far from the surface.

The Meissner’s Corpuscle is a type of moderate adaption receptor. These recep-
tors are located near the skin surface; their response time is about 1 second. For ex-
ample, these receptors are able to detect insects on the skin (mosquitoes, flies, etc.).

Ruffini Endings and Merkel’s Cells are examples of slow adapting (SA) mechano-
receptors. These receptors are generally located close to the surface of the skin, and
they are responsible for the static perception capabilities. For instance, they are used
to feel changes on the skin such as static pressure and to maintain grip on an object,
all situations which have usually slow adaptation times. The time scale of the adapta-
tion of these cells can be 10 to over 100 seconds.

1.2 Tactile feedback devices

The tactile feedback devices are a type of haptic devices, as haptic includes tactile
and force interaction. A bidirectional interaction is perceived between the finger and
the haptic device. This means that it is not just an interaction from the user’s finger
towards the surface or the screen that can be made, but it is also an interaction from
the surface towards the finger. The main objective of the tactile feedback devices is
the reproduction of the sense of touch of real surfaces using a programmable device.
The ways to touch are related to what we want to feel. There are two types of finger
stimulation: local and global stimulations. Each of these stimuli corresponds to
different types of tactile feedback devices.

1.2.1 Local stimulation

Local stimulation can reproduce a local physical sensation under the finger of the
user, differentiated at the level of the fingerprint grooves. To achieve this aim, this
family of tactile stimulators is operating as follows: the finger is placed statically on
the interface in motion. Typically, the stimulation is based on the programming of a
matrix of pins; the normal movement on the surface of these pins is programmed to
stimulate the finger when it touches the active surface of the device. In some cases,
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the pins are working in a quasi-static mode, rather to simulate shape (Velazquez et
al., 2005). In most cases, they vibrate with a frequency less than the
mechanoreceptors threshold (400 Hz) typically between 10 and 200 Hz and with a
displacement of the order of a few micrometres. The main application for this type of
tactile display is the development of the Braille display (Echenique et al., 2010) to
help blind people to read texts. Generally, blind readers use the sound output to
access to the texts (Coutinho et al., 2012; Supriya and Senthilkumar, 2009). But, the
sound output is limited in term of scientific equations, graphic or music. Additionally,
(Varao Sousa et al.,, 2013) demonstrated that the fact of listening to text is
fundamentally different from actively reading for visual readers. They report that
more active modes of reading (such as reading silently or reading aloud) lead to less
mind-wandering and greater comprehension than when participants passively
listened to the text being read to them. Recently, researchers have investigated on the
development of a low cost refreshable Braille display able to help blind reader to read
texts and other materials (Russomanno et al., 2015).

Various techniques exist for powering pins. The electromagnetic technologies are
the more common (Benali-Khoudja et al., 2004; Lee et al., 1999; Streque et al.,
2010).Using a pneumatic pump for expelling air through microvalves (Asamura et al.,
1998) proposed a stimulator with 2 mm of diameter and 0.5 mm of thickness.
Piezoelectricity is also a good candidate to actuate tactile displays. One of the most
famous piezoelectric device is the OPTACON (Efron, 1977) dedicated to blind people
who can perceive on their finger the Braille translation of a camera read text (Nye,
1976). Another type of local stimulation device using piezoelectric technology has
been proposed in 2000 by (Hayward and Cruz-Hernandez, 2000). It differs from the
preceding as it stretches the skin. Indeed, the pins are actuated in a lateral
movement; this device is called the STReSS. Figure 1-2 illustrates the final assembly
of 6 * 10 piezoelectric bimorph with a spatial resolution of 1.8 * 1.2 mm

Figure 1-2: STReSS lateral skin tactile display (Hayward and Cruz-Hernandez, 2000).
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In general for local stimulation, it must be noted that this technique is effective
and does give a good sensation only if the pins’ matrix density is high. The main
difficulty is that each pin must be controlled independently, which makes this
technique complex in terms of manufacture and expensive in terms of cost.

1.2.2 Global stimulation

In contrast to the local stimulation, the global stimulation consists of having the
same stimulation on the whole finger. To perceive changes in stimuli, the finger must
be in motion on the tactile device, and the physical parameter which may be
controlled is the friction between the moving finger and the surface. By modulating
the friction according to the finger position, it is possible to produce the illusion of
touching various surfaces such as smooth or rough surfaces (Watanabe and Fukui,
1995). The finger position is a highly important parameter because the simulation is
based on it.

This type of devices is dedicated mainly to improve the tactile touch screens like
smartphones, tablets or touch screen pc by adding a tactile feedback. This feedback
from the tactile device towards the user’s finger will give more realistic touch
conditions. For example, it will be felt a textured image on an LCD screen when
entering in contact with the image Figure 1-3.

Figure 1-3: A developed tactile feedback device used to render 3D surfaces (Disney
Research) by (Kim et al., 2013).

1.3 Stimulators based on the friction modulation

1.3.1 Tactile stimulation principle

These devices belong to the global stimulation device family. We can distinguish
two techniques to control the friction which are Ultrasonic Vibrations and
Electrovibration. The Electrovibration generates an attractive force between the
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finger and a polarized surface. A high voltage must supply the plate which is covered
with an insulator to polarize the finger. This electrostatic force attracts the finger and
increases the coefficient of friction, which gives a modified sensation from the non-
supplied surface (Kaczmarek et al., 2006).

conductive tissue

voltage
source

insulator layer stratum corneum

+++

\
conductive material
(electrode)

Figure 1-4: Representation of the electrovibration principle from (Vezzoli et al.,
2014).

Different devices have been designed based on the electrovibration effect, we can
cite for example TeslaTouch illustrated in Figure 1-5 (Bau et al., 2010), 3D rendering
texture by Disney research (Kim et al., 2013) or the Senseg device (Wijekoon et al.,
2012). It must be noted that no physical movement of the surface is required to create

the tactile feedback using this type of devices because the effect is based on
electrostatic attraction.

Figure 1-5: TeslaTouch device controlling electrostatic forces to modulate the friction
from (Bau et al., 2010).

On the other hand, the other family of the friction modulation devices, on which
this thesis is focused, relies on ultrasonic vibrations, which constitute an alternative
technique to modulate the friction. A first physical explanation for the friction
reduction using ultrasonic vibration is given by the squeeze film theory (Biet et al.,
2007; Watanabe and Fukui, 1995; Winter et al., 2013): ultrasonic vibrations generate
an air film between the fingertip and the stimulator which acts as a lubricant between
the surface and the finger, and reduces the friction. This air film created by the plate
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is modulated by the amplitude of the ultrasonic vibrations of the surface. More
recently, some studies proposed other causes for friction reduction, based on an
intermittent contact mechanical approach (Dai et al., 2012; E. Vezzoli et al., 2015b).
For ultrasonic excitation, piezoelectric ceramics are utilized to provide a vibration at
the whole system mechanical resonance frequency; this type of actuators is chosen
for its high responsivity and its low power consumption. The first device based on
this principle was developed by (Watanabe and Fukui, 1995) twenty years ago.

Some conditions have to be respected to produce this effect. The first one is that
the vibration frequency should be more than 25 kHz and the second condition relies
on the vibration amplitude that should be superior to 1 um peak to peak to generate
friction reduction (Biet et al., 2007). A standing wave is created when the plate is
excited at a specific mechanical resonance frequency of the vibrating plate. This
frequency is defined by its material, its geometry and the number and the position of
the piezoelectric ceramics actuators. The resonance frequency can be pre-determined
using a FEM analysis. Then a vibrometer is operated to check the simulated results.

Different tactile feedback devices have been proposed and evaluated, we can cite
for example (Wiertlewski et al., 2014; Winter et al., 2013). The TPad project from
Northwestern university was one of the first proposal, (Winfield et al., 2007) and was
based on a small circular piezoelectric bending element. From this first prototype, E.
Colgate’s team went on working on the topic and in 2013, the principle has been
implemented in a Kindle Fire™ (Figure 1-6) tablet computer having a large screen
area (88 mm x 152 mm) to increase the range of potential applications.

Figure 1-6: The TPad fire (Mullenbach et al., 2013)
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Figure 1-7: The optimized Stimtac version connected by a USB connection

The Stimtac project developed in the L2EP laboratory started in 2004 has
proposed multiple tactile feedback devices based on the ultrasonic friction
modulation. This project recorded several notable changes from the first prototype,
fully glued by piezoelectric actuators (Biet et al., 2007), to an optimization of the
actuator number to reduce the power consumption in (Giraud et al., 2010). The
finger position sensing has been evolved from the use of a 1D LVDT sensor to a 2D
position sensing using four force sensors which can also measure the normal force
applied by the user. A transparent tactile stimulator has been also developed using a
glass material plate in (Giraud et al., 2012). An optimized tactile device connected to
the PC by an USB cable has been developed in (Amberg et al., 2011), a picture of the
Stimtac device is illustrated in Figure 1-7.

It may be noted that all these global stimulation devices allow only the tactile
feedback on a single finger, as the active surface is in the same state at a given time.
To allow multi touch tactile feedback with global stimulation devices, another
approach has been studied recently, which aims at creating different touch sensations
in the same surface. This method, which is based on ultrasonic vibration using a
multimodal approach, consists in exciting several vibration modes at the same time
corresponding to different mechanical resonant frequencies (Ghenna et al., 2015).
The superimposition of several modes allows to produce different tactile stimulations
on several fingers located in different positions. Another approach based on the
multi-touch stimulation using electrovibration is reported in (Nakamura and
Yamamoto, 2014).

As the two effects, Electrovibration and Ultrasonic Vibrations, modulate the
friction in an opposite way (one increases and the other effect decreases it), it seems
interesting to couple the two effects together in order to increase the range of the
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modulated friction. The idea to couple the two effects has been applied and
implemented for the first time in the same device by (Frederic Giraud et al., 2013).
The two effects, using different principle are compatible. A tribological measurement
confirmed that by giving step references of ultrasonic vibration and electrovibration
(Figure 1-8), it was possible to increase and decrease the friction. It is also technically
possible to produce almost the same modulation level using the two effects.

"-'Lat:e'ralFbrce';""f .......
- Normal fqrce : . . .

- Eleéctroilifbraitiofn: \}olfaée sighal : :
..... i e e

- — Ultrasonic vibration’ amplitude -

Figure 1-8: Combined stimulation with electrovibration and ultrasonic vibrations in
the same device (Frederic Giraud et al., 2013).

A recent contribution by (Meyer et al., 2014) has investigated the dynamic
behaviour of the two friction modulation effects, with three different velocities 20, 40
and 80 mm/s of the finger on the device. The results show that the dynamic
behaviour of the electrovibration effect is faster than the ultrasonic vibration one.
However, authors confirm that even if the dynamic of the ultrasonic vibrations is
lower, the range of the friction modulation using this effect can be larger than the one
obtained from electrostatic friction modulation. Nevertheless, it must be noted that
the response time has been measured between the applied voltage to piezoelectric
ceramics and the resulting friction force, which means that the mechanical response
time of the vibrating plate was included in the response time of the effect.

In our recent paper (E. Vezzoli et al., 2015a), the compatibility of both effects to
be implemented in the same device were proven at three levels: static, dynamic and
perceptual. The static independence confirmed the possibility to couple the two
effects to enhance the range of lateral force modulation experienced by the finger
(Eric Vezzoli et al., 2015a). Moreover, it has been demonstrated that if the influence
on the lateral force by the two effects is considered as similar, it is possible to obtain a
friction modulation equal to zero while coupling them in phase. The measurements
confirm the physical independence of the two effects and confirm the validity of the
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equation (1.1) relating the normal, lateral and the electrostatic forces and the
coefficient of friction.

Fo=(p—-A0(F, +F) (1.1)

where u is the coefficient of friction between the finger and the plate, Au is the
induced variation of the coefficient of friction performed by ultrasonic vibrations, F,
is the normal force applied by the finger and F, is the induced normal force between
the finger and the plate by electrostatic force.

In the range of induced modulation, it is possible to conclude that the two effects
are purely complementary, and cannot influence each other.

The dynamic behaviour has been also investigated using a vibrating plate with a
fast response time(Ben Messaoud et al., 2014b), about 1.5 ms, which is 10 times faster
than that used in (Meyer et al., 2014). The response time has been measured between
the vibration amplitude and the lateral force to investigate the dynamic behaviour of
the effect decoupled to the dynamics of the mechanical system. With these
conditions, the dynamic response of the two effects has been evaluated from a
statistical analysis. The experiment confirms that in most of the cases considered, the
rising times of the two effects are comparable as shown in Figure 1-9. Hence, they can
be successfully coupled additively in static and also in dynamic.
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Figure 1-9: Friction modulation for different finger speeds related to the measured
plate vibration or voltage envelope reported in the figure. The shadowed area repre-
sents the measure standard deviation. a), descending friction ultrasonic devices, b)

increasing friction electrostatic devices
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The last level of coupling validation which is the perceptual validation was also
proven. A psychophysical experiment on the two coupled effects confirms that it is
always possible to find a level where the two effects fully compensate each other. The
experiment demonstrates that the two friction modulation techniques are perceived
in the same way by the users.

1.4 Simulation of real surfaces: case of textile fabrics

1.4.1 Applications of the texture simulation

The principal goal of the texture simulation is the reproduction of the touch sense
of textures. Different applications where the sense of touch is very important can be
targeted using the tactile feedback devices. For instance, in the e-commerce
shopping, one of the significant differences between reality and virtual shopping is
the impossibility for the purchaser to touch products before buying (Bingi et al.,
2000; Lee, 2002). Another application which can be also targeted is the virtual
prototyping as design assistance (Fontana et al., 2004), or tactile deficiency detection
and rehabilitation (Bueno, M.-A. et al., 2015).

For textile industry, the texture and colour simulations on the computer screen
are used for the designers of fabrics without having the touch feeling of the surface.
Additionally, the textile industry exchanges a great number of fabric samples between
the designers of objects (garment, upholstery ...) and the fabric producers. Virtual
tactile textures simulation could facilitate these transfers by adding the touch feeling
of the surfaces. Furthermore, the tactile simulation could be used by the final
consumer to choose the textile material sold through the internet (Peck and Childers,
2003; Varadarajan and Yadav, 2002). In the future, the textile fabrics samples can be
simulated to have their own 3D body shape (Loker et al., 2008). In other words, it
would be possible to choose online a fabric in terms of colour, texture and drape, to
choose a garment shape and to simulate individual avatars wearing virtual garments
(Fontana et al., 2004; Luginbiihl et al., 2011).

To build realistic tactile virtual textures, it is required to measure the real surfaces
then transform them to a digital signal. This signal called haptic texture has to be
implemented in the tactile device. Haptic textures have been investigated extensively
by characterizing the surface roughness and friction. Some psychophysical studies
have shown that the surface properties are more important for haptic exploration of
the surface than vision (Klatzky et al., 1987). The friction and texture can be used to
enhance the haptic simulation. However, several difficulties must be faced to obtain
the measurement of the real surfaces. First, the mechanics of contact have to take
into consideration the sliding parameters such as the velocity and the normal force to
construct accurate physical models. Second, the measurement tool (the slider) must
be well chosen to characterize the real surface.
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1.4.2 Texture feature extraction

Various methods of texture feature extraction exist in literature. The first one is
the measurement of the acceleration of a probe tip in contact with the surface to
characterize. An accelerometer must be attached to the probe to measure this contact
parameter. Several researchers use this technique to characterise the texture surface;
in (Pai and Rizun, 2003), a wireless haptic texture sensor (illustrated in Figure 1-10)
has been designed to measure the contact force and the acceleration with the selected
textures.

Figure 1-10: The WHaT prototype used to measure the contact force and the accelera-
tion between the device and the real surface (Pai and Rizun, 2003).

In (Strese et al., 2015), an accelerometer was also employed by sliding a rigid tool
over a surface. The vibrations induced on the tool, representing the interaction
between the tool and the surface texture, were measured.

i 1 -7 Meshes
i
i

8 - 16 Stones

| 17- 22 Glossy
surfaces

23 - 31 Wooden
surfaces

32 - 35 Rubber-type
surfaces

36 - 43 Fibers
44 - 53 Foams
54 - 60 Foils and papers

61 - 69 Textiles

Figure 1-11: Materials included in the haptic surface database in (Strese et al., 2015),
freely accessible at http://www.lmt.ei.tum.de/texture
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The acceleration signal can be used to recognize or to classify object surface
textures. As different parameters influence the sliding process, such as the applied
force and the velocity, the used measurement device characterizes the texture for
different normal applied forces, with controlled constant velocity and free movement
of the slider. Afterwards, a haptic texture database has been established for 69
different textures to have digital signals of the textures ready for use in haptic
stimulation devices. A photo of the studied textures is illustrated in the Figure 1-11.

As we can see, usually, the characterization of the surface is done by sliding a rigid
tool on it; the measurement of the slider’s acceleration is done using an
accelerometer. It can be noted that the signal extracted from this measurement
cannot characterize adequately the surface in terms of tactile perception because it is
a characterisation of a rigid tool and not a measurement of an interaction between
real fingers and the surfaces. To resolve this problem, (Martinot, 2006, p. 110)
operated a high sensitivity accelerometer attached to the user’s finger, to approach
the touch conditions Figure 1-12. The application was not to characterize the textures
but to feel the vibration caused by a rotating wheel imitating a regular texture. The
accelerometer was attached to the nail of the finger, to be as close as possible to the
friction area and the weight of the accelerometer was light enough to be glued to the
nail. The author deduced that the measurement system cannot be precise to sense the
vibrations unless the angle between the finger and the surface is larger than 60
degrees. Three other angles were evaluated also 0, 30 and 45°, giving a low sensitivity
of the accelerometer to the vibration. We can conclude that the idea to glue the
measurement system is validated but it shows a limitation when the angle is low as
the accelerometer must be as close as possible to the surface.
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Figure 1-12: Photo of the experimental setup used to measure the acceleration when
the finger is in contact with a rotatory wheel (Martinot et al., 2006).

The real texture can be characterized also by extracting the friction between the
surface and the slider. Few works exist in literature using the friction characterization
to be applied in the case of tactile reproduction. As the friction is not a characteristic
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of the material only, a slider must be used to determine the friction test between the
surface and the slider. The friction measurement depends greatly on the material of
the slider. The measurement of the friction needs a tribometer able to measure the
lateral force by applying a known normal force and velocity. The origin of the present
thesis has begun from the collaboration between the laboratories L2EP and LPMT
when trying to simulate the velvet fabric using the Stimtac tactile device (Amberg et
al., 2011). In the work of (Bueno et al., 2014), a tribological measurement of the
contact between a probe slider and the velvet has been realised. Depending on the
direction of motion, against and along pile, a difference of the coefficient of friction
adapted to the velvet real characteristics has been noticed and measured. A transition
phase when moving from one direction to the other was observed which is different
between the three velvet fabrics as shown in Figure 1-13. The measured friction
profile was transformed to a digital signal and implemented to the Stimtac device.
This signal includes the shape of the measured signal and the fine textures of the
velvets are modelled as a square signals. After that, to validate the simulated surfaces,
a psychophysical experiment was conducted to compare the real and simulated
velvets.
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Figure 1-13: (a) The measured coefficient of friction between the slider and the three
velvet fabrics as a function of the slider position. (b) The determined signal imple-
mented on the Stimtac tactile device. From (Bueno et al., 2014).

1.4.3 Dependence of the friction on the sliding parameters

It was observed using the accelerometer that the sliding conditions influence the
extracted signal. By measuring the friction when sliding a tool on a surface, it was
also observed in several studies that the sliding conditions such as the normal applied
force (F,) and the velocity (V) affect the coefficient of friction noted p. The variability
of u as a function of the sliding parameters depends highly also on the shape and the
material of the slider. Several researches analyse the effect of p by using different
probes or real finger and for different ranges of F, and V. The following Table 1-1
sums up the evolution of the coefficient of friction (COF) depending on normal force
and the slider materials.
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Table 1-1: The evolution of the coefficient of friction when the normal force increases
for different sliders and different velocities.

Publication Surface F, [N] Velocity u% Fy,
Al- ietal. -300-
(Al-Samarai et al., aluminium-silicon 10-30 200-300-400 N
2012) rpm
(Darden and Schwartz,
Elastomer-texture 2.5-17.8 200 mm/s N
2013)
(Pascoe and Tabor, Very N
1956) small
(Jiang et al., 2008) Thermoplastic olefins - -20 100 mm/s 2
& ” Rough surface 5
(Souza et al., 2014) Polyester composite 1-10 100 et 200 rpm 2
21-42 mm/s
(Sivamani et al., 2003) Skin hand / surface %355' N
(Koudine et al., 2000) Skin /glass pad 0.02-0.8 N
(Fagiani et al., 2012) Finger / Aluminium 0-2 10-20 mm/s N
(Tang et al., 2008) Hand skin / polypropylene 0.1-0.9 1mm/s A
probe
(Liu et al., 2013) Finger / surface 2-25 10-28 mm/s 2

In (Al-Samarai et al., 2012), when sliding a silicon with aluminium surface,
authors found that the coefficient of friction decreases when the normal force
increases for a range of the studied F, between 10 and 30 N. In another study
(Darden and Schwartz, 2013), the coefficient of friction between the silicon and a

non-textured surface is linked to the normal force by u = K E, ~%2¢ for a range of
normal force between 2.5 and 17.8 N and a scanning speed of 200 mm/s. The same
result was found also in (Pascoe and Tabor, 1956). Conversely to these studies, the
authors of (Jiang et al., 2008) rubbed polymeric thermoplastic olefins (TPO) against
different surfaces with different roughness R, between 0.5 and 17.8 microns, they
concluded that the coefficient of friction p increases as the normal force increases
from 5 to 20 N for all the used surfaces with different roughnesses. It is noticed in
this study that the surface has been scratched during the experiment that may cause
this augmentation. In (Souza et al., 2014), the study was carried out on the composite
polyester, the coefficient of friction increases with the normal load in the load range
between 1 and 10 N.

(Sivamani et al., 2003) found that pu decreases as F, increases when the skin is in

contact with a surface, following a relationship expressed as follows: u = K E, %32,
According to (Koudine et al., 2000) the coefficient of friction can be expressed as

[18]




Chapterl: State of the art

u = K E, ~9?8_(Fagiani et al., 2012) have measured the coefficient of friction between
a finger and an aluminum surface, the same conclusion is found that u decreases as

E, increases (u = K E, ~%2?7) for a scanning velocity of 10 mm/s and with a coefficient
-0.24 for a speed of 20 mm/s. However, in (Tang et al., 2008) the coefficient of
friction increases with the normal charging by rubbing a polypropylene ball on the
skin of the hand, which is explained by authors because not only the adhesion counts
but also the deformation of the skin and the contact material plays. In (Liu et al.,
2013), the authors also found that the coefficient of friction increases with the load
applied in the case of a human finger to friction of the support forces between 2 and
25 N.

From these studies, we can conclude that the friction evolution depends critically
on the sliding parameters such as the normal force, the velocity and the slider
material. When the slider is the finger, the evolution depends also on the finger
parameters such as the humidity. This significant dependence is a real issue when we
want to add the tactile feedback in tactile stimulation devices. In the case of the tactile
feedback devices based on the friction reduction, a special attention must be paid on
the dependence of the friction on these different parameters.

1.5 Conclusion

The first chapter focused on the state of the art of different types of tactile
feedback devices. The difference between the local and the global stimulation has
been first mentioned which is based on the stimulation location on the fingertip.
Next, the tactile feedback devices based on friction modulation type are identified
and a brief state of the art of some prototypes based on this technology was
presented. Then, some texture feature extraction methods for extracting the haptic
signal are presented and compared. Finally, the dependence of the friction on the
different sliding parameters is mentioned, which can present a real issue when we
want to add the tactile feedback in tactile stimulation devices. The next chapters will
analyse the possibility to design a tactile stimulator able to simulate textures
especially fine fabric textures.
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2 Design and Control of the tactile stimula-
tion device

In this chapter, our aim is to design a friction controlled tactile stimulator and to
improve its performance so as to be able to simulate the sensation of touching real
surfaces. As seen in the previous chapter, ultrasonic vibration stimulators are able to
reduce the friction between the finger and the surface. The intensity of the ultrasonic
vibration can be modulated depending on the finger position or following a temporal
variation. When the amplitude increases, the finger feels that the lubricated surface
becomes more slippery.

We will first introduce the stimulators previously developed in the laboratory of
Electrical Engineering and Power Electronics (L2EP). Then, we will analyse their
robustness in open loop after giving their design specifications. After that, in order to
perform the closed loop controls of the stimulators, we will develop the system
modelling leading to the transfer functions able to predict the system’s behaviour in
response to a voltage excitation. Following that, the control of the vibration
amplitude will be implemented after identifying the transfer functions. Finally, the
performances obtained by the closed loop will be evaluated thanks to experimental
measurements and by a psychophysical study.

2.1 Previous studies on ultrasonic tactile devices in L2EP

The former tactile stimulation devices developed in the L2EP laboratory are
mainly based on the ultrasonic vibration. This vibration with an amplitude of a few
micrometres creates the feeling of a smoother surface. By just adjusting its intensity
depending on the finger position, it is then possible to recreate the sensation of
touching a textured surface. This slippery feeling of the finger when sliding on the
surface was first explained by the creation of the squeeze film effect theory which
proved that an air film is created between the finger and the surface (Watanabe and
Fukui, 1995; Wiesendanger, 2001). However, some recent studies have been focused
on the physical explanation of this friction weakening effect (Eric Vezzoli et al.,
2015b; Xiaowei Dai et al., 2012). Even if squeeze effect may occur between the
vibrating surface and the fingertip, some other phenomena such as intermittent
contact together with stochastic adhesion seem to be influent (Ben Messaoud et al.,
2015b; Eric Vezzoli et al., 2015b).

Several prototypes of ultrasonic friction modulation devices are developed
worldwide (Winfield et al., 2007; Winter et al., 2013), and in L2EP, since 2007, under
the name “Stimtac”. The first Stimtac was developed by (Biet, 2007) and made up of
copper. This device had the dimension 83 mm x 49 mm and was fully glued in its
reverse side by piezoelectric ceramics forming an array of actuators to produce a

[21]



Chapter 2: Design and control of the tactile stimulation device

stationary wave at its resonance frequency. It was designed to stimulate gratings
regardless of the power consumption. This first prototype used 1D LVDT sensor to
track the finger position, so the simulation was just in one direction. This device was
liable to thermal heating due to unoptimized design of the copper plate. An analytical
modelling of the air pressure between the finger and a vibrating surface characterized
by its roughness, wavelength, vibration amplitude, and resonance frequency was
developed. In 2008, to determine the finger position, a custom-made 2D sensor built
from two white LEDs with a set of mirrors replaced the LVDT sensor. A Digital Signal
Processor was used to estimate the finger position from its shadow according to the
(x, y) axis with a frequency of 120 Hz. This principle increased the finger position
precision and allowed the 2D stimulation. However, heating problems remained.

Two white LEDs

- - )
~ Set of mirrors |

(a) (b)

Figure 2-1 : (a) The first tactile stimulation device called Stimtac developed by (Biet,
2007), (b) The finger position sensing using a custom-made 2D optical sensor
(2008).

The following study (Giraud et al.,, 2010) which focused on the design
optimization of the plate allowed a reduction in the power consumption by 90%
without influencing the tactile sensation. This outstanding result was obtained thanks
to the accurate choice of the piezoceramics and plate thickness, and by the
optimization of the number and location of piezoceramics. Another solution was
proposed and implemented to reduce the bulkiness of the Stimtac: the 2D optical
sensor was substituted by force sensors. On the other hand, the serial port was
replaced by a USB connection to provide read/write communication signals and
power supply. Demo applications were implemented so that they detect the finger
displacement and adapt the vibration amplitude based on the color of the pointed
pixel in order to give the illusion of touching a displayed texture (Amberg et al., 2011).

In 2012, a glass material has been utilized as a vibrating plate to make the surface
transparent (Giraud et al., 2012). The transparency of the plate allows the device to
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simulate a more realistic tactile feedback by displaying the simulated surface on a
LCD screen under the transparent surface. Force sensors have been employed to
estimate the finger force in one direction and the finger position as well.

(a) (b)

Figure 2-2 : (a) The optimized Stimtac version connected by a USB connection (Am-
berg et al., 2011) (b) The transparent tactile stimulator developed by (Giraud et al.,
2012).

The finger position measurement plays a very important role in the simulation of
textures. The use of force sensors to deduce the finger position, despite its accuracy,
needs a minimum level of finger pressure and the precision may derive with the time.
Moreover, this kind of sensor is not suitable for current transparent mobile screens
which are equipped either with resistive sensors, or more often with capacitive
sensors. Thanks to collaboration between the L2EP Lab. and STMicroelectronics
Company, two other Stimtac have been designed using respectively a resistive and a
capacitive screen, with piezoceramics glued at the edges of the vibrating surface
(Figure 2-3).

(a) b)
Figure 2-3: The improvement of the finger sensing using resistive (a) and capacitive
(b) sensors.
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The size and the shape of the tactile stimulators have also been changed. In 2013,
a haptic knob was made to produce programmable tactile effects in order to
reproduce the illusion of manipulating a rotating knob (Frédéric Giraud et al., 2013).
It was made of a ring shape active area which vibrated in order to reduce the friction.
In this work, when operating in open loop control, it was observed that the fingertip
has an influence on the vibration. On this device, when maintaining a constant
voltage V excitation and a same angular frequency w, the vibration amplitude as a
function of the normal force reduces to 50% of its nominal value for a normal force
higher than 1.5 N. Consequently, the sensation can be significantly changed from one
user to another if they do not apply the same force on the device. For that purpose, a
first order model of the vibration behaviour as a function of the voltage excitation was
developed when exciting the device at a vicinity of resonance. Then, a control of the
vibration amplitude W was implemented in order to make the device robust against
force variation (Giraud et al., 2012).

A first attempt to use a large surface of the Stimtac was made by (Yang, 2013).
The large tactile plate has a dimension of (198mm x 134mm) and is able to produce a
vibration amplitude above 1 um to be detectable by the users. Even if this plate is
opaque, the reverse side is not fully glued with piezoceramics: a developed model
shows that the power consumption is related to the location of the piezoelectric
ceramics (Yang et al., 2015). So, much effort was made to find the optimal location on
the reverse side of the resonator where piezoelectric actuators should be placed.
Psychophysics experiments have also been conducted to evaluate the tactile feedback
capability of the device to produce detectable tactile stimulation. Despite the large
size of the device which can simulate the sensation of touching of a large surface, the
stimulator suffered from a response time relatively long of about 5 ms which reduced
the device’s ability to simulate fine texture details.

(b)
Figure 2-4 : (a) The developed haptic knob (Frédéric Giraud et al., 2013) (b) The
large area of the Stimtac developed by (Yang, 2013).
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However, the large workspace provided by this version of Stimtac may be
comfortable if we want to simulate real textures and especially fabrics. That’s why, for
the following, we decided to investigate and to improve the capabilities of this device.

2.2 Design of the tactile stimulator

This part focuses on the use of the large Stimtac version and evaluates its
performances and ability to reproduce the sensation of texture despite its large
response time.

2.2.1 Mechanical structure of the tactile stimulator

To produce a friction modulation that gives the tactile sensation, it is required to
generate an ultrasonic vibration on a mechanical resonator. This vibration is non-
perceptible by the cutaneous mechanoreceptors of the fingertip whose bandwidth is
below 400 Hz (Darian-Smith, 1984) but the resulting sliding effect on the plate is
easily perceivable. In order to create this vibration, piezoelectric ceramics are used as
actuators by means of the inverse piezoelectric effect. They are made of PZT and the
dimension of each ceramic is 14*6*0.5 mm3. They are glued under the aluminium
plate. The size of the plate used in this study is 198*134*1.2 mm3 (9.5 inches). Twenty
ceramics were glued under the active surface, most are used as actuators to produce
the vibration and some can be used as sensors in order to measure and control the
instantaneous vibration amplitude. It must be noted that in wide thin plates, many
resonant modes exist with closed frequencies. The desired resonant mode is
illustrated in Figure 2-7. If only one ceramic is chosen as a sensor, it was noticed that
this sensor detects several near modes as illustrated in Figure 2-5. This curve is
plotted by varying the excitation frequency around the resonant frequency which was
32300 Hz at 24°C.

250 r T

---------- One piezosensor
200 A

—t+— Two piezosensors

150

100

[
o

Raw data of the measurement of W

3.15 3.2 3.25 33
Frequency [Hz] x10*

Figure 2-5: Comparison between using one or two piezo sensors when exciting the
plate around resonance. The two-sensor approach emphasises the desired mode.
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In that case, the ceramic in the opposite side gives an antiphase deformation. By
using two sensors, the two signals are added and the result is the single mode that we
are looking for which is then validated by the laser vibrometer. The two curves are
extracted for the same excitation voltage giving 1.4 um of vibration amplitude at the
resonance. The y label of the curve represents the raw data of the measurement of W
before the calibration of the laser vibrometer. The two sensors are placed in the first
anti-nodal line from the left side of the plate at the two corners (Figure 2-6).

20 piezoceramics are glued on the plate: 18 are used as actuators and 2 as
sensors. The 18 piezoceramics used as actuators are connected in parallel, so they are
supplied by a single sinusoidal voltage source. The actuators are arranged into four
columns, two in each border. Each column is composed by five ceramics distributed
over the whole width of the plate as illustrated in Figure 2-6. The plate is maintained
using four attachment points placed at the nodes to fulfil the free vibration boundary
condition. The piezoelectric actuators are positioned at the antinodes to produce the
standing wave with some microns of amplitude. The two sensors are placed in the left
column and the four attachment points join together the vibrating plate and the fixed
part.

M[ Piezoelectric sensors]

i -\) Attachment points

N/

Figure 2-6: The reverse side of the vibrating plate composed by 20 piezoelectric ce-
ramics.

When the actuators are excited at the mechanical resonant frequency of the
chosen bending mode, a standing wave is generated as depicted in Figure 2-7. In this
figure, a 154 V peak to peak voltage is applied to produce 1 pm of vibration amplitude.
The mechanical resonant frequency of the metal plate is defined by its material and
its geometry. The resonant frequency is pre-determined by a FEM analysis. The
modal analysis gives many vibrational modes, but we choose one mode providing a
flexural vibration with nodal lines along the width of the plate, and respecting the

[26]



Chapter 2: Design and control of the tactile stimulation device

criteria defined by (Biet et al., 2008) to obtain the friction reduction at ultrasound
frequency and with a minimum of nodes. In our case, this resonant mode has a
frequency at 32.3 kHz in ambient temperature. The measurement of the
instantaneous vibration amplitude is carried out using the two piezoelectric ceramics
as sensors. They are positioned at the anti-node of the vibration and they convert the
deformation of the plate into a voltage proportional to the vibration amplitude. The
sensors are calibrated using a vibrometer in order to find the linear relation between
the sensors response and the instantaneous vibration amplitude.

80 700 7120
X (mm)

Figure 2-7 : The chosen bending vibration mode when the system is excited at the
resonance

2.2.2 Finger position measurement

In order to simulate textures, the level of the lubrication which reduces the
friction between the finger and the plate needs to change according to the fingertip
position. The method used to estimate the finger position is an extension of the
method developed in one of the previous work (Giraud et al., 2012). In this previous
work, this method has been implemented using two force sensors to estimate the x
position, using the equations of force and moment equilibrium. The method
developed and employed is a generalization to a 2D surface to calculate the position
defined by the coordinates (x, y). This method was also used in the Stimtac device.

Fif Lx F2f

Figure 2-8: The designed configuration of the finger position estimation in x and y
axes using four force sensors located in different locations: NW (North West), SW
(South West), NE (North East) and SE (South East).

The force equilibrium equation can be written as follows:
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F1+F2 +F3 +F4 =FN (2.1)

With F,,F,, F;, F, the forces respectively measured by the sensors located in
NW,SW,NE,SE and Fy is the normal force applied by the finger. The equations of
moment equilibrium in the contact point in the x and y axes are the following:

x(Fi+F)— (Ly—x)(F;+F) =0

(2.2)
F,+F)—(L,— FF+F;)=0
y(F, 1) — ( y y)(Fy 3) (2.3)
Then x and y are deducted from the equation (2.1), (2.2) and (2.3) giving:

F; + F,

XM YR+ F 1R, (2.4)
F, + F;5

=1 .
Y YFi+F,+F;+F, (2:5)

The finger position in the two directions x and y is therefore determined as a
function of the signal of the force sensors type FSS1500 from Honeywell. The whole
system induces a noise to the sensors which disturbs the measurement of the forces.
To evaluate the amount of the noise, the normal force is measured for different

normal loads from 7 cN to 250 c¢N and the noise noted Er expressed in the equation
(2.6).

_ [max(Fy) — min(Fy)] / 2 (2.6)
- Fy
2.55 e
= max(FN) - min(F Y:2.525
= [ ]
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Figure 2-9: The force measurement when applying a weight of 2.5N on the plate.
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The normal force which is a function of time is illustrated in Figure 2-9. The
evolution of E, as a function of different loads is illustrated in the Figure 2-10
showing a decrease of Er from 25% for very small loads to less than 2.5% for loads
higher than 0.5 N. Each point of the curve represents the percentage of the deviation
compared to the average value of the force.

25% r
* data
20% — fitted curve

15%

10% \

5%)k

Maximum Error]

0 0.5 1 1.5 2 2.5
Normal force [N]

Figure 2-10: The decrease of the error in the measurement of Fy for different values
of the normal applied force.

The error in the position detection is 2 times higher than the error of the force
measurement; this error is calculated from the equations (2.4) and (2.5) and from the
uncertainty propagation of the error. Figure 2-10 shows that a minimum normal
force around 0.5N must be applied in order to limit the position error lower than
2.5%.

The acquisition frequency of the finger position is 1 kHz. The vibration amplitude
(of few um) is then modulated as a function of the fingertip position in order to
simulate textures.

2.2.3 Control of the tactile plate

On a practical point of view, the tactile plate is controlled using a DSP (Digital
Signal Processor) type STM32F4 from STMicroelectronics which generates the
numerical control signal. The DSP plays the role of the interface between the device
and the computer to display on the screen the response of the tactile stimulator — i.e.
the vibration amplitude — which is measured through the sensors of the plate and
then converted using an ADC to be operated by the DSP. The operating point can be
programmed through an emulated serial port. Figure 2-11 shows the main
components of the system.
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SET—
1

W Mode: Control vibration amplitude and frequency Terminal Linux
R Mode: Read sensors and vibration amplitude

Serial communication
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Supply voltage | { i

"

Figure 2-11: Operation principle of the tactile stimulator

In order to supply the piezoceramics with a sinusoidal excitation voltage
controlled in amplitude and frequency, we consider a DC voltage source (5 V). Then a
two leg inverter is operated to produce a three level Pulse-width modulation (PWM)
voltage signal. This signal is controlled both in frequency by changing the timer of the
DSP and in amplitude by modifying the commutation moment of the PWM signals
(see Appendix A1 for more details). After that, a filter is employed to deliver a
sinusoidal voltage from the three level signal. Finally, a step-up transformer is used to
produce the required level of voltage able to excite the piezoelectric ceramics to
produce vibration amplitude in the range of micrometres (um).

5VDC _ . .
Inverter Filter Step-up Piezoelectric
transformer Actuators

u(t)

Figure 2-12: The power circuit to excite the piezoelectric ceramics by a controlled si-
nusoidal signal in amplitude and frequency.

2.3 Robustness analysis

First studies on friction reduction based tactile devices were carried out in open
loop, the wave amplitude was not controlled (Giraud et al., 2012) (Frederic Giraud et
al., 2013) (Amberg et al., 2011). However, in recent publication (Wiertlewski et al.,
2014) and our recent article (Ben Messaoud et al., 2014a), it was highlighted that
some external factors such as the finger normal force and the temperature variation
can disturb those devices while modifying the vibration amplitude and the resonant
frequency. These disturbances influence the damping and stiffness properties of the
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vibrating plate as it is also found in (Kang et al., 2012) even if they work in another
range of frequency (less than 500 Hz). The measurements we performed on our
tactile plate highlight that the vibration can be damped by 50% with an applied
normal force of about 1.5 N (Figure 2-13). In this figure, the percentage of the
vibration amplitude variation A, is plotted as a function of the time, during an
increase of the normal force.

A
Ay =100 * (— — 1) (2.7)
Ag
Ay is the desired vibration amplitude (i.e. the one expected without any normal force
applied) and A4 is the actual vibration amplitude.

Moreover, this variation is quite fast, as fast as the normal force variations. As an
example, it has been measured in (Ben Messaoud et al., 2014a) that the normal force
variations can reach 1N in 0.1second. Additionally, another factor modifies the
vibration amplitude in open loop by changing the resonant frequency of the plate: the
variation of the external temperature. By increasing the temperature, the mechanical
structure becomes softer, which decreases the stiffness parameter c (see later, eq
(2.8)) leading to decrease the resonant frequency (Lin, 2012). It should be noted that
piezoelectric ceramics characteristics are much less sensitive to the temperature than
the resonator itself. Indeed, Figure 2-14 shows the vibration amplitude as a function
of the frequency at two different temperatures (24°C and 33°C). It shows that the
resonant frequency is decreased from 32.3 kHz to 32.2 kHz when the temperature
increases. This variation of 9°C of temperature is supposed to be similar as the
variation between the room temperature (24°C) and the temperature of the finger
skin (33°C). In practical, this curve was plotted after putting the plate in an oven and
varying the temperature from 24°C to 33°C by steps of 1°C. During this experiment,
we found a linear relation between the temperature and the resonant frequency.

normal force (N)

0 0.1 0.2 0.3 04 0.5 06
time (s)

Percentage of the amplitude variation (%)
T : : T T

0 0.1 0.2 0.3 0.4 0.5 06
time (s)

Figure 2-13: Percentage of the amplitude variation A, as a function of the normal
force applied
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Figure 2-14: Frequency response around one mode for two stimulator’s tempera-
tures: 24°C (continuous, black line) and 33°C (dotted, red line).

Hence, for a constant supply frequency adjusted to the resonant frequency at the
lower temperature, the vibration amplitude decreases when the temperature
increases. Moreover, despite the small frequency shift (0.3% for the example above),
the effect is not negligible, and the amplitude of vibration is reduced by 25% from its
initial value. At the end, an experimental study shows that the vibration amplitude
reduction may reach up to 8% for only a 4°C variation.

To cope with these issues, it is necessary to track the resonant frequency. This can
be done by adjusting the phase difference between the courant and the voltage
(Gokeek, 2003; Liu et al., 2015; Mortimer et al., 2001). More recently, other groups of
researchers have investigated the frequency tracking and the amplitude control of
ultrasonic devices using digital circuits based on DSP when controlling Langevin
ultrasonic transducer (Takasaki et al., 2007) or when controlling ultrasonic frequency
in Biological Decomposition field (Shi et al., 2015). These methods are mainly based
on PID discrete digital controller with manually tuned parameters in order to
minimize the ratio between the supplied voltage and the vibration amplitude.

Besides, the aforementioned sensitivity to external factors, added to the slow
response time drawback already mentioned lead us to propose a closed loop control
of the vibration in addition to the tracking of the resonant frequency, in order to
obtain the robustness of the system at each operating condition (Ben Messaoud et al.,
2016b). As a consequence, the modelling of the system in order to achieve the control
is the next step of this study.
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2.4 System modelling

The vector control will be used here because this method acts simultaneously on
the wave amplitude and on the frequency or on the instantaneous phase shift of the
standing wave. A d-q frame will be defined to represent the system in a rotating
frame, and the control will occur in this specific frame. Then, the sinusoidal voltage
supply will be computed thanks to a frame transformation.

2.4.1 General equations in d-q frame

Around the resonant frequency of the vibrating plate in a chosen bending mode,
and under purely sinusoidal excitation, the evolution of the vibration amplitude W(t)
can be modelled by a second order equation. The vibratory behaviour of the plate is
assumed as an equivalent circuit of a piezoelectric actuator. This actuator is modelled
with two ports of interaction, a voltage port on the electrical side and a force port on
the mechanical side (Goldfarb and Celanovic, 1997). The electrical port is driven by a
voltage source and the mechanical port by a force source, which represents input
command voltage and external mechanical load, respectively. With respect to the
mechanical side of the transformer, since the actuator model is concerned only with
endpoint displacement, the piezoelectric actuator is assumed to have a modal mass
and a linear material stiffness and damping. This model can be expressed in the
complex form (Pigache et al., 2006):

mW +d,W +cW=NV-F (2.8)

with m the modal mass, d; the modal damping, ¢ the modal stiffness, N is the
electromechanical conversion factor, F represents the effect of the external force
applied to the system, V is the ceramics supply voltage and W is the vibration
amplitude. The latter and the voltage can be represented with their complex form and
we name W, and W, (V; and V) the real and imaginary parts of the vibration (and of
the voltage respectively) as follows:

W= Wq+jWye®* (2.9)
V=>,+jV,)et (2.10)

Replacing W, W and W by their expressions in (2.8), assuming that the variation
of w is minor (& = 0) and considering F = 0 (no-load condition) yield (2.11) and
(2.12). The modelling and identification processes are performed without any load
and F is considered as a disturbance during closed loop operations.

mivy + dsWy + (c — mw?)W, — w(2mW, + dW,) = NV, (2.11)
mW, + d;W, + (c — mw?)W, + o(2mW, + d;W,) = NV, (2.12)

These two equations describe the vibratory behaviour as a function of the voltage
and the excitation frequency. In order to simplify the model and because we have a
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degree of freedom for the choice of the d-q frame, we set V; = 0. Hence, we decide to
align the rotating reference frame on the voltage vector. This can be represented by
the vector scheme of Figure 2-15, where the vectors V and W are drawn.

F,: Excitation frequency F,: Resonant frequency

F, > E.

Figure 2-15: Vector representation of the vibration amplitude W in d-q axis where q
axis is aligned with the V reference vector.

It may be noted that this approach differs from the one described in (Pigache et
al., 2006) because there, the axis d was attached to W using a phase locked loop,
leading to W, = 0, and the voltage components V; and V, were constrained by the

condition of a constant voltage amplitude ( /de + V7 = cste). It will be shown later
that our choice is more suitable to track the resonant frequency.

To provide the flexural vibration with nodal lines along the width of the plate
illustrated in Figure 2-7 and to minimize the power consumption, the system must be
excited at the resonant frequency. To do that, the vector W must be maximized by
changing the excitation frequency so that the angle a between W and V is 7/2. In
that case, W, = 0 leading to W = W,;. When W, is nonzero, we can detect that the
system is not excited at the resonance and the excitation frequency must be adjusted
to minimize |W,|. It can be noted that to impose a desired level of the vector W, the
voltage can be adjusted, which leads to an increase or decrease of the diameter of the
circle; but if the system is not operated at the resonance, the power consumption is
not optimal. For that reason, the resonance tracking must be done in parallel with the
control of W.

2.4.2 Equations at resonance

The synchronisation of the vector V on the axis q makes V; = 0. Moreover, at
resonance, we have w,? = w? = ¢/m. For steady state conditions, the derivative
terms of W, and W, are zero. Then, equations (2.11) and (2.12) give the equations
(2.13) and (2.14):
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wds W, =0 (2.13)
wds Wy =NV, (2.14)

From the equation (2.13), we can conclude that the imaginary part of the
vibration amplitude W, = 0 and (2.14) gives a linear relation between V, and W,. With
this representation on d-q frame, we are able to determine easily whether we are
exciting the system at the resonance or not by verifying if W, is null or not.

Besides, to track the resonant frequency, two parameters are adjustable: the
voltage amplitude V and the angular frequency w (w = 2rf). Each of them has an
influence on the real and imaginary part of vibration respectively W, and W, as the
voltage is synchronized on the q axis. The diameter of the circle plotted on Figure
2-15 is a function of the voltage amplitude V: if the voltage increases the diameter
increases also. The variation of the voltage frequency affects the angle between W and
V_which is /2 at resonance. If this angle is less than 7/2, the excitation frequency
must be increased and if this angle is higher than /2 the excitation frequency must
be decreased in order to minimize the ratio V/W.

2.4.3 Transfer functions for the control

Since V is attached to the axis g, we write V; = 0 and V, = V. This condition gives
rise to the equations (2.15) and (2.16):

mW, + dsWy + (¢ — mw?)W,; — w(2mW, + d;W,) = 0 (2.15)
qu + dsW; + (c —mw*)W, + ‘U(Zde + dsWd) =NV (2.16)

From these equations, two working conditions can be studied: firstly in the vicinity
of the resonance, secondly, for variations of the supply frequency.

2.4.3.1 Modelling of the vibration amplitude in the vicinity of the reso-
nance

In the vicinity of the resonance W, = 0, and the equation (2.16) can be written as
follows:

wo(2mW, + dsW,) = NV (2.17)

The resonant angular frequency w, depends on c and m:

Wy = % (2.18)

Applying Laplace transformation, we find a first order transfer function
tween W, and V:

W, (p) _ K;
Vip) 1+4+71p

(2.19)
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With Kl = N/ds(l)o and Tl = Zm/ds.
Hence, in the rotating reference frame, the evolution of the vibration amplitude
follows a first order equation whose time constant equals 7, and static gain is K;.

2.4.3.2System behaviour to frequency changes

In this section, we assume that W, is perfectly controlled and constant. Hence, the

derivatives terms of W, which are W, and W, will be null and equation (2.15)
becomes:

(c — mw?)Wy — w(2mW, + d;W,) = 0 (2.20)

In this equation, w and W, are variables, leading to a differential equation with
non-constant parameters. For the purpose of simplification, we propose a
linearization of the equation. Indeed, considering that w = w, + 4w, we can write:

c—mw?=c <1 - (1 + A_w)2> (2.21)

Wo

The first order Taylor approximation can be employed because the variation
between the excitation frequency w and the resonant frequency w, is very small,
and Aw =~ 0; thus, we can write:

Aw\? Aw
<1+—) ~1+2— (2.22)
Wo Wo

By replacing (2.21) and (2.22) in (2.20), we have:

c —mow® =~ —2mwyAw (2.23)

Same considerations lead us to approximate w to w,, and with (2.22), and (2.20),
we obtain the equation (2.24):

—2mAwW, = 2mW, + d;W, (2.24)
Leading to:
(Wq (p))
W K.
4 : (2.25)

Aw(p) - 1+1,p

with K, = —2m/ds and 1, = 2m/ds.
Two important remarks can be elicited from these transfer functions:

e 1, =1,: the two transfer functions (2.19) and (2.25) have the same time
constant.

e This transfer function shows that changes in the supply frequency of the
tactile stimulator result in the change of the ratio W, /W,, according to a first
order equation.
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In the next section, the method of parameter’s identification and the control of
the output of these models will be investigated.

2.5 Identification of the model parameters

In this section, the two transfer functions previously detailed are identified by
applying a step variation of the input and measuring the output in time domain. The
experimental set-up necessary for the identification is described.

2.5.1 Experimental setup description

The tactile stimulator presented in II)A) is used in the identification process. It is
connected to a PC through the serial communication port in read and write mode
(Figure 2-11). The read mode allows us to display in real time different parameters
with 1 kHz sampling frequency, like the instantaneous vibration amplitude, the
voltage amplitude and the excitation frequency. The write mode is used to send the
amplitude references to the system. The DSP is powered by an USB port.

It may be noted that to identify the two transfer functions, we have to fulfil
specific conditions: work in the accurate d-q frame, at the resonance for the first
relation between W, and V, and for the second relation between W,;/W, and Aw, we
have to suppose that W is regulated. More precisely, to achieve these conditions, we
can say that it is necessary to tune the supply frequency so as to assume a 90° angle
between V and W, and to tune the V amplitude in order to obtain the accurate W
amplitude. The practical way to operate these conditions is described in Appendix A2.

The control method consists in controlling W, to a reference value and W, must
be controlled to be zero by adjusting the angle « to be /2 between V and W to excite
the system at the resonant frequency.The structure can be simplified in order to
deduce the block diagrams of Figure 2-16 from which the PI regulators may be tuned.

S

v

— o o —

S|

Second PI
Controller

Figure 2-16: Control loops able to impose W and to operate the system at the reso-
nance.
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2.5.2 Identification approach

2.5.2.1 Identification of the transfer function between Wy and V

The first point is to identify the static gain K; of the transfer function (2.20). For
that aim, successive values of the voltage from 50V to 400V peak to peak are applied
to the piezoceramics at the resonant frequency, and the vibration amplitude is
measured. The choice of this range of voltage is explained by the desired range of the
vibration amplitude [0.5...2.5 um]. This relation between the supply voltage and the
vibration amplitude is linear in the useful range for this application. Figure 2-17
shows the slope of curve which is W,;/V = K;.
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Figure 2-17: The linear relation between the supply voltage (peak to peak) and the
vibration amplitude at the resonance.
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We also recorded the response of the system at each step of variation of V.
Despite the different voltage levels, it may be noticed that a first order behaviour was
obtained as predicted by the modelling. From these characteristics, we used the least-
squares method (ARX (Ljung, 1998)) for the identification of K; and t; from (2.19)
because it gives good results at low order. An example of the identified first order
model is illustrated in Figure 2-18.
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Figure 2-18: An example of one of the identified first order model, the voltage ampli-
tude is 154 V peak to peak, giving K; = 7295 (pm/V) and 7, = 1.74 ms.

The identification results for each trial are presented in Table 2-1.

Table 2-1: Parameters of the identified transfer functions

Mean
Voltage amplitude 80 120 154 208 260 312 350 370
K; (pm/V) 7611 7108 7295 6547 6795 6620 6764 7103 6980
T, (ms) 1.97 185 174 171 181 194 197 2.07 188
The variations of T, as a function of the voltage applied are plotted in Figure 2-19.
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Figure 2-19: Evolution of 7; as a function of the applied voltage

The deviations of 7; (+ 6 %) and K; (£ 5 %) are found to be sufficiently small to
consider that they are constant for all voltage conditions.
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2.5.2.2Identification of the transfer function between Wy,/Wy and Aw

The identification of this second transfer function needs some experimental
conditions, already explained in the modelling. In particular, for using linearization,
we must ensure that:

e The system is excited in the vicinity of the resonance in order to fulfil the as-
sumption leading to (2.23).

e The real part of the vibration amplitude W, is constant. To ensure this as-
sumption, a closed loop control of the vibration amplitude is performed. This
control is detailed in section 2.6.
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Figure 2-20: Response of W, /W, following decreasing steps of the angular frequency

The transfer function (2.25) between W, /W, and Aw is identified by applying
steps of w as input, and measuring W, /W, as output.

Figure 2-20 represents the evolution of the quantity W, (p)/W, as a function of
time, when variations of the frequency are applied. Every 20 ms, a decreasing step of
Aw = —77 rad/s of angular frequency is applied. At the same time, W, is maintained
constant. Figure 2-21 illustrates the relative error of the controlled W, in response to
decreasing steps of the angular frequency to check that it is maintained constant.
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Figure 2-21: Relative error of the controlled W, in response to steps of angular fre-
quency (Wyyer is 2 um).

In response to decreasing steps of the angular frequency w from w; to w, around
resonance, the quantity W, (p)/W, increases following a first order behaviour. The
identification of the transfer function presented in (2.25) gives the parameters K, and

7, for each step. The two extremes and the medium experimental identification
results are presented in the Table 2-2.

Table 2-2: Parameters of the identified transfer functions

Mean
w4 (rad/s) 203229 202995 202839
w,(rad/s) 203151 2029017 202761
K,(1073) 1.9727 1.6876 1.8564 K, = 1.812
T,(ms) 1.5360 1.6504 1.8608 T, = 1.624
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Figure 2-22: Evolution of 7,, K, as a function of the angular frequency

Moreover, we have plotted some values of K, and 7, as a function of the angular
frequency in the vicinity of the resonant frequency Figure 2-22. It can be stated that
at the exact resonant angular frequency (w = 202995 rad/s), this ratio between K,
and 7, is equal to 1 as expected by (2.25).

Finally, the parameters of the function between W,(p)/W,; and Aw are K, =
1.812 1073 and 7, = 1.624 ms.

The most important feature of the identification is that we validate by real
measurement the validity of the model and approximations. We find that the two
transfer functions have a similar constant time (respectively t,;= 1.88 ms and t,=
1.62 ms). Moreover, the transfer function giving W, (p) /W, as a function of Aw has the
static gain equal to its time constant. In the next section, a real time implementation
of the two controllers will be achieved and thanks to an experimental measurement, a
comparison between the closed loop control against the open loop one will be
presented.

2.6 Control of the vibration amplitude

2.6.1 Tuning of the controller coefficients

The parameters of the controller are calculated through the identified transfer
function. The two transfer functions are of first order type. A classical proportional
integral controller is sufficient due to its low transfer function order; it can reduce the
response time without any static error. In the following part, the method for the pa-
rameters calculation is presented.
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The structure of the controller is defined in (2.26) which contains two variable
parameters K, and K;:

K:
Pleontrotter = Kp + ?l (2.26)

The classical closed loop control for a first order system H(p) is represented in
Figure 2-23:

Sd £ K!' C K Sm
K,+— > >
P 1+1p
C(p) H(p)

Figure 2-23 Classical closed loop control for a first order transfer function using PI
controller

With S, is the reference, S,,is the measured output, ¢ is the error between S,
and S, and C is the output of the controller. The characteristic equation of the closed-
loop system shown in Figure 2-23 is given by:

Sm _ C(p)H(p)

Se 1+ CH®D) (2.27)
with
1+ Ky p
KK; ; )
cH®) = (155) | — (2:28)

We assume that k,,/k; = 7 to compensate the pole of the transfer function.

By equating the characteristic equation in closed loop with this assumption, we
find a first order system between S,, and S; given by:

Sm_ 1 (2.29)
Sd B 1+ Tf 1%
With 7, = 1/K.K; is the desired time constant in closed-loop. The parameters of

the controller can be calculated from 77, and the parameters of the transfer function
in open loop (K and 7): for instance, the desired response time t, 5o, can be imposed.
For a first order function, it is equal to 3 7, which leads to the equations of the

controller parameters:

K = 371
P Kty s (2.30)

K.

K; _7”
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This method will be used to tune the controllers for the two transfer functions de-
veloped in the section 2.4.

2.6.2 Discretization of the controllers

In order to implement the digital PI controller in the DSP, the discretisation step
is required. The standard equation of the PI controller is expressed as follows:
t

C(t) = K,e(t) +K; f e(t)dt (2.31)
0

where e(t) is the difference between the desired output S; and the measured out-
put S,,,, C(t) is the controller output, The two controller parameters are K,, (the pro-

portional term) and K; (integral parameter).

Using Z-transform of the equation (2.31):

C(z) = [Kp + %] E(2) (2.32)
Rearranging gives
. _ -1
C(z) = [(Kp + Kll)_"'z(_le)Z l E(2) (2.33)
C(2)—z7C(2) = [(K, + K;) + (-K,)z | E(2) (2.34)

The equation (2.34) can be converted to recurring equation as:

c[k] = clk — 1] + (K, + K;)e[k] + (=K, )e[k — 1] (2.35)

The digital controller is then implemented in the DSP in C language and satura-
tion is also added to limit the controller output.

2.6.3 Results for the two control loops

The two controllers were implemented in the DSP with a sampling frequency of 1
kHz. We remind that the control scheme is shown on the Figure 2-16. The response
time of the two controllers was chosen by calculating the controller’s parameters in
order to accelerate the response time of the vibration amplitude to reach about 2 ms,
otherwise it is roughly 5 ms in open loop. This response time is chosen to approach
the bandwidth of the finger perception which is about 400 Hz. By applying different
sinusoidal signals with variable frequencies, the bandwidth of the system, corre-
sponding to 3 dB of amplitude ratio, was measured in open and closed loop, giving an
increase of its value from 80 Hz to 160 Hz from open to closed loop configuration. We
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notice also that, due to the sampling frequency of 1 kHz, above 120 Hz the sinusoidal
signal starts to be distorted if we assume that eight points are sufficient to generate a
sine signal.

In this part, the implemented control strategy will be validated into two levels:
dynamic and robustness. The dynamic behaviour of the system in response to a step
input of vibration aims at validating the response time reduction by operating the
closed loop configuration. The robustness of the vibratory behaviour will be validated
by the variation of the external temperature and the normal force applied by the
fingertip. The first series of experiments shows the response in open and closed loops
of the vibration amplitude at the resonance and without any finger force applied
(Figure 2-24).

The reference value for W, is zero, whereas the reference value for W, is 2 pm. By
observing the response of W,;, we can conclude that the use of the closed loop
configuration has an influence on the response time by decreasing it from 5 to 2 ms
by tuning the controller parameters. This response time reduction may make the
vibration more sensitive to the fingertip. The response of W, is almost zero both in
close or open loop which is explained by the absence of external disturbance factors
in this case. By repeating this experiment 30 times, the standard deviation of the step
response was about 1.3 % at the desired vibration amplitude of 2 um.
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Figure 2-24: Response of the system in open and closed loops when exciting the sys-
tem at resonance and without any finger force. Figures (a), (b) and (c) represent re-
spectively the evolution of W, W; and W which is the module of W, and WW,.
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The second series of experiments aims at evaluating the robustness of the
controllers against temperature variation. The idea is to power the ceramics at the
same excitation voltage as in the first experiment, at an initial frequency which would
correspond to the resonant frequency at 33°C (w, = 202450 rad/s) while the real
temperature during this experiment is about 24°C (w, = 202995 rad/s). We consider
this large possibility of the temperature variation from 33°C to 24°C in order to
validate the robustness of the controller. If the controller works well with a minimum
response time with this extreme condition, we will conclude that the system control
strategy will work better when the temperature variation is smaller. Therefore, the
control strategy will be validated.

In open loop, we observe Figure 2-25 that W, becomes nonzero and W, decreases
from the desired vibration amplitude W = 2 ym to 1.6 ym. On the other hand, the
closed loop control strategy ensures robustness against temperature variation with a
low response time = 2 ms and no more static error (Figure 2-25). If we wanted to
reach the same vibrating amplitude in open loop with this error on the temperature,
we should provide a higher voltage supply.
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Figure 2-25 Response of the system in open and closed loop control when exciting the
system as if it was at 33°C whereas the actual temperature is 24°C and without any
finger force. Figures (a), (b) and (c) represent respectively the evolution of W, W,

and W which is the module of W, and W,.
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In the closed loop control, W, is nearly zero which proves that the excitation
frequency of the system has converged quickly towards the resonant frequency
(Figure 2-26). At the instant 11 ms, the frequency controller is switched on and
converges to the resonant frequency of the temperature 24° C which is 32300 kHz
(Figure 2-14). In red (the dotted line), for open loop condition, the excitation
frequency is still fixed to the resonant frequency of 33°C.
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—+— closed loop out of resonance without finger
* openloop out of resonance without finger
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Figure 2-26: Frequency excitation behaviour in open loop and closed loop control
when the system is excited out of resonance.

In order to assess the system performance against the two disturbing factors at
the same time (finger force and temperature variation), a third experiment has been
performed. The experimental conditions are similar to the previous experiment one
(excite the system at the 33°C resonant frequency whereas the current temperature is
24°C), but this time, the finger is sliding on the active surface, while applying a force
of about 2 N, which is quite a high force value for touching in exploration conditions.
The finger has to move laterally back and forth on the tactile plate to feel stimulation;
the measured normal finger force is displayed on a screen in front of the subject to
help him/her maintaining it constant. These two conditions of temperature variation
and finger force presence are performed to evaluate the robustness of the control law
in the extreme disturbance conditions. While the open loop control is sensitive to the
disturbing factors, the closed loop maintains the vibration constant in a short
response time.
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Figure 2-27 : Response of the system in open and closed loop control when exciting

the system as if it was at 33°C whereas the actual temperature is 24°C and with ap-

proximately a 2 N normal finger force. Figures (a),(b) and (c¢) represent respectively
the evolution of W,, W, and W which is the module of W,; and W,.

Now, the goal consists in validating the robustness of the controller against a
variable level of the normal force when the finger is sliding on the plate. The result of
the experimental measurement illustrated in Figure 2-28 indicates that the closed
loop control is able to guarantee a stable level of W whatever the normal force is (<2.5
N). It is shown that in closed loop, the applied signal to the piezoceramics reacts to
ensure a stable level of W = 2 pm inversely to the open loop control.
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Figure 2-28: A comparison between the open and closed loop control when the finger
is sliding on the plate excited at 2 um (peak to peak). As response to the normal force
applied by the finger is between 0 and 2.5 N, it can be shown that the applied voltage
signal to the piezoceramics reacts to ensure a stable level of vibration W with the
closed loop control.

2.6.4 Psychophysical validation

The previous paragraphs have shown that the closed loop control improved the
robustness and the dynamic of the wave amplitude. But we have to check whether
these improvements are useful on the point of view of touch feeling or not. To
perform this task, an experiment has been carried out with ten volunteers aged
between 22 and 38. All volunteers wore closed headphones to mask the audible noise
which may be produced by the abrupt change of the excitation signal. The subjects
had to explore laterally the surface of the stimulator with their finger. They were
asked to maintain a constant force of about 0.5 N and the normal force is displayed
on a computer screen to help the subject stay in control. The external temperature
was about 24°C. The vibration amplitude has been changed from 0 to 2 um peak to
peak according to the finger position. The spatial period of the applied square signal
was 5 mm in order to give the illusion of touching gratings. Two stimuli were put to
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test in a random order, open-loop control and closed-loop control. Volunteers were
asked to say which of the two stimuli gave the highest sensation intensity of gratings.
The same experience has been repeated five times for each volunteer.

Percentage of answers saying that the closed loop control is
more efficient

100% 100% 100% 100% 100% 100% 100%
80% 80%

Answer by Volunteer

Figure 2-29: The percentage of answers per subject telling that the closed loop con-
trol configuration is more accurate than the open loop one to simulate gratings.

The result of this psychophysical test gives 46 out of 50 (92%) answers telling that
closed loop control is more sensitive for perceiving the gratings than the open loop
one. This result confirms also that the lower response time increases the capability of
the device to simulate gratings.
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2.7 Conclusion

In this chapter, we presented a state of the art of the existing tactile stimulation
devices based on the ultrasonic vibrations, and developed in the L2EP Lab. Much
progress has been made in the development and the improvement of the devices.
From the first tactile feedback device, improvements have been done on the tactile
plate characteristics on the piezoceramic sensors’ implementation on the position
measurement by using different sensing methods leading both to the reduction of the
device bulkiness and the increase in the finger detection precision. Different sizes are
also studied from a small haptic knob of 4 cm of diameter, a rectangular plate of (83
mm x 49 mm) to a large device size of (198 cm * 134 mm). In our work, we used the
large device version and we began by analyzing its robustness against external
disturbances. After that, we proposed a new approach to control the wave amplitude
of the vibration created for tactile stimulation. For that aim, a new modelling has
been developed analytically in a rotating reference frame. By aligning the rotating
frame on the voltage, we obtained two first order type equations, for the control of the
vibration amplitude and for the tracking of the resonant frequency which has been
also validated experimentally in the useful range of work. The identification has been
performed and two simultaneous closed loop controls of the vibration amplitude and
of the frequency have been implemented. The closed loop results showed a high
robustness of the new control strategy against the disturbing factors. The objective
was to make the effect of the tactile feedback insensitive to external disturbances such
as the fingertip force and the temperature variation. The closed loop control was
proven to be more sensitive through a psychophysical experiment conducted on ten
subjects; 92% of answers validated our approach. To go further, the next chapter will
deal with the relation between the modulated friction measured by a tribometer and
the human perception in order to analyse which parameter has a significant influence
on the tactile perception.
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3 Friction and perception

In the previous chapter, the control strategy of the tactile stimulator was
developed and implemented. The objective to make the effect of the tactile feedback
insensitive to external disturbances such as the fingertip force and the temperature
variation was achieved and validated using a psychophysical test. This important step
investigates the relation between the vibration amplitude and the perception and
optimizes, at the same time, the power consumption of the tactile device. The topic of
the present chapter concerns the relation between perception and friction in the
tactile stimulation process based on the tactile stimulator. As described in the
previous chapters, this device is able to modulate the friction between the finger and
the plate. The science of friction is called tribology which will be integrated between
the vibration and the perception in order to investigate more the perception of
simulated surface by the user’s finger. The following Figure 3.1 describes the relation
between vibration amplitude and perception undertaken thought the friction
reduction analysis.

Vibration Friction Perception
amplitude (um) reduction P

Figure 3.1: The friction investigation process undertaken from vibration to perception

The overall aim of this study is to simulate the sense of touch of real textures
using an ultrasonic friction modulation device. In order to achieve this aim, the
determination of the criterion to be controlled by the tactile stimulator is very
important. This criterion should be clearly defined to approach to the tactile
perception of the user’s finger. For that reason, the relation between the tribological
criteria and the perception of the simulated surface is a landmark for the
reproduction of the touch sense. Since no former research has conducted a specific
study to figure out which criterion is the most important to detect a friction
difference, it was necessary, for us, to carry ourselves a study on tactile sense to
answer the following question: To which tribological parameter the human finger is
most sensitive? For this aim we studied different parameters in terms of human
perception using tribological and psychophysical investigations.

Two experiments were conducted for more than 20 subjects. The aim of the first
experiment is to determine the perception threshold for friction, that is, the smallest
vibration amplitude of the plate detected by the subjects. On the other hand, the goal
of the second experiment is to determine the criterion having the greatest influence
on the perceived discrimination of friction by relating psychophysics to tribological
measurement between the finger and the active surface of the stimulator (Ben
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Messaoud et al., 2016a). Four tribological criteria were proposed to the subjects to be
compared: the difference or the ratio between the coefficient of friction and the
friction force either with or without any vibration of the plate. According to the
statistical analysis, it was found that the best criterion is the ratio between the
coefficients of friction with and without vibration of the plate, called the friction
contrast. Consequently, the dependence of the friction contrast on the initial COF
between the subjects’ fingers and the plate was also analysed and related to the
stimulus detection. In addition, the dependence of this friction criterion on the
sliding velocity is to be highlighted.

3.1 Relation between friction and perception

3.1.1 State of the art

In tactile perception, the tribological behaviour between the finger and the
surface represents an important factor in identifying and perceiving the surface
texture. Researchers have investigated the evaluation of the friction between finger
and surfaces to better understand the factors influencing the perception. Some
factors have an influence on the friction between the surface and the finger. Some
factors can be skin features (hydrolipid film, finger properties), environmental
features such as temperature and humidity which can modify the finger
characteristics, and sliding conditions like normal load and velocity as well as
counterpart features (material, roughness or texture of the surface).

Moderate moisture increases the friction of the skin as discussed in (Hendriks
and Franklin, 2009; Tomlinson et al., 2011b). Conversely, in wet skin conditions, the
film of water formed can act as a lubricant in mixed or hydrodynamic regimes (Derler
et al., 2009; Pasumarty et al., 2011; Tomlinson et al., 2011b).

The relationship between finger mechanical properties and friction behaviour is
rarely studied. Nevertheless, fingertip impedance or stiffness in the shearing
direction, that is, in relation to touch, has been measured in (Nakazawa et al., 2000;
Wang and Hayward, 2007; Wiertlewski and Hayward, 2012). The result proves that
when the contact force increases, the deformation of the finger pad become smaller
(Pawluk and Howe, 1999). In addition, the shearing stiffness increases also and the
strain rate of the fingertip in lateral direction decreases. The influence of the stiffness
in normal direction of fingers on the friction behaviour has been studied with silicone
artificial fingers: the coefficient of friction (COF) is higher for a softer silicone (Han et
al., 1996) This result is in contradiction with the recent study of (Cornuault et al.,
2015), where the finger stiffness is linked to the hydrolipid film. In fact, the finger
stiffness, i.e. the elastic modulus, has been showed to increase with the lipids/water
ratio and decrease with the water amount on the finger skin. Moreover, the COF has a
contrary evolution with the finger stiffness.
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The evolution of the COF between the finger and a counterpart decreases with the
increase of the normal load. The COF follows the commonly used law from (Bowden
and Young, 1951): 1 « E," !, where F, is the normal force and n a coefficient between
two-thirds and one. The COF between the finger and a counterpart seems to increase
for very low sliding velocities (from 0.1 to 10 mm/s) (Tang et al., 2008) and decreases
for higher velocities (up to 1.5 m/s) (Derler and Rotaru, 2013) in the case of smooth
surfaces for both wet and dry fingers (Pasumarty et al., 2011).

The influence of the rubbing surface features on finger friction has been
extensively studied (Derler and Gerhardt, 2011). Depending on the roughness of the
counterpart in contact with the finger, the friction regime can be dominated by
adhesion for smooth surfaces or by deformation of the fingertip for rough surfaces.
Thus, in dry friction, for surface roughness with Ra (the arithmetic average of
asperities height's absolute values) in the range of 0.03-11.5 um (Hendriks and
Franklin, 2009), (Derler and Gerhardt, 2011; Skedung et al., 2011, 2009) R, (the
average distance between the highest peak and lowest valley) in the range of 0.05—45
um (Derler et al., 2009), or R, (the root mean square of asperities height) in the
range of 0.004—2um (Masen, 2011), the COF decreases with increasing roughness,
because of a decrease of the tangential force owed to adhesion (Derler et al., 2009).
For R, up to 90 um, the COF increases with increasing roughness (Tomlinson et al.,
2011a), because of an increase in skin deformation (Tomlinson et al., 2013). However,
in the case of wet friction, that is, hydrodynamic lubrication, a low R, has the
opposite effect, because it reduces the friction (Derler et al., 2009). For a gentle
surface roughness in comparison with fingerprints, the evolution is dependent on the
topography of the surface (shape, height of asperities, and distance between
asperities) (van Kuilenburg et al.,, 2012). The fingertip point of contact when
interacting with an object or when exploring a surface has been studied because of its
importance to determine the haptic perception (Delhaye et al., 2014).

Material in contact with the finger influences the friction. The COF between the
finger and the smooth surface of a homogeneous material can be classified in
decreasing order: soft polymers such as rubber, hard polymers (except
polytetrafluoroethylene — PTFE) (Gee et al., 2005), and metals and PTFE (Hendriks
and Franklin, 2009). Glass can give a lower or higher coefficient of friction than hard
polymers (Adams et al., 2013; Bergmann Tiest, 2010; Smith and Scott, 1996) and
metals, probably depending on its state of cleanliness.

The influence of friction between the finger and a surface on the perceived
friction, or slipperiness, has been less studied. One probable reason is the difficulty of
changing the friction without changing the surface roughness or the material (Adams
et al., 2013; Gee et al., 2005). Therefore, other surface characteristics are changed,
not only the friction properties. A convenient solution for modifying the friction
between the finger and a surface is to use a tactile stimulator to stretch the skin (Bark
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et al., 2009) of the fingertip or to modify the friction of a tactile plate used as a touch
pad (Biet et al., 2008). The effect of skin stretching, simulating friction, on the
perception of friction has been highlighted by using a force feedback arm and contact
location display apparatus (Sylvester and Provancher, 2007). One of the most
important solutions is to use a tactile stimulator, which gives the opportunity to
change the friction between the surface and the finger without changing the
roughness of the material. The tactile stimulator used in this study allows us to
quickly obtain a variable and repeatable coefficient of friction and can be used to
simulate real textile fabrics (Bueno et al., 2015).

As described in the previous chapters, the tactile stimulator used in the present
study is based on friction modulation because of the possibility of instantaneously
changing the contact conditions between the finger and the plate by acting like a
lubricant. This kind of device can be also very interesting for the study of the
influence of friction on the perceived friction and/or friction threshold (Biet et al.,
2008). In (Samur et al., 2009), authors use a similar device based on ultrasonic
friction modulation device to determine the just noticeable difference (JND) of
friction. A psychophysical experiment coupled a tribological measurement was
carried out with just one subject. The result shows that a change of around 20% in the
coefficient of friction can be perceived by the human finger.

3.1.2 Which friction parameters influence the perception?

The central issue surrounding the tactile perception and therefore the simulation
of textures with the tactile stimulator is “Which is the friction most influencing
parameter on the human finger perception?”. Answering this question may help us to
identify and use more the tactile stimulation device with the objective of controlling
the parameter which influences more the finger perception. As described below, the
generation of ultrasonic vibrations under the finger when touching the surface
lubricates the contact. Many parameters can characterize this contact lubrication in a
tribological point of view: the reduction of the coefficient of friction, the reduction of
the friction force, the ratio between the reduced and the initial coefficient of
friction/force or the difference between the reduced and the initial coefficient of
friction/force.

The present chapter presents an analysis of the friction between the index finger
and the surface of the stimulator excited by different signals related to the human
perception. The main goal of analysing the relation between human-perceived
friction and friction characteristics is to improve the simulation of the texture touch
sensation using a programmable tactile device (Bueno et al., 2015). First, the
perceived threshold for friction, that is, the smallest detected vibration amplitude
(VA), is determined from a panel of more than 20 subjects. Second, this threshold is
used to evaluate the relation between the tribological response and the
psychophysical evaluation. A statistical analysis will be undertaken to assess this
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relation in order to determine the criterion correlated to the perceived friction
discrimination. Moreover, the influence of the subject friction response and the
sliding velocity on the perception will be studied.

3.2 Tactile perception’s threshold

In this section, the aim is to determine the tactile perception’s threshold as a
function of the vibration amplitude (VA). The goal is to find the smaller detectable
stimulus by operating psychophysical experiment.

3.2.1 Experimental protocol

Figure 3.2: Experimental set-up of used to determine the tactile perception’s thresh-
old

The objective of the present experiment is to determine the perceived friction
threshold as a function of the VA of the tactile stimulator. This parameter is required
to determine the range of useful and detectable VAs. The exploration distance of 40
mm is delimited by two marks on the plate of the stimulator and a metronome is used
to guide users to guarantee a constant pulsation of 30 beats/min corresponding to an
average velocity of 20 mmy/s. The duration of the experiment depends on the subject,
but it is generally less than 10 minutes, to limit tactile perception fatigue. The
perceived friction threshold is evaluated by determining the smallest difference in
friction perceived by each subject. The protocol used is the following: the right part of
the plate is not excited (VA = 0 um), indicating that the friction is not modulated
(initial friction), whereas the left part is excited at different VAs, reducing the friction.
The starting excited VA proposed is 2 um, the maximum practical value, and this
amplitude is reduced by a step of 0.2 um. When 0 um is reached, the vibration is
increased by the same step until 2 um is reached in the left part. At each step, the
subject is asked whether he or she feels a tactile difference between the right and the
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left parts of the stimulator or a transition in the middle of the plate. No tribological
measurements are taken in this experiment.

The experiment was carried out on 25 subjects, 13 males and 12 females, aged
between 24 and 64; the mean age was 41 years. All subjects were right-handed except
one. The subjects were students and staff randomly chosen from the university
department. None suffered from physiological or cognitive deficits that might alter
their tactile perception or judgment. Each psychophysical experiment is carried out
using a specific protocol: after washing and drying his or her hands, the volunteer sits
down in front of the experimental setup and then uses the forefinger of his or her
dominant hand. The finger sliding direction is the medial radial direction from right
to left and left to right. The subject acts on the normal load by pressing his or her
finger on the tested surface with a load of about 0.5 N.

3.2.2 Results

As described in the previous section, the right part of the stimulator’s plate is not
excited and presents the maximum friction, whereas the left part is excited with a VA
which decreases from the maximum value (2 um) to zero and then increases from o
to 2 um. Figure 3.3 illustrates the percentage of the perceived friction difference as a
function of the VA of the tactile stimulator for men and women and the mean value of
all the measurements. In Figure 3.4, the tactile discrimination is based on the
subject’s age group: from 24 to 42 years (12 subjects) and from 44 to 64 years (13
subjects). The result indicates gender does not influence the 50% tactile threshold
(Figure 3.3) and this threshold increases with age (Figure 3.4).
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Figure 3.3: Percentage of the perceived stimuli as a function of the VA in microns; the
averages of men’s and women’s responses are plotted respectively as crosses and cir-
cles. The average of all users is drawn by a grey continuous curve.
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Figure 3.4: Percentage of the perceived stimuli as a function of the VA in microns; the
average of subjects between the ages from 24 to 42 years is drawn by a dotted black
curve, while the grey continuous curve represents the average of the subjects from 44
to 64 years.

Fifty per cent of the youngest group (aged between 24 and 42 years) can perceive
a difference in the VA between 0 (non-excited stimulator) and 0.65 um (the excited
side of the stimulator), while the corresponding excited VA is almost 0.8 um for the
oldest group. Moreover, 75% of the youngest age group can perceive a difference of
0.77 um compared to 50% of the older age group. This influence of age and the lack of
influence of gender on the tactile perception is confirmed in the literature; see for
example (Reuter et al., 2011) for the dependence of the tactile perception on age and
(Woodward, 1993) for the increase in the tactile threshold with age and not with sex.

3.3 Friction discrimination criterion

In this section, the friction between the finger and the surface of the stimulator
excited by different VA is analysed in a tribological and psychophysical point of view.
The main goal of investigating the relation between human perceived friction and
friction characteristics is to improve the simulation of the texture touch sensation
using the programmable tactile stimulator.

3.3.1 Experimental protocol and tribological criteria

The second experiment was carried out on 21 subjects, 12 males and 9 females
aged between 23 and 57; the mean age was 41 years, and only one was left-handed. In
order to have a coherent measurement for all users, it is required to standardize the
measurement conditions such as sliding velocity and normal applied force. For this
aim, a specific tactile tribometer has been developed at the Textile Physics and
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Mechanics Laboratory (LPMT) for the measurement between the stimulator and the
volunteer’s finger. It is a reciprocating tribometer, as illustrated in Figure 3.5.

Figure 3.5: Photography of the finger touching the surface of the stimulator affixed on
the tactile tribometer.

It is composed of a linear stage (VI75 100 DC HLS, controlled by a one-channel
Mercury servo-controller C863, Physik Instruments Gmbh & Co. KG, Karlsruhe,
Germany), onto which the sample is affixed, this linear stage is used to guarantee a
constant speed of the user hand. The data acquisition is performed by a Pulse data
recorder (Briiel & Kjaer, Mennecy, France). The normal and lateral forces are
obtained from a three-axis load cell (model 3A60-20N, Interface Inc., Scottsdale,
Arizona), onto which the tactile stimulator is affixed and which provides the
components of the force exerted by the finger on the cell along three orthogonal axes
(the vertical axis is denoted as z, the axes in the horizontal plane are named as x and
y) (Figure 3.5). The load cell is placed on the linear stage and can be translated along
the x axis. To ensure a correct position of the finger relative to the sample and for the
comfort of the subject, an adjustable gutter is designed to support the subject’s arm.

During the friction test, the exploration task is semi-passive; the subject should
only maintain his or her finger in the original position while the surface is moved
beneath with a controllable velocity. The sliding distance is set at 40 mm. The
subjects were asked to maintain a constant force of about 0.5 N and a gauge on a
computer screen shows the applied load to help the subject stay in control.

To evaluate the relationship between the perception and the tribological
behaviour between the finger and the tactile stimulator modifying only the friction,
the results obtained from the previous psychophysical experiment have been used.
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Two vibrations amplitudes (Vas) were chosen: 0.7 um, which corresponds to the
threshold perceived by 50% of the subjects, and a lower value of VA of 0.4 um, which
was detected by around 10% of the subjects. This choice was made to divide people
into two categories depending on their ability to discriminate the difference in tactile
stimulation in order to determine the most important parameter influencing the
friction perception. The protocol is to propose six stimulations to the fingers of the
subjects for each sliding velocity, fast (20 mm/s) and slow (5 mm/s), in a random
way: two stimulations without any vibration of the plate (the transition from one part
of the stimulator to the other is from 0 to 0 um), and therefore without any difference
between the two parts of the tactile stimulator; two simulations with the left or the
right part excited with a VA of 0.4 um (the transition from one part of the stimulator
to the other is from 0 to 0.4 um or from 0.4 to 0 um); and two stimulations with the
left or the right part excited with a VA of 0.7 um (transition from o0 to 0.7 um or from
0.7 to 0 um).

For each stimulation, the subject has to indicate whether he or she feels a
transition or a difference between the right and the left part of the stimulator. Any
subject answering “yes, I feel a difference” more than twice in four tests when no
stimulus is present is automatically eliminated and his/her measures are not
considered in the data processing. The normal and friction forces are recorded during
the experiment.

To find the correlation between friction criteria and perception, the boxplot
representation of the different criteria is chosen because of its concept of breaking
data into four parts to create a display based on statistical measurements. This
representation gives an instantaneous picture of the shape of data variation. All
boxplots are designed according to (McGill et al., 1978), which means that the length
of the whiskers is limited to 1.5*IQR (interquartile range). The point not included
between the whiskers is called an outlier. The middle 50% of the data is contained in
the box limited by the lower and upper quartiles while the bold line within the box
represents the median. All statistical analysis in this study was performed with
Matlab software.

The lateral force (along the x-axis) and the normal force (along the z-axis) are
recorded using a tribometer when the subjects slide their fingers on the two parts of
the plate. The instantaneous coefficient of friction p is then computed. An example of
sliding the finger of one subject is given in Figure 3.6.
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Figure 3.6: Normal force, friction force, and coefficient of friction of a subject sliding
his or her finger on the tactile stimulator. Example of a female aged 46 years. The VA
was 0.7 um and the sliding velocity was 5 mm/s.

Figure 3.7 illustrates a magnified view of the coefficient of friction when the
vibration changes from the active to the inactive state. In this area, the finger is
sliding in one direction and the velocity of the oscillating table is constant. The
coefficient of friction between the finger and the surface of the stimulator without
vibration is defined as p,. It represents the average of the dynamic coefficient of
friction, which represents the maximum COF that is possible to obtain between the
subject’s finger and the tactile stimulator. The oscillation of p, is due to the stick-slip
phenomenon when the finger is sliding under the plate; its intensity is variable and
depends on the user’s finger and the velocity. The parameter y, is the average of the
reduced coefficient of friction for a VA of 0.4 or 0.7 um.
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Figure 3.7: Magnified view of the coefficient of friction when the finger is sliding be-
tween an excited and non-excited parts.

Four tribological criteria have been analysed and related to the human finger
perception. The first one is AF;, which represents the difference in friction force
between the excited and the unexcited parts of the plate. This criterion is defined as:

AF; = Fyo — Fq (3.1)
where

F,, is the friction force without vibration, and F;; is the friction force when vibra-
tion is switched on.

The second parameter that will be analysed is the difference in the coefficient of
friction Ap; this parameter is defined as:

Ap=po— 1y (3.2)
where

U, is the coefficient of friction without vibration.
1, is the reduced coefficient of friction.

The third parameter represents the normalized friction force and can be called
the Friction Force Contrast (FFC). This parameter is defined by the following
formula:
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Fio — Fyq (3.3)
Fio

The last parameter is called friction contrast (Cornuault et al., 2015); it represents

the normalization of the second criterion by dividing it by the initial coefficient of

FFC =

friction p,.

FC = Ho — W1 (3.4)
Ho
The friction contrast is below 1 when the friction is reduced, which means that p,

is always less than p,. This parameter also represents the subtraction of 1 from the
ratio between the two coefficient of frictions p; and p,.

FC=1-— L (3.5)

Ho
The two last parameters, FFC and FC, are comparable is terms of dimensions and

a relation between them can be found by replacing the coefficient of friction by the
ratio between the friction force Fi and the normal force Fy, respectively, with the in-
dex being 0 when there is no vibration and 1 when the active plate is vibrating;:

F.
Fog— 22 F
FC = B (3.6)
FtO

If the normal force is constant (F,,, = F,;), when alternating between the excited
and unexcited parts of the plate, the friction contrast will be equal to the friction force
contrast. This assumption means that the air gap produced by the tactile stimulation
acts only on the lateral force, and this assumption is approximately verified by
experimental measurements.

3.3.2 Results

Figure 3.8 to Figure 3.11 illustrate the boxplot representation of the perception of
friction variation relative to the four measured friction criteria, respectively AF;, Ay,
FFC, and FC, and for both sliding velocities 5 and 20 mm/s. For each figure, the
differentiation is made between the excited vibrations VA of 0.7 um (a) and 0.4 um
(b). For each case of VA, 84 measures corresponding to the four cases of the
experiment are considered (4x21 subjects): a detected tactile stimulation (i.e.
detection result is indicated “Yes”) is represented on the right part of the graph while
an undetected tactile stimulation (i.e. detection result is indicated “No”) is
represented on the left part.
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Figure 3.8: Boxplots of the AF,; as a function of the tactile detection for the transition
between 0—0.7 um (a) and 0—0.4 um (b) for both sliding velocities.

(a)

(b)

Figure 3.9: Boxplots of the Ap as a function of the tactile detection for the transition
between 0—0.7 um (a) and 0—0.4 um (b) for both sliding velocities.
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Figure 3.10: Boxplots of the friction force contrast FFC as a function of the tactile de-
tection for the transition between 0—0.7 um (a) and 0—0.4 um (b) for both sliding

velocities.
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Figure 3.11: Boxplots of the friction contrast FC as a function of the tactile detection
for the transition between 0—0.7 um (a) and 0—0.4 um (b) for both sliding velocities.
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3.3.3 Criterion choice

From the representation of the four criteria relative to perception, it can be seen
that the FC is the most discriminating parameter when comparing the tactile
perception. As shown in Figure 3.8, Figure 3.9, Figure 3.10 and Figure 3.11, when
comparing the lower and upper quartiles of the FC criterion, the detectable and
undetectable stimulations can be distinguished for the two VAs of 0—0.7 um in (a)
and 0—0.4 um in (b), which means that the common part between the two detection
cases is the smaller compared to the other criteria. The upper and the lower quarters
are less well distinguished when evaluating AF;, Ay, or FFC. It is also remarkable that
all three criteria, AF;, Ay, and FFC, have some outliers plotted by dots which make the
distinction between the detection cases impossible because they are negative,
indicating that the value of the criterion without vibration is lower than that with
vibration. By comparing the two criteria FFC and FC because they have the same
dimension, FFC has a negative values which is explained by the fact that some
subjects increase their normal force when they felt the transition between the non-
excited and the excited parts which make the evolution of the friction force increasing
rather than decreasing. We can conclude that the criterion focusing just on the
friction force cannot characterize the tactile stimulation. Moreover, FC has always
positive values because it is based on the coefficient of friction, i.e. the lateral and
normal force are considered here, which means that when the plate is excited by
vibration, the friction is always reduced and y, is always equal or lower than p,. These
results show that the ultrasonic friction-modulation devices act on the coefficient of
friction, not only the friction force.

3.3.4 Influence of the maximal friction on the friction criterion and on
the perception

The results obtained from Experiment 2 revealed that the coefficient of friction
without any vibration (VA = 0 um) p, varies from 0.2 to 2.2 for all the subjects.
Therefore, the present section will study if the contrast in friction is linked to the
coefficient of friction p, of the subject.

For each of the two chosen vibration amplitudes, 84 measures were considered,
which represents four different excitations for 21 subjects. By plotting the FC as a
function of the coefficient of friction u,, it can be observed that, when the coefficient
of friction p,increases, the friction contrast decreases for the two vibration
amplitudes of 0.7 um (Figure 3.12) and 0.4 um (Figure 3.13). The curves illustrate a
fitting of the measured raw data represented by points. The fitting function form is
a -x? with a = 0.21 and b = —0.63 in the first figure and a = 0.15and b = —0.60
for the second figure. Based on these curves, it can be noticed that the subject who
has a low initial coefficient of friction p, has a high friction contrast. These results are
coherent with (Cornuault et al., 2015).
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Figure 3.12: Friction contrast obtained from the experiment with a VA from o to 0.7
um as a function of the initial coefficient of friction po (VA = 0 um) for both sliding
velocities.
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Figure 3.13: Friction contrast as a function of the initial coefficient of friction of the
experiment with a VA from 0 to 0.4 um for both sliding velocities.

From Figure 3.11, we can also observe that when the FC exceeds 0.19, which
corresponds to the maximum value of the undetectable case, the stimulus will be
detectable by all of the participants. This result confirms, with a human panel of more
than 20 subjects, the work of (Samur et al., 2009), which was done with a single
subject who found that the just noticeable difference (JND) in friction is about 18%,
which corresponds to a friction contrast (FC) equal to 0.18.
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From the results describe above there is a correlation on one hand between the
perception and the Friction Contrast and on the other hand between the Friction
Contrast and the coefficient of friction without any vibration, called p,. It is
interesting to relate the coefficient of friction p, to the subject’s stimulus detection in
order to determine the influence of this parameter on perception. The histogram of
the data distribution of p, for all the subjects and for both cases of measurements
with the VAs of 0.7 and 0.4 um, is shown in Figure 3.14. The detected stimulus is
plotted in white colour with black continuous boundary line, while the undetected
stimulus is represented by a grey dashed boundary line.
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Figure 3.14: Histogram of the initial COF for the two VAs.

The number of plotted data is 84 for each VA. By choosing the value of p, nearest
to the median to ensure the same number of separated parts, this value was found to
be equal to 0.85. To analyse the data above and below the median value of p,, Table
3-1illustrates the relation between the detection and p, depending on the two VAs.
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Table 3-1: Relation between the detection and the coefficient of friction p, for the two
cases of experiments with different VAs.

Uy < 0.85 Uy > 0.85

Detection No Yes No Yes

Number 0 42 12 30
VA 0-0.7

Percentage 0% 100 % 28 % 72 %

Number 2 1 2
VA 0-0.4 0 3 4 0

Percentage 22 % 78% 33% 67 %

From this table, the discussion about the VA of 0—0.7 um showed that if p, is
lower than 0.85, all stimuli are detectable by all the subjects, but if y, is higher than
this value, 28% of the subjects do cannot detect the stimuli. Regarding the second VA
of 0—0.4 um, the percentage of undetectable stimuli is about 22% when p, is lower
than 0.85, but this percentage increases to 33% when , is above 0.85. This result
indicates that the percentage of participants not detecting stimuli increases with the
coefficient of friction between their finger and the surface without excitation .

This result is very important for the tactile stimulation experiment because it can
explain the difference in perception between subjects. Moreover, the procedure for
adapting the perception to the subject can be the following: after identifying the
parameter 1, for a subject, solutions can be found to take into account the subject
finger properties and to adjust the VA depending on the subject. Figure 3.14 shows
that, for a VA of 0.7 um, if po is lower to 0.85, the stimulus is always detected.

3.3.5 Influence of the sliding velocity

In this section, the focus will move towards the dependence of the friction
contrast FC on the sliding velocity. Figure 3.15 illustrates the mean value of the
friction contrast FC of all subjects as a function of the sliding velocity (continuous line
for 5 mm/s and dashed line for 20 mm/s) and the transition of the VA from o to 0.7
or 0.4 um. It can be noticed that FC is higher when the velocity is lower (5 mm/s)
whatever VA is from 0 to 0.7 or 0.4 um. For example, when the VA is from 0 to
0.7 um, the friction contrast is 28% higher at 5 mm/s than at 20 mm/s. When, the VA
is from 0 to 0.4 um, the effect of the velocity is also present and the difference in FC
between the two sliding velocities is 16%.
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Figure 3.15: Variation of FC depending on the sliding velocity and on the transition of
VA from 0 to 0.7 um in grey colour and 0 to 0.4 um in white colour.

From the results above, the influence of the sliding velocity on the friction
contrast has been shown but the impact on the perception has to be studied. Table
3-2 illustrates the relation between the detection and the sliding velocity for the two
VAs. For VA from 0 to 0.7 um, the sliding velocity has no influence on the detection
of the friction change, whereas for VA from 0 to 0.4 pm, the detection is slightly
better with a low sliding velocity (78% of detected stimuli with 5 mm/s instead of 67%
with 20 mm/s). These results show sliding velocity has a greater influence on the
friction contrast than on the friction discrimination. Nevertheless, it can be
considered to be in good conditions to perceive fine changes in friction it is better to
touch with a low sliding velocity.

Table 3-2: Relation between the detection and the finger sliding velocity for the
two cases of experiments with different VAs.

Velocity 5 mm/s Velocity 20 mm/s

Detection No Yes No Yes

Numb 6 6 6 6
VA 0-0.7 umber 3 3

Percentage 14 % 86 % 14 % 86 %

Numb 1 28
VA 0-0.4 Urmber 7 33 4

Percentage 21 % 79% 33% 67 %
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3.4 Conclusion

In this chapter, the focus was put on the friction between the finger and the
surface of the tactile stimulator excited by different VAs. In the first experiment, the
friction threshold was determined as a function of the VA. The influence of the age on
the tactile threshold was highlighted but the influence of gender was not observed.

In the second experiment, two VA cases were used to evaluate the relation
between the tribological behaviour and the friction perceived discrimination: 0 to
0.4 um and o to 0.7 um. Statistical analysis derived from more than 20 volunteers
was undertaken to assess this relation in order to determine the criterion affecting
the perception of finger friction. This experience leads to the conclusion that the
friction contrast criterion (FC = 1 — y,/u,) based on the ratio between the reduced
and the initial coefficient of friction is the most discriminated criterion when
comparing the detected and undetected tactile stimuli. The dependence of the friction
contrast criterion on the initial coefficient of friction (u,) between the subjects’
fingers and the plate was also analysed and related to the stimulus detection. In fact,
when p, increases, the friction contrast decreases, and therefore the friction
discrimination also decreases. When the VA changes from 0 to 0.7 um, a subject with
an initial coefficient of friction lower than 0.85 could detect the transition of vibration
with FC more than 0.2. The dependence of this friction contrast criterion on the
sliding velocity is also highlighted. In fact, a low sliding velocity of 5 mm/s gives a
higher friction contrast than a sliding velocity of 20 mm/s leading to better friction
discrimination.

The identification of the most influencing criterion on the tactile perception is the
first and important step to improve the tactile stimulation. The FC criterion requires
the determination of the coefficient of friction between the user’s finger and the
surface. The classic solution to measure the friction consists in putting the tactile
device over a tribometer. This solution is complicated because it needs a real time
communication between the measurement tools and the tactile device and a complex
experimental set-up. Thus, it is not comfortable and cannot be moved from one place
to the other which makes the tactile device non-portable. In the next chapter, a new
design of the tactile device will be presented allowing a real time measurement of the
friction.
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4 Design and evaluation of a smart tactile
stimulator: SmartTac

4.1 Why a smart device?

In the second chapter, a closed loop control was operated on the tactile feedback
plate to eliminate the effect of the external disturbances on the vibration amplitude,
in particular the effect of the normal applied force and the influence of the external
temperature changes. The implemented closed loop control has ensured a stable level
of vibration which was validated using psychophysical experiment. In the previous
chapter, the tribological field between the vibration and the perception has been
investigated to better understand the physical principle of tactile feeling and to
develop the tactile stimulation process. It has been proven, using statistical analysis,
that the friction contrast, which depends on the friction reduction, is the most
affecting criterion for the perception of simulated surfaces. For this reason, studying
the effect of the friction reduction which depends on the user’s finger is highly
important to take into account the link between tribology and perception. .

If we want to investigate the tribological behaviour of the interaction between the
plate and the user’s finger, it is mandatory to use an external system to measure the
friction parameters. As it was used before, the coefficient of friction is defined using
the Coulomb’s law as the ratio between the lateral force and the normal force.
Usually, a tribometer is utilized to measure these forces. The idea of the present
chapter is to integrate the friction measurement in the tactile device in order first to
analyse the friction characteristics even during the tactile stimulation process, and
second, to be able to control directly the coefficient of friction which defines the
friction contrast for each user. Moreover, the device must keep its small size to be
transportable, and it must be robust against external disturbances and the finger user
characteristics.

4.2 Design of the SmartTac

4.2.1 Device particularity

The SmartTac is a developed version of the Stimtac stimulator and the large
version of Stimtac developed in the second chapter; it is actuated by piezoelectric
ceramics to make a plate vibrating at one of its ultrasonic resonant frequency. Eight
piezoceramics (four in each extremity) are glued under the active surface of the
aluminium plate; the stimulator is sized 76x41x1.2 mm3 (Figure 4-1a). The
“SmartTac” is a smart tactile stimulator because it integrates new sensors allowing a
real time measurement of the lateral force between the fingertip and the vibrating
plate during the exploration process.
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So, the common points between the large Stimtac and the SmartTac are the use of
the same principle of operation which is the ultrasonic vibration, the control of the
vibration amplitude by regulating the voltage and tracking the resonance frequency.
The differences between the two devices are the small size of the new stimulator,
because it will be used for the simulation of samples of fabrics, and the use of a
mechanical structure under the plate to enable the measurement in real time of the
coefficient of friction between the finger and the plate.

This additional mechanical structure is placed under the vibrating tactile plate
and can support the sensors. The challenge of this structure is that it must be
attached to the active vibrating tactile plate, placed under it, and in the same time,
slightly elastic to enable the measurement of the lateral forces using force sensors. In
order to measure this force, two strain gauge sensors (S1) and (S2) (FSS1500 from
Honeywell) are used, located in this deformable mechanical structure as indicated on
Figure 4-1b. S1 and S2 measure respectively the forces in x and y directions. After
calibration, the tangential force applied on the plate is obtained. The mechanical
structure is composed by a support frame (A), tightened by two screws to the top and
the bottom of the tactile plate, and elastically connected to a central part (C) attached
by two more screws to a solid aluminium base (D). This elasticity is allowed thanks to
six deformable slats (B) between (A) and (C) when the finger is sliding. The normal
force applied by the finger is measured from four other strain gauges located at the
vibration nodes (S3-S6). The coefficient of friction (COF) can be easily deduced
thanks to Coulomb’s law on each sampling period. To sum up, the “SmartTac” is the
unique device which combines a stimulator based on the friction reduction and a
tribometer.

(a) (b)
Figure 4-1: a): Photo of the SMARTTAC, b): Fabricated mechanical structure placed
under the active vibrating plate, able to measure, using two force sensors, the lateral
force applied by the fingertip when it explores the active surface of “SmartTac”
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4.2.2 Vibration amplitude control

The vibration amplitude control strategy used for the SmartTac is similar to the
one described in chapter 2. The aim of this paragraph is to give the results of the
control and to assess both its necessity and its accuracy.

The vibration amplitude is controlled mainly to maintain a stable level of
vibration against the external disturbances. As detailed in the second chapter, the
system is modelled after providing reasonable approximations with two first order
models in a d-q frame. Based on the identification of these transfer functions, two PI
controllers have been calculated. The first controller adjusts the voltage in order to
obtain a constant vibration amplitude (d axis), while the second controller is able to
control the parameter Aw to guarantee the excitation of the system at the resonance,
which maximizes the ratio vibration/voltage (q axis). The controllers are
implemented together at 1 kHz frequency real-time. The PI controller’s parameters
are chosen to ensure both dynamic performances and robustness. As an example
here, we have chosen to illustrate the robustness of the control law against the
temperature variation: as a mechanical system, the tactile stimulator is sensitive to
temperature variations which induce a shift of the resonant frequency. A variation of
the resonant frequency is a real problem in use if it is not taken into account. In fact,
the active surface is no longer excited at the resonance and the reduction of the
friction is not optimized. To check the robustness of our control law, the idea is to
supply voltage at an initial frequency which corresponds to the resonant frequency at
30°C (43250 Hz), although the real temperature during this experiment is about
20°C (that means a 0.3% higher resonant frequency). The closed loop should lead to
a tracking of the actual resonance (43390 Hz) in a minimum time and as a
consequence, the desired vibration amplitude will be obtained with less excitation
voltage. Figure 4-2 illustrates the fully controlled system behaviour with the two
loops, in amplitude and angular frequency (red curve). The second result (green
curve) corresponds to a second experiment for which the system is excited at the
resonant frequency 43250 Hz (30°C whereas we work at 20°C), and only the
vibration amplitude is controlled. The desired vibration amplitude for the two
experiments was 1 um peak to peak.
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Figure 4-2: Experimental comparison between vibration amplitude response of the
controlled system, and the response in the case of the double controlled system
against temperature variation and vibration amplitude damping.

In steady state, it can be observed that in both experiments, the vibration
amplitude is maintained constant (1 um). But, in transients, we can observe a
difference in the 5% response time of the system (5 ms in the vibration amplitude
controlled system against 2 ms for the system controlled in vibration amplitude and
frequency). To evaluate the importance of the double control in the energy
consumption, Figure 4-3 shows the excitation voltage required to reach 1 um of
vibration amplitude PtP.
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Figure 4-3: Experimental comparison between voltage of the controlled vibration
amplitude system, and the response in the case of the double controlled system
against temperature variation and vibration amplitude damping.
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In this figure, we can verify the voltage supply is higher when the system is not
operated at the resonance. The difference between the excitation voltages is about
30%, which indicates the importance of the two controllers when implemented in the
tactile stimulator.

4.3 Friction control

4.3.1 Problematic

A tribological measurement of the coefficient of friction “COF” with 5 subjects
(aged from 26 to 28, average of 27) for 5 controlled vibration amplitudes [0; 0.5; 1;
1.5; 2] um has been performed using the SmartTac. The initial coefficient of friction,
measured when the plate is not excited, has been measured for each user, thanks to
the measurement of the lateral and of the normal forces. Then, the same operation
has been performed for different values of vibration amplitude, leading to the
knowledge of y;, the reduced friction. It can be observed in Figure 4-4 that the
percentage of the ratio between the reduced friction p; and the initial COF p, is
highly variable, depending on each person and on the conditions of measurement
(the finger moisture for example increases the friction (Pasumarty et al., 2011;
Tomlinson et al., 2011b). The initial friction represents the friction between the finger
of the user and the surface when the vibration is switched off whereas the reduced
friction is the friction when the vibration is switched on at different levels from o to 2
um with steps of 0.5 um.
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Figure 4-4: The ratio between the reduced friction p, and the initial friction y, in %
depending on the vibration amplitude for five subjects plotted by colored points. The
mean of measurements of all subjects is plotted by a continuous red curve.

Figure 4-4 highlights the disparity of the friction reduction between users, even
for the same vibration amplitude. Yet, our aim is to propose a tactile stimulator able
to render accurately texture feelings whatever the touch conditions or the user’s
finger characteristics. So, we propose a direct control of the COF in order to
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standardise the friction reduction which may be provided by the tactile feedback
device. Using this smart stimulator called SmartTac, it is possible to measure the
lateral and the normal forces leading to a real time measurement of the instantaneous
coefficient of friction u = Ft/Fn between the finger and the surface of the plate. By
knowing the actual friction under the finger, an adjustment of the vibration
amplitude can be achieved to impose a desired friction in closed loop.

4.3.2 Control method

Because of the non-linearity between the vibration amplitude and the friction, a
non-linear function which highly depends on the user as shown in Figure 4-4, it was
not possible to implement a standard controller. So, we develop a controller based on
data measurements. The sliding mode control is applied due its capability to operate
with nonlinear systems (Shtessel et al., 2014). It is placed in a closed loop including
the previous vibration amplitude control (see Figure 4-6). The controller acts on the
vibration amplitude to control the coefficient of friction between the finger and the
plate. The reference of the controller is calculated from the actual p; and the desired
M, coefficients of friction following;:

ul - ulref

E = 100 * (4.1)

ulref
The controller task is to minimise the parameter E to impose the instantaneous

reference coefficient of friction p; o The variable delivered by the controller is the

parameter AW, it represents the value to add to the vibration amplitude W to reach
the friction reference. The developed controller operates following three cases; when
E < —25%, the controller’s output is — 1 um, if this ratio is up to 25%, the controller
output is 1 um. the last case is when the ratio is between -25% and 25%; in this case,
the controller evolves according to the equation W = 0.04 = E. The controller output
is limited by a saturation set at +£1 um to avoid a possible peak of vibration under the
finger. The constant 0.04 multiplied by the parameter E was chosen is order to find a
compromise between the minimisation of the response time and the reduction of the
chattering problem when the plate was controlled (Utkin and Lee, 2006). To sum up,
the controller output is the following:

1, if E>25
AW (E) = {0.04 + E, if —25<E <25 (4.2)
-1, if E<-25

The Figure 4-5 illustrates the controller output which is the vibration amplitude
W as a function of the friction ratio.
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Figure 4-5: Controller output acting on the vibration amplitude depending on the
friction error E

To sum up, the closed loop control structure is based on two nested loops. The
first one consists in controlling the vibration amplitude W using the controller Cy,
which acts on the voltage applied to actuators and on the frequency. The second one
is based on a direct control of the friction between the sliding finger and the plate.
The controller C, generates the vibration amplitude W,.r to ensure a desired
coefficient of friction p,..r = . Figure 4-6 illustrates the operated closed loop control
structure.

Disturbances
\ Hmei
Tactile %
Stimulator >
J

Figure 4-6: The proposed control structure aiming at controlling the friction coeff-
cient [,qr

4.3.3 Results of the coefficient of friction control

The control loop acting on the vibration amplitude ensures the accuracy of the
tactile stimulator itself on the point of view of physical variables, such as vibration
amplitude or energy consumption. However, the user has to be taken into account
also on a tribological aspect. In this section, the interest is to validate the friction
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control strategy and its capability to impose a reference value of the coefficient of
friction (COF) under the finger. The experiment consists in giving two references to
the controller depending on the finger position.
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Figure 4-7: An illustration of the two references given to the friction controller de-
pending on the user’s finger position, the difference between the two parts in coeffi-
cient of friction is 0.1.

The difference between the two references in COF is imposed to be 0.1 in order to
validate the controller dynamic behaviour. The references of the controller are given
for each half part of the plate as illustrated in Figure 4-7.

Four subjects were participating to this experiment, they were chosen depending
on their initial coefficient of friction in order to avoid the controller saturation.

The initial coefficient of friction for the four subjects, i.e. without any vibration, is
respectively between: 0.3 and 0.4, 0.4 and 0.5, 0.5 and 0.6; and 0.6 and 0.7. The COF
reference given to the controller depending on each subject is receptively: 0.2 to 0.3,
0.3 to 0.4, 0.4 to 0.5 and 0.5 to 0.6. With these values, we are sure to avoid the
saturation of the control so the response time will be meaningful. Figure 4-8
illustrates the controlled coefficient of friction between a finger and the plate for each
subject. The desired coefficient of friction is between the two values as explained in
the foregoing depending on the finger position. For each subject, the experiment is
repeated four times which are plotted with the average curve in Figure 4-8. This
figure illustrates the experimental results for all the subjects, the x label represents
the time in ms when the finger is sliding between the two parts of the plate. The
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representation of the friction as a function of time is useful to show the time after
which the response of friction reaches the desired value.

Subject 1 Subject 2 Subject 3 Subject 4
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Figure 4-8: Closed loop control of the coefficient of friction as a function of time for

the four subjects. The dotted curves illustrate at least four trials of touching the sur-

face and the black continuous curve represents the average of all four measurements
for each subject.

When comparing the mean curve of the controlled friction for the 4 subjects, we
may conclude that the control strategy is valid in steady state to reach the desired
final value of p. In transient state, there is a small difference when comparing the
controlled friction for subjects; Tab. 1 shows a comparison in the dynamic regime of
the rise time and the overshoot for each subject. We find that the rise time is equal
to 3.84 + 1.27 ms and the overshoot of 37.5 + 10.2 %.

Table 4-1: The difference between the rise time and the overshoot between the four
subjects.

Subject 1 Subject 2 Subject 3 Subject 4 Mean

Rise time (ms) 3.37 3.41 2.87 5.72 3.84

Overshoot (%) 27.6 44.4 48 30 37.5

Another experiment has been conducted to validate the robustness of the
proposed control strategy. The reference of coefficient of friction has been set from
0.3 to 0.2 with steps of 0.05. The Figure 4-9 illustrates the evolution of the controlled
coefficient of friction in response to the vibration amplitude W while the finger force
E, and the velocity of the finger were varying. Note that all these variables are
sampled at the frequency of the control loop which is 1 kHz.
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Figure 4-9: Robustness validation when controlling steps of the coefficient of friction
control even if the normal force and the velocity are variable.

It may be observed from this experimental result that even if the normal force or
the velocity change, which is usual in the natural exploration of the human finger,
W reacts to maintain the friction at a desired value. We observe also that the
controller output which is the vibration amplitude W begins to change when the
velocity exceeds a given threshold defined at 5 mm/s to avoid the noise in the friction
signal. From the instant 2.2 s, it can be shown that the friction was not maintained to
0.2 which is explained by the saturation of /.

To sum up, the dynamic and the robustness of the proposed control strategy were
validated in the new tactile stimulator by giving different levels of the desired
coefficient of frictions. It is interesting to note also that in the dynamic test, different
levels were given to each user, the difference between the given references is
explained by the difference between the users initial friction. For example, it was not
possible to impose 0.3 as friction COF value to a user which had an initial friction
about 0.8 because the saturation at 2.1 pm limits the device range of work. In this
case, the friction COF will be limited by the maximum reduction that can be imposed
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by the device when reaching the saturation. This limitation in W is necessary to avoid
the ungluing of the piezoelectric ceramics used as actuator to produce the ultrasonic
vibrations.

4.3.4 Friction contrast control

As demonstrated in the previous chapter, controlling the friction contrast is more
relevant than controlling other friction criterion. As the SmartTac is able to control
the coefficient of friction y, it is also possible to control the friction contrast because a
linear relationship links the two parameters as illustrated in (4.3).

b= po(1 = FC) 43)

To perform the control of the friction contrast, we must recalculate, from the FC
reference, the associated ... The control strategy to control the friction contrast on
the SmartTac is illustrated in Figure 4-10.

Disturbances
Hmes
Fe Tactile 1774
Ho(1 —F¢) Stimulator >
A
Ho

Figure 4-10: The operated control strategy to control the friction contrast between the
fingers’ users and the tactile plate. The reference FC is a function of the initial coeffi-
cient of friction p, which is supposed to be constant.

To check the accuracy of the FC control, experimental trials have been performed
following the structure depicted in Figure 4-10 and with one volunteer who is the
author of this thesis. The experiment has been repeated over 50 times consecutive
and a set of four significant curves have been extracted and presented in the figure
where the normal force and the velocity are in the same range. Two references in FC
are given to the friction controller, the first one is FC = 0 and the second one is
FC = 0.2. The first reference, FC is zero, means that the reference in coefficient of
friction p is equal to p,. The second reference means that the coefficient of friction p
is equal to 80% of the initial coefficient of friction. The difference between the direct
control of u and the control of the friction contrast is the need to determine p, the
initial coefficient of friction between the finger’s user and the plate without vibration.
This parameter must be measured before beginning the tactile stimulation. Then,
the y, must be injected in the equation (4.3) to impose the reference which gives the
targeted value of FC.Each of the two FC references 0 and 0.2 are imposed
respectively at the right and the left sides of the plate. The volunteer must slide his
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finger on the plate between the two parts, many parameters are recorded such as the
FC, the output of the controller, W expressed in um, and the normal force applied. As
mentioned previously, the initial coefficient of friction of the contact finger against
plate must be measured previously. This parameter was evaluated as p, = 0.55 after
at least ten friction tasks done by the volunteer.

The experimental results are illustrated in the Figure 4-11.
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Figure 4-11: Experimental results of the friction contrast control, the curves are plot-
ted as a function of time. The reference of the controller is FC = 0.2 when t < 50 ms
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and FC = 0 when t > 50 ms, it is plotted in continuous black line. The controller
output W, the normal force and the velocity are plotted respectively in (c), (d) and

(e).

Figure 4-11 illustrates respectively the coefficient of friction, the friction contrast,
the vibration amplitude response, which is the response of the controller, the normal
force applied by the volunteer and the velocity of the finger. The sliding time was
about 60 seconds and different cases of the friction contrast FC are plotted in this
figure. The four curves selected among all the trials we performed were chosen to be
in the same range of the normal force and velocities in order to compare them. The
reference of the FC was 0.2 which means 20% of friction reduction as the p, was
about 0.55; the right part of the plate was supposed to present p, = 0.55 and the left
part was imposed to present 1=0.44. It can be seen that in the left part of the plate,
the coefficient of friction is well adjusted to u=0.44. We can see also that FC = 0.2 in
the same part of the plate. However, it is not the accurate value of FC because it is still
calculated from the predetermined p, = 0.55. But, if we look at the right part of the
curve, we can notice that the initial coefficient of friction is changed in spite of the
constancy of the normal force and the velocity. If we use the actual value of p,, then
FC wouldn’t be equal to 0.2. The change of the initial coefficient of friction between
the three measurements can be explained by the skin hydration or the moisture
which increases the friction as discussed in (Gerhardt et al., 2008).

The non-stationarity of the initial coefficient of friction p,, even between two near
tests, is a real problem for the control of the friction contrast because if we suppose
that this parameter is constant, the reference of the controller W, is mistaken. To
cope with this problem, we could use a hydrophobic film to avoid the moisture
absorption of the touched film of the plate. The actual film we use is a PVC plastic
which is hydrophilic (Marshall, 1990). It was chosen as a compromise between
reducing the stick-slip effect of the finger and producing a maximum friction
reduction. However, such a change would affect all the results of the previous
chapter. The second solution is to reduce the moisture of the users’ fingers because it
is the most influencing parameter on the friction variation. So, we propose to use the
talc powder to reduce this non-stationarity and to have almost a constant evolution of
the initial coefficient of friction.

A tribological friction test was performed to compare the coefficient of friction
variability with and without using talc powder. The experiment consists in sliding the
finger one time from one edge to the opposite of the active surface of the stimulator at
rest (without any voltage supply). The user, who is the author, slides his finger on the
plate in one direction by trying to maintain its normal force and its velocity constant.
Each plotted point represents the average value of the coefficient of friction, sliding
velocity and normal force when the finger is sliding on the plate during one trial and
it is represented as the average of each cycle. The sliding task is repeated more than
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100 times to observe the variation of y, with and without the talc powder. The results
of this friction test are illustrated in Figure 4-12.
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Figure 4-12: Result of the friction test with and without the talc powder on the finger.
The normal force Fy and the finger velocity were in the same range for the two tests,
0.5 N < Fy < 0.7 N and the velocity was about Vel 80 mm/s. The coefficient of fric-
tion p was variable without the Talc and almost constant even if reduced as expected-
when using the talc powder.
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Figure 4-13: Evolution of the coefficient of friction u with and without talc powder,
the normal forces are in the same range. Four cycles of friction are selected to show
the difference between the two cases.
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The other parameters of the friction test which are the normal force and the
velocity were in the same range, 0.5 N < Fy < 0.7 N and the velocity was about 80
mm/s. It can be noted that the variability of the coefficient of friction pu was reduced
when using the talc powder. In the same time, the average value of p was also reduced
to more than 50% which can probably increase the perception as discussed in the
previous chapter. By plotting the normal force and the coefficient of friction as a
function of time, in Figure 4-13, it can be noted that when using the talc, the
coefficient of friction is almost constant during each cycle and from one cycle to the
other, which was not the case without talc. We can see that the presence of the talc
can cope with the issue of non-stationarity of y,. Netherless, the Figure 4-13 highlight
the presence of noise on the u curve with or without talc. This noise maybe an issue if
we want to simulate very fine textures with evolution of p in the range of this noise.

To go further in the analysis of the direct control of the friction, we can try to
quantify this noise. Moreover, we will compare the direct control of the coefficient of
friction to a constant reference p=0.2 with the control of the vibration amplitude to 1
um. The results of the two control strategies are illustrated in Figure 4-14:
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Figure 4-14: The controlled response of u and W for a constant desired reference.

In this figure, u and W are controlled to be closer to the desired values, but the
noise of the u control strategy is greater than the noise of the W control strategy. To
evaluate the error on the control, the mean absolute deviation of the two vectors
defined by the equation (4.4) can be analysed.

n
1 _
Mad == |x; - 7| (4.4)
i=1
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With n is the number of considered points, x; is either the pu or the W values, and
x is either the mean value of u or the mean value of W.

The result of the mean absolute deviation presented in percent gives +5.5% for
the control of u and +0.9% for the control of W. It may be noted that the +5.5% of the
noise is in the same order as the coefficient of friction evolution we want to control
for the real fine texture simulation that it will be shown in chapter 5. For this reason,
the direct method of the COF will need a further improvement to be operated in the
simulation of this kind of surfaces. In the following chapter, we will use the control of
W to simulate these surfaces.

4.4 Conclusion

In this chapter, we proposed a new high fidelity smart tactile stimulator called
“SmartTac”. The developed control method of controlling the vibration amplitude
and tracking the frequency proposed in the chapter 2, was also implemented in the
SmartTac device. The capability of this tactile stimulator to control in real time the
coefficient of friction was exposed, thanks to a particular sensor implementation in
the stimulator. Actually, the SmartTac is tactile feedback plate with an embedded
tribometer inside.

Tribological validation of the COF control was proved by repeated experiments
with four subjects showing a stable and desired level of friction with a low response
time of about 4 ms. After that, a first method to control the friction contrast has been
shown and a limitation of using the SmartTac appears, which is the variability of the
initial coefficient of friction. A solution to reduce this variability has been proposed
based on using talc powder. Nevertheless, even when using talc powder, another
issue appears with the direct control of the COF: due to the weakness of the control, a
high level of noise arises on the final value of p. So, a comparison between the two
control methods, the control of the vibration amplitude and the control of the friction
contrast, has been performed to evaluate the noise induced in the two methods. The
results give a very low error for the control in W against a non-negligible error for the
control of FC which makes this method not yet accurate when simulating fine
textures.
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5 Real surface simulation

In the previous chapters, the design and the improvement of a tactile stimulator
device have been performed in order to produce a tactile device able to simulate real
surfaces. The SmartTac has proven its capacity of adaptation to the temperature
change by tracking the resonance and to the user’s finger force influences. Regardless
of the finger characteristics, the stimulator is able to control the vibration amplitude
W or the coefficient of friction p. The control method based on the vibration
amplitude was selected to simulate textile fabrics. The purpose of this chapter is to
evaluate the capability of the SmartTac to simulate the sensation of touching real
fabrics.

Some previous works have evaluated techniques and algorithms to render real
textures using tactile devices (Bau et al., 2010), (Winter and Perriard, 2013), (Giraud
et al., 2010; Winfield et al., 2007). In (Kim et al., 2013), a tactile-rendering algorithm
to simulate 3D geometric features on transparent touch screen surfaces is presented.
The device is able to modulate the friction between the fingertip and the touch screen
surface using the Electrovibration principle. A psychophysical model is established to
relate the perceived friction force to the controlled voltage applied to the tactile
device. The average friction perception between the users determined by the model is
utilized to render the touch sensation of simulated textures. The reference signal to
simulate tactile patterns comes from a transformation of the 3D image to grayscale,
then to the applied voltage which has a linear relation between the grayscale and the
applied voltage. The latter is related to the level of the electrovibration which permits
the tactile stimulation.

In (Wiertlewski et al., 2011), an apparatus is made and used to simulate five
naturalistic textures made out of PVC plastic. It is based on modulating the lateral
force of the finger by deforming laterally the skin. This bidirectional apparatus is able
to be operated both as a sensor and or an actuator. When it is used as a sensor, the
real textures are placed on the measurement system and the finger position, the
normal applied force, and the lateral force measured by the transducer are recorded.
Then, the measured signal is filtered and implemented in the device to be operated by
the actuator, to render the sensation of real textures.

In (Ilkhani et al., 2014, p. 496—504) an electrostatic tactile display is utilized to
simulate three different materials classified depending on their roughness:
cardboard, plastic, and wood. The three selected materials in this study have uniform
roughness in all directions. An aluminium spherical tip with radius of 5 mm is
employed to collect the contact acceleration data when the tooltip is sliding on the
surfaces. The contact force is adjusted to 0.35 N and the velocity is about 74 mm/s to
standardize the measurement condition for all samples. The data signals extracted
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from the real materials are correlated to the voltage level of the electrovibration to
produce the tactile stimulation. Several psychophysical experiments are carried out in
order to evaluate the quality of the rendered real texture. The confusion matrices
used to rate the texture similarity of each virtual texture with the real surfaces gives
good results.

A related European project called HapTex (Magnenat-Thalmann et al., 2007) was
performed in 2004-2007 to address the drape simulation of textile fabrics. The
technique to produce the tactile stimulation is the actuation of a matrix of pins. Due
to the limited pin density of about one per mm2, it was not possible to simulate yarn
roughness, hairiness and pile of fabrics.

The present study, which strengthens the collaboration between the two
laboratories L2EP and LPMT, represents an attempt of texture rendering using an
ultrasonic friction control device (the SmartTac) for three types of fabrics, chosen for
their specificity: a velvet, a cotton twill and a polyester twill woven fabrics. The velvet
is a woven pile fabric and has different tactile feeling depending on the direction of
sliding. The cotton and the polyester twill fabrics are evenly distributed fabrics giving
the same touch feeling in the two directions but their period of the textures are
different; the type of material of these two fabrics is respectively natural and
synthetic.

The aim of this chapter is to validate the capability of the device to accurately
render fabrics touch feeling and to discriminate fabrics among each other. The
chapter will be organized as follows. In the first section the method to render textures
is described. The second section introduces the feature extraction of the fabrics
friction characteristics. After that, psychophysical experiment results will be
performed and analysed to compare the fabrics rendering methods. Finally, a
conclusion summarizes and evaluates the main results.

5.1 Texture rendering method

As we are focusing on friction modulation devices, the simulation of fabrics will
rely on the friction feature extraction we may perform from real fabrics. Then, the
aim of the tactile device will be to make the device able to reproduce this
characteristic and try to give the illusion of touching real fabrics. The principle of
texture rendering is illustrated on the Figure 5-1.
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Figure 5-1: Texture rendering principle based on the reproduction of the friction
characteristics of the fabrics. The measured signal is injected to the tactile device to
produce the simulated tactile virtual surface.

The friction characteristics of the real fabrics surfaces should be defined to be
measured and reproduced by the tactile device. As discussed in chapter 3, the friction
contrast is the most influencing parameter on the human finger perception. For this
reason, this variable will be used to characterize both the real and the simulated
textures. The friction contrast is defined by the equation (5.1). It is a function of x
which characterizes the finger position on the surface, with the assumption of
uniformity in the y direction.

n(x) (5.1)
Umax

The particularity of FC comparing to the coefficient of friction p, is that FC is

FC(x)=1-

normalized which makes it significant, less sensitive to the own user’s p. It may be
noted that it is not possible to recreate the measured COF because this parameter is
not only a characteristic of the surface, but it depends on the whole tribological
system and on the interaction between the user and the surface.

5.1.1 Friction contrast definitions

Consequently, the chosen controlled parameter is the friction contrast FC, that
must characterise the texture surface, to be then reproduced by the SmartTac. In this
study a set of three different fabrics is used and the aim is to simulate each fabric.

For this purpose, we define two different FC. The first one is called FCr_r which
characterises the friction between the real fabrics and the finger or the artificial
finger, that is a specific slider to imitate the finger mechanics. A discussion about the
characteristics of the slider will be performed in the section 5.2.2. The
second FC noted FCs_ is the controlled parameter to be implemented in the tactile
device and designates the reproduced friction contrast between the SmartTac and the
user’s finger. FCr_p is defined by:
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K fabric (x)
Hmax(fabrics)

The p qpyric is the coefficient of friction between the slider or the real finger and

FCrp(x)=1-— (5.2)

each real fabrics, Wpax(raprics) 1S defined as the maximum value of the coefficient of

friction between the slider or the real finger and the whole set of three fabrics, as
shown in Figure 5-2. FCs_p is defined by the following equation:

FCS_F(X) — 1 _ P-smarttac(x) (5.3)

Hmax(smarttac)

The parameter pg,qrteqc(%)is defined as the desired coefficient of friction
between the finger of the user and the SmartTac, wnax(smarttac) T€Presents the initial
coefficient of friction when the plate is not excited by ultrasonic vibration. This
parameter may also be called as p, and it depends on the user’s finger characteristics.

5.1.2 Fabrics-Finger friction contrast

The fabrics-finger friction contrast characterises the friction between the fabrics
and the finger or the artificial finger. As defined in equation (5.2), to determine
FCr_p, two friction parameters must be determined; W fqpric and Umax(raprics)- We
define the parameter W ¢4 as the coefficient of friction between the finger or the
artificial finger and the fabrics. This parameter depends on the slider position and
can be plotted as a function of the displacement X. Umax(fapricsy Tepresents the
maximum coefficient of friction of all fabrics. Indeed, our aim is to simulate the three
fabrics in order to evaluate the capability of discrimination of the tactile device, so the
scale of coefficient of friction must be defined once for the three fabrics. Umax(rabrics)
does not depend on the slider position. As prgprics is always less or equal than
Umax(fabrics)> then 0 < FCr_p < 1. Figure 5-2 shows an example of the coefficient of
friction profile (psqpric) as a function of the finger position for the three different
fabrics velvet fabric (VEL), cotton twill (SCOT) and polyester twill (SPET) woven
fabrics. The positive and negative values of p indicate both directions. The sliding
distance is 40 mm and the velocity is constant (20 mm/s) thanks to the linear stage
which moves the hand of the user as shown in the Chapter 3.
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Figure 5-2: Example of the coefficient of friction profile ¢4, Wwhen the user’ finger
is sliding against the three different fabrics.

In this figure, the maximum coefficient of friction Wmax(raprics) 1S defined as the
maximum value of the three fabrics and is about 0.81. The finger is sliding in the two
directions of fabrics. The FCr_r can be extracted from this curve following its
definition in (5.2), the Figure 5-10 illustrates the curve of the friction contrast
extracted from the coefficient of friction profile.

5.1.3 SmartTac-Finger friction contrast

The FCs_p represents the reproduced friction contrast between the user’s finger
and the SmartTac and must correspond to the FCr_r. In order to simulate accurately
the texture, the first idea is to impose FCs_p = FCr_r. However, FCs_p must be
adjusted to take into account the maximum friction reduction which may be provided
by the device. The friction contrast induced by the SmartTac is limited to 1 which
corresponds to Wgnaricac = 0. However, this cannot be practically possible using the
stimulator because the finger cannot reach a zero of friction value. In order to
determine the capacity of the stimulator to reduce the friction, an experimental
protocol was setup. Six volunteers (aged between 23-27 years) have participated in
this experiment. They were asked to explore the surface of the tactile feedback plate
by maintaining a normal force approximately around 0.5 N and an exploration
velocity of about 20 mm/s. The right half of the plate was excited in order to perform
a vibration amplitude varying from 0.5 to 2 um by steps of 0.5 um, whereas the left
part was not excited. By plotting the measured FCs;_ as a function of the vibration
amplitude (VA), we found, as expected, an increase of FCs;_r when VA increases. We
can conclude that the developed device can reduce the friction to approximately 60%
(FCs_p = 0.6) when exciting it at 2 um corresponding to the maximum vibration
amplitude we can perform with SmartTac.
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Figure 5-3: Friction contrast FCs_p as a function of the VA from o to 2 ym. The
boxplot illustrates the difference between the six individuals participating in this
tribological experiment (Ben Messaoud et al., 2015a).

In the Figure 5-3, we may note that there is an important variability of the friction
reduction between users. To take this diversity into consideration, the relation
between FCs_r and FCr_r must be found by determining the maximum possible level
of FCs_p for each user. The maximum level of FC;_r must be correlated to the
maximum value of FCpr_p as illustrated in Figure 5-4. The slope of the curve
determines the ratio between the two FCs. This relation between FCs_p and FCp_g
depends on the user’s finger.

FCr_r krc

0 0

Figure 5-4: The ratio between FCs_ and FCr_p is the parameter k. which must be
determined for each user.

5.1.4 Texture rendering strategy

After identifying the criterion to be extracted from the surfaces, we want to
simulate and input the variable to be applied to the stimulator. This section will be
focused on the texture rendering strategies that can be employed to simulate real
fabrics. In other words, our aim is to perform the best control structure able to
reproduce the right FCr_p. The strategies can be based on the direct method of
texture reproduction or on an alternative method.
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e The direct method is based on the relation between the two defined FC, and it
takes the diversity of users into consideration using all the capacities of the
SmartTac.

e The alternative method based on the control of the vibration amplitude, can be
also operated. Yet, this method does not take the difference between individuals
into consideration, but its response time is lower than the friction control method.

The direct method has two levels of control. The first level is the adaptation of the
device to the finger normal force influence and to the resonance shift by maintaining
W constant: this is the inner VA loop. The second level is the adaptation of the tactile
stimulator to the user’s finger characteristics when operating the closed loop control
of the coefficient of friction. As the SmartTac can modify the coefficient of friction, it
was required to add two blocs between the desired friction contrast (FCr_r) and the
desired coefficient of friction p,.r. The first bloc contains the adaptation constant

(kgc) to determine the FCs_p, while the second bloc is operated to relate FCs_y to the
control parameter of the SmartTac which is the p,..r. These two parameters are linked
by the relation p,,,, (1 — FCs_r) which depends on p,,,, between the surface of the
stimulator at rest and the user’s finger, which needs a measurement of the initial
coefficient of friction before doing the tactile stimulation. This maybe a weakness
point for this approach, accounting for the results of chapter 4 where we highlight the
non-stationarity of the COF. Figure 5-5 illustrates the bloc diagram of control.

FCF—F FCS—F
KFC I'Lmax(l_FCS,p)

A

Umax

Disturbances

Tactile
Stimulator

Figure 5-5: Bloc diagram of the control of the friction contrast FCs_p using the tactile
device.

The alternative method is introduced to cope with the non-stationarity issue
explained in chapter 3. Actually, this method will not use all the capacity of the
SmartTac as it will not take into consideration the diversity of users. This method is
based primarily on the direct control of the vibration amplitude W using the internal
loop which adjusts the voltage V to impose W. The advantage of this strategy is that
its response time to impose W is small and almost constant comparing to the
previous method (2 ms against to 4 ms). The bloc diagram of the W control method is
given in Figure 5-6.
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Figure 5-6: Bloc diagram of the vibration amplitude strategy to simulate fabrics.

In this control strategy, because it does not consider the finger friction behaviour,
the signal measured from the fabrics to be simulated is directly related to the desired
vibration amplitude which is the controller setpoint. Hence, a constant can be
determined depending on the capacity of the stimulator to generate W. As the
maximum amplitude that can be produced by the SmartTac is 2 uym and the other
part, FCp_p, _cannot exceed 1, the constant k’ will be determined to be equal to 2.

Wref =Kk'FCp_p (5.4)

5.1.5 Sum up of the control strategies

A comparison between the two strategies of control is illustrated in the Table 5-1:

Table 5-1: A comparison between the two control methods

Control of

Control of W

Acts on physical characteristics which
is the friction directly.

Uses all the capacity of SmartTac in
measurement and adaptation: normal
force, temperature and finger friction
force

Acts on a variable that can give differ-
ent sensations depending on the user.

Adaptation only on the user’s normal
force and the temperature change.

The response time is variable depend-
ing on the user between 3 and 5 ms.
The initial COF can change during the
experiment which makes false the
setpoint of the controller.

The control of u suffers from noise

The response time is almost constant
and about 2 ms for all users.

The signal reference in W is always
constant and cannot be affected by
any parameter.

The control of W suffers from less
noise than the control of u

As discussed in the chapter 4, the problems on the direct friction control method,
which are the non-stationarity of the initial coefficient of friction relative to time and
the noise in this method, makes it non useful when simulating the real fine fabrics.
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For these reasons, the second method of control focusing on the control of W will be
operated in the following to simulate the real fabrics. A further improvement of the
direct method could probably make it operated in order to use all the capacity of the
new tactile stimulator SmartTac.

5.2 Fabrics measurement

5.2.1 Characteristics of the fabrics

In order to evaluate the capabilities of the developed stimulator SmartTac, three
different fabrics are chosen which are: velvet fabric, cotton and polyester twill woven
fabrics. These fabrics have different characteristics which affect the user’s touch
perception. The velvet is a woven pile fabric in which the cut threads are evenly
distributed. It provides different sensations depending on the finger movement
direction, along or against its pile main direction. The two others fabrics have a
periodical texture similar to grooves and give a similar sensation in the two directions
of movement. The polyester twill woven fabric is smoother than the cotton twill
woven fabric because the spatial period of grooves is smaller. Another difference
between these two fabrics is that cotton has a standard hairiness contrary to the
polyester which has no hairiness. A sample of the three fabrics is illustrated in Figure

577
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Figure 5-7: A sample of the three chosen fabrics for tactile simulation, a) velvet fabric,
b) cotton twill and c) polyester twill woven fabrics with a zoom of each fabric on the
right.

5.2.2 Friction measurement

To determine the variable FCr_p, the friction between the fabrics and a human
finger or a specific slider must be measured. In both cases, this signal must contain
all the information related to the perception of the selected fabrics. At a first glance,
the use of a human finger interaction measurement may be seen more significant to
extract accurate features from the fabrics. However, it will be necessary to take into
account the variability introduced by the different users. On the other hand, the use
of a specific slider (or artificial finger) requires a wide study on the design of this
slider, in order to fulfil the physical characteristics of a real finger interaction. The
following paragraph shows the first step of fabrics characterization using both
approaches.

5.2.2.1 Fabrics characterization with a real and an artificial finger

Because the chosen strategy of command for SmartTac is the control of W, for
each simulated fabric, the signal will be unique and will not be changed depending on
the user’s finger or the slider. Using the tactile tribometer detailed in the chapter 3,
the coefficient of friction psqp.ic(x) between the users’ finger and each of the three

fabrics can be measured. It is compared with the friction signal obtained from an
artificial finger under the same fabric. The artificial finger is composed by a silicone
material covered by a textured film to imitate respectively the softness and the
fingerprints of the real finger. The apparent contact area of the slider is about 1.5
cm2, which is equivalent to the real finger surface when the pressure is 3 kPa (about
0.5N) (Breugnot, 2005). A comparison between different artificial fingers with
different materials and a real finger in a tribological point of view has been
investigated by (Camillieri and Buneo, 2015). This paper concludes that the artificial
finger made of silicone and covered by the textured film is the nearest to the human
finger when comparing to different slider materials, shape and texture. This frictional
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behaviour of the slider must be compared to real (human) fingers when doing a
friction test against textile fabrics.

s a‘

Figure 5-8: Photo of the artificial finger which imitates the finger friction characteris-
tics when it is in contact with the surface of the tactile display.

The velocity is adjusted at 20 mm/s for the real and artificial fingers and the
sliding distance is 40 mm for the real finger, 50 mm for the artificial finger. The
normal applied force is about 0.5N for both fingers. Figure 5-9 illustrates the
coefficient of friction measurement as a function of the displacement for four
subjects’ fingers and for the artificial finger, for the three investigated fabrics. When
the coefficient of friction p is positive, it represents the sliding in the direction from
left to right and when p is negative, the sliding direction is in the opposite direction
(from right to left).
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Figure 5-9: Coefficient of friction measurement profile as a function of the slider dis-
placement for four subjects and the artificial finger.

It may be observed that the shape of the friction curve is almost similar for the
subjects and the artificial finger. The evolution of this curve can be decomposed in
different parts containing a constant and a transition zones between the two
directions of motion. It can be shown also that the constant coefficient of friction
(COF) between the three fabrics is different. Actually, from higher towards lower
COF, we find that the velvet fabric against pile direction (from right to left), then we
find the opposite direction of the velvet, along pile (from left to right), after that
comes the measurement of the cotton twill woven fabric and finally the polyester twill
fabric woven fabric. We may notice also that there is no difference when sliding in the
two directions for the cotton and the polyester twill woven fabrics which is in
correlation with tactile perception. Nevertheless, a difference may be noticed between
the results given by the real and the artificial finger: the artificial finger gives a higher
COF for the velvet along pile, a higher maximum value and presents more noisy
curves. Another difference is also observed which is the transition time between the
two directions, this time is briefer for the artificial finger comparing to the real finger.
In fact, the joint stiffness of the artificial finger can be considered as infinite in
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contrary with a real finger, therefore the lateral displacement of the oscillating table
is equal to the artificial finger displacement but not to the real finger displacement.
As discussed in the beginning of the chapter, the parameter FCr_; characterizes the
fabric. As expressed in the equation (5.2), the extraction of FCr_r from the coefficient
of friction is done by subtracting the absolute value of the ratio between the
coefficient of friction and the maximum coefficient of friction from 1(Equation (5.2)).
The following figure illustrates the FCr_j for the subjects and the artificial finger in
the two directions for the three fabrics. The curves are plotted separately for each
slider, the first and the second directions correspond respectively to the along and
against pile direction for the velvet fabric, the same friction contrast behaviour is
observed between the two directions for the cotton and the polyester twill woven
fabrics.
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The artificial finger
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Figure 5-10: Friction contrast F Cr_y a function of the displacement for the four sub-
jects and the artificial finger. The two directions of displacement are plotted separate-
ly for each slider.

The shape of the FCr_; curve for the four subjects is almost the same. As for the
curves obtained from the artificial finger, they still present a high level of noise and
some differences compared to the ones from real fingers. The study with such an
artificial finger should deserve to be gone deeper: the interest of using a probe is to
avoid the long tests with users and to fulfil repeatability conditions. However, at this
level, a deeper investigation should be performed on the quality of the artificial
finger.

As a consequence, we chose to go on the study considering the real fingers’
measurements. To cope with the dispersion of the results, we decided to take the
average of the friction contrast signal measured for the four subjects.

In the case of velvet fabric, the curve is composed by a short time transition in the
beginning of each direction (along and against pile), and then a constant evolution
with a lower friction contrast in the along pile direction which is due to the smooth
sensation perceived in this direction (Bueno et al., 2014). Regarding the polyester and
the cotton twill woven fabrics, the evolution of the friction contrast can be estimated
to a constant line which is the average value between the subjects. The average is
calculated in the two directions because there is no difference between them. So, we
found FCr_r = 0.65 for the polyester twill and FCr_r = 0.58 for the cotton twill
woven fabric. The shape of the curves measured for the subjects is similar to the
Figure 5-11.
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Figure 5-11: The repeatable evolution of the shape of the friction contrast behaviour.

The characteristics of Figure 5-11 may be considered as a robust basis for global
texture simulation. However, these curves cannot accurately characterize the thin
textures of the surfaces. The impossibility to measure the fine texture of the surfaces
by sliding the users’ fingers on the textile fabrics is probably due to the measurement
system. A frequency domain analysis has been done on the FCy_; from the Figure
5-10 to identify the fine textures from the fabrics signals, this study concludes that
the small deviation of the friction contrast curves present in the figure does not
characterize the textures of the surfaces but it is just a noise. For that reason, we will
have to consider an improvement of the measurement tool to extract the information
involved in the fine details of the texture.

5.2.2.2 Fabrics characterization with a special probe

To be able to extract the fine texture signal from the surfaces, we operate a sharp
prismatic aluminium slider which has an apparent contact surface of 17x1 mm?2
(Figure 5-12) and do friction test against the three chosen textile fabrics.
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P 4

Figure 5-12: An illustration of the sharp prismatic aluminium slider operated in the
friction measurement on a textured surface.

The velocity is adjusted at 20 mm/s and the normal force is adjusted at 0.2 N.
The frequency spectrum of the measured coefficient of friction (COF) is plotted in the
Figure 5-13. The steady state region was cropped out by truncating the initial
transitory period of the recordings of each texture.

Single-Sided Amplitude Spectrum of COF(t)
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Figure 5-13: Frequency spectrum of the coefficient of friction with the pointed slider
against the three textile surfaces, the black, blue, green and red curves illustrate re-
spectively the polyester twill (SPET), the cotton twill (SCOT) and the velvet fabrics in
its two directions, along (VEL1) and against piles (VEL2).

These measurements give the frequency for the texture of each textile fabrics.
With the velocity 20 mm/s, we can link the temporal frequency to the spatial
frequency. We calculate surface periods per 20 mm (Figure 5-7) and deduce the
spatial frequency. The Table 5-2 illustrates the similarity between the measured
frequencies using either the pointed slider or by determining by observation the
spatial period of ribs (grooves) for the two twill woven fabrics and the spatial periods
of the pile tuft for the velvet fabric.
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Table 5-2: The similarity between the measured frequency obtained by measurement
from the sharp prismatic slider and by observation of the spatial periods of the inves-
tigated textile fabrics

Signal SCOT SPET VEL1 VEL2
Frequency determined by 22.5,
the FFT spectrum (Hz) 16.5 39-5 22.5 10.5, 6.5
Frequency determined the 6 6 o o
spatial period 3 4 4
Error of the frequency in % 3% 9% 7% 7%

From Table 5-2, it can be noted that the polyester and the cotton twill have a
unique frequency which corresponds to the number of ribs. Concerning the velvet
fabric, two different evolutions can be extracted from the frequency spectrum
depending on the motion direction: in the along pile direction, one frequency is found
which corresponds to the number of pile yarns whereas for the against pile direction,
by assuming as noise the frequencies less than 5 Hz, three frequencies can be
extracted, 22.5, 10.5 and 6.5 Hz. The first frequency is in accordance with the number
of yarns and the two other frequencies correspond to the fact of pushing the pile
which are going up in this direction. Low frequencies below 5 Hz, due to
heterogeneous pile have been previously observed in (Bueno et al., 1997). This
difference is well recognized when touching the velvet as the individual feels the pile
is homogeneous along its main direction and heterogeneous against its main
direction.

5.2.2.3 Complete tribological features extraction

Consequently, to perform the complete tribological features extraction, we
propose a multilevel signal extraction divided into two parts: the first level is what we
call the “shape” of the signal, defined as the average of the friction contrast of users.
The second level is the determination of the specific frequencies of the textures
extracted by the sharp prismatic probe measurements and eventually confirmed by
spatial period measurement. Following this approach, a modified friction contrast is
introduced:

FCp_p tor(x) = FCp_p sna(x)(1 + FCr_p tex(x)) (5.5)

With FC,,; is the total friction contrast to be reproduced, FCg,, is the friction contrast
of the shape of the signal and FC,., is the friction contrast due to the texture,
expressed as a sum of sinusoidal signals defined by an amplitude and a frequency.

i=N

FCrop rex(®) = AQD) * ) sin@ 7 f(i) %) (5.6)

i=1
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N is the number of the relevant frequencies f (i) in the spectrum (one for the
cotton, polyester and the velvet along pile direction, and three for the velvet against
pile direction). The only missing parameter to reconstitute the signal is the amplitude
of the texture noted A(i). This amplitude will be determined in percent in order to be
adapted to the signal shape. A psychophysical experiment has been performed to
determine the amplitude of each texture adapted for each individual.

5.3 Psychophysical validation

The goal of the psychophysical experiments is first to find the missing
information in order to constitute the haptic fabrics texture which is the amplitude of
FC sinusoidal part of the texture, and second, to evaluate whether or not the FC;,;
defined in (5.5) describe correctly the real fabric surfaces. So the signal FC;,; will be
implemented in the SmartTac, and it will be translated into a wave amplitude W
reference, as explained in the section 5.1.5.

5.3.1 Thin texture determination

The first part of the psychophysical experiments aims at determining the accurate
values of A(i) parameters of the equation (5.6) for each investigated fabric. Eleven
individuals have participated in this experiment, all right handed and between 22 and
28 years old. They gave their informed consent prior to the participation. The
experiment consists in implementing FCp_g;,; in the stimulator with FCp_g g,
determined for each fabric by the results obtained in 5.2.2, whereas FCr_p ¢, has an
adjusted variable level of the amplitude A. For the three surfaces successively, the
volunteers are asked to touch the simulated surfaces and compare them with the real
textures. They can increase or decrease the level of A which has been already
determined between 0% and 150% until they feel that the surfaces have similar touch
sensation. A simple graphical interface programmed by Visual Basic software is used
to change the level of A and to move from a texture to another, and from a trial to the
other. This experiment is repeated five times for each texture and in the two sliding
directions for the velvet (along and against the pile). The average value of the results
from five trials is calculated. In each trial, different initial values of A are introduced
to the subjects, which are [0, 25, 50, 75 and 100% of the maximum value]. The total
duration of the study is approximately 10 minutes to avoid the tactile fatigue.
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Figure 5-14: A volunteer during the experiment: he is touching the stimulator and can
compare his feeling with the real textures on his right.

The results obtained show that even if the initial condition of A changes
randomly, all the volunteers are able to find a repeatable amplitude value for each

texture and direction.
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Figure 5-15: The boxplot of the final values of A (percentage of the amplitude of tex-
ture) for each texture and each direction for the velvet fabric and for each subject. For
each boxplot, only the initial value of 4 is changed for each subject.
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Figure 5-15 illustrates, with a boxplot representation, the convergence of A for
each texture and each direction. In addition, the convergence of each user to a level of
A is comparable with other users which enables us to define the average value of 4 in
order to characterize the fabric textures. It is also clear that a difference between the
two directions of motion for the velvet is very distinguishable. The average value of A
along pile main direction, which is lower than the other direction, is 27%. Whereas
the amplitude against pile direction is A = 91%. As concerning the two other textures,
the cotton and polyester twill woven fabrics, the average of A is respectively 44% and

34%.

5.3.2 Validation of the simulated fabrics

The second part of the psychophysics experiments aims at evaluating the
developed approach to simulate the textile fabrics. More precisely, this experiment
aims at checking the capability of SmartTac to simulate different fabrics.

5.3.2.1 Experimental protocol

21 volunteers participated in this experiment. They were 15 males and 6 females
and aged between 22 and 57 years old with an average of 31 years old. Three of them
were familiar with tactile devices, and the majority of them had no idea about the
tactile stimulation and they touched the device for the first time. They were all right-
handed except two. They all gave their informed consent and did not report any
tactile deficit.

Each volunteer was asked to wash and dry his/her finger before starting the
experiment. The volunteers undertook a training session during which they were
taught how to touch the basic stimuli such as the unexcited stimulator, the maximum
level of stimulation and gratings with different levels of frequencies but not the
simulated surfaces. They were also asked to touch, with the index finger of their
dominant hand, the three real fabric surfaces in two directions and feel the
differences between them. Last they were asked to classify the surfaces according to
their level of “smoothness-roughness” by assigning values from o to 100 (the smaller
value corresponds to the “smoother” surface). It is obvious that the difference on a
touch point of view between the different fabrics is not only the roughness, but the
volunteers expressed their feeling with this descriptor.

The experimental protocol consists in simulating each surface 5 times to obtain 15
simulations for the three textile fabrics investigated. The simulated surfaces follow a
random order so that the volunteers’ ability to discriminate may be evaluated. For
each simulated surface, the volunteers are asked to tell which real fabric corresponds
most to the stimulus. They can freely touch the real surfaces to try to identify the
simulated one. The experimental protocol is almost similar to (Wiertlewski et al.,
2011) but the difference is that in our experiment, the simulated surfaces were not
presented to the volunteers before the experiment to avoid they memorize the touch
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sensation of the simulated fabrics. Actually, the volunteers try the simulated surfaces
for the first time during the experiment.

A graphical interface designed and programmed with the Visual Basic software
was employed to facilitate the interaction between the user and the computer (Figure
5-16). The experimenter wrote the initials of each volunteer and clicked on the ‘start’
button to start the first simulated surface trial. The volunteer touched the simulated
surface and compared it to the real surfaces to assign it to the surface that seemed to
him/her the closest to reality. The 15 trials were carried out in the same way with a
random order. In the end of the experiment, the volunteers’ answers were saved in a
separate file.
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Figure 5-16: The developed graphical interface operated to do the psychophysical ex-
periment.

5.3.2.2 Results and discussion

The training session on the touch of the real fabric surfaces before beginning the
experiment gave several interesting results. First, the classification of the surfaces
from the “smoothest” to the “roughest” one is: velvet fabric along pile direction
(VEL1), polyester twill fabric (SPET), cotton twill woven (SCOT) and finally, velvet
fabric against pile direction (VEL2). On the other hand, always from the training
session of the real fabrics it may be noted that:
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- All the volunteers detected the difference between the two pile directions of the
velvet.

- When comparing the VEL1 and the SPET, the majority of the volunteers (15/21)
detected that VEL1 is “smoother” than the SPET whereas a little minority (5/21)
detected the opposite situation and just one volunteer felt that both surfaces were
similar.

- 14/21 detected that the SCOT is “smoother” than the VEL2 and only one felt the
same sensation between the fabrics. However, just 6/21 found the opposite. i.e.
VEL2 is “smoother” than SCOT.

Now let us focus our attention on the second experiment. The overall results of
the discrimination experiments can be represented by the confusion matrices
illustrated in Figure 5-17. The answer rates are shown by a greyscale from no
correspondence between the simulated and the real surfaces represented in white to
the maximum correspondence represented in black colour.

It can be deduced that volunteers identified correctly the simulated surfaces. The
average of the correct answers for the velvet is 81% with a standard deviation of 21%,
78% of correct answers for the cotton with 23% of standard deviation and 75% for the
polyester with a 23% of standard deviation. From this figure, it can be noticed that a
small confusion appears between the velvet and the polyester when the volunteers
did not detect the difference in sensation between the two directions of motion
because the touch perception of the polyester is almost similar to the along pile
direction of the velvet. Another confusion is observed between the cotton and the
polyester twill woven fabric, which can be explained by the misperception of the
spatial period of each fabric.

Velvet

Real fabric
Cotton

Polyester

Velvet Cotton Polyester
Simulated fabric

Figure 5-17: Confusion matrices relating the simulated surface to the real one. The
greyscale represents the percentage of correct answers.
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To see the results of the experiment in more details, Figure 5-18 illustrates the
percentage of success for each subject.
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Figure 5-18: The percentage of the correct answers as a function of user for the three
textile fabrics.

The percentage of the answers by user can be analysed by the Table 5-3:

Table 5-3: Success rate of the texture matching

Success rate More than 3/5 More than 4/5 5/5
per subject (= 60%) (= 80%) (100%)
Velvet 20/21 13/21 11/21
Cotton twill 19/21 14/21 8/21
Polyester twill 17/21 13/21 7/21
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5.4 Conclusion

This study presents an experimental evaluation of the novel tactile stimulator
called SmartTac used to simulate real textures such as fabrics and investigates the
effect of the provided tactile stimuli on the users’ perceptions. For that aim, we use
the tribological parameter called friction contrast introduced in chapter 3. The use of
the friction contrast instead of the coefficient of friction is explained by the less
dependence of this parameter on the users’ fingers. Two control strategies have been
proposed to reproduce the friction contrast one based on the coefficient of friction
control, the other on the vibration amplitude control. Despite the advantage of the
method based on the coefficient of friction control which is the adaptation on the user
s’ fingers, this method presents some limits on precision and dynamics. So we used a
direct link between the friction contrast and the wave amplitude to perform our
experiments.

A multilevel approach for the surface characterization has been described, based
on the friction profile measured by a tribometer. The approach is divided into two
steps. Two types of “sliders” are used in each step; first, the real finger is used to
characterize the shape of the friction signal, and second a slider made of an
aluminium fine rigid tool is used to characterize the fine details of the surfaces. A
psychophysical experiment has been carried out to validate the capability of the
SmartTac to simulate a level of the texture amplitude which can simulate accurately
the real fabrics. After that, another psychophysical experiment has been done on 21
volunteers to evaluate the quality and the capability to simulate and discriminate the
fabrics. Three textile fabrics were chosen which are a velvet fabric, a cotton and a
polyester twill woven fabrics. This experiment gives satisfactory results with an
average of 78% of correct answers, which validates our approach.

The second approach using the direct control of the p coefficient has not been
experimented but it would be interesting to go on improving the control structure
and the device to compare the results we may obtain with new psychophysics
experiments.
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Conclusion and Perspectives

This thesis is focused on the simulation of the touch properties of textile fabrics.
This kind of surfaces is hard to simulate due to the difficulty to have a superficial
hairiness and/or the anisotropy of the surface during tactile task. In addition, a
difference can be felt between the two directions of motion for some types of fabrics
when sliding the finger on the surfaces.

From a tribological perspective, it can be noted that different factors can
influence this interaction between the finger and the surfaces such as the applied
normal force, the hydrophilic film composition, the relative humidity, temperature
and the sliding velocity.

Three important axes were developed to reach the objective of the thesis. The first
research axis was to improve the stimulator capability and its robustness on an
electrical and control point of view. The second research axis was, on the one hand, to
study the interaction between the fingers’ subjects and the tactile stimulator in term
of tactile threshold, while, on the other hand was to investigate the relation between
the finger tribological behaviour and the perception, i.e. the relation between the
reduced friction produced by the tactile display and the stimulus perceived by the
subjects. The third axis was to choose various textile fabrics and to extract the
accurate haptic signal from the surfaces to be simulated by operating a multilevel
extraction method.

Finally, the validation of the simulated surfaces was done using a psychophysical
experiment to evaluate the capability of the subjects to match the simulated surfaces
with the real ones. The success rate of the fabrics discrimination was between 75%
and 81% for the three surfaces.

Original contribution

The main contributions of this research work are gathered here:

e A new approach to control the wave amplitude of the vibration created for
tactile stimulation has been developed. To do that, a new modelling has been
developed analytically in a d-q frame. This modelling allows to control the
vibration amplitude and to track the resonant frequency and has been validated
experimentally in the useful range of work. The closed loop control results show
a high robustness of the control strategy against the disturbing factors. The
objective was to make the tactile feedback insensitive to external disturbances
such as the fingertip normal force and the temperature variation.

e A study of the influence of the vibration amplitude (VA) inducing the tactile
stimulation on the perception of stimuli. Thus, we conducted a psychophysical
experiment on 25 subjects to determine the friction threshold as a function of
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the VA. We found an average threshold of vibration amplitude equal to 0.7 um
peak to peak. We observed that the tactile threshold depends on the age of the
subjects and not influenced by their gender. In a second experiment, a statistical
analysis conducted on 21 subjects was undertaken to determine the criterion
affecting the perception of friction reduction on subjects. This experiment leads
to the conclusion that the friction contrast criterion (FC = 1 — p;/u,), based on
the ratio between the reduced and the initial friction, is the most discriminated
parameter when comparing the detected and undetected tactile stimulations.
The dependence of the friction contrast criterion on the initial coefficient of
friction p, was also analysed and related to the stimulus detection. In fact, when
Uo increases, the friction contrast decreases, and therefore the friction
discrimination also decreases.

A new high fidelity smart tactile stimulator called “SmartTac” has been
designed. The capability of this tactile stimulator to control in real time the
coefficient of friction (COF) in addition to the closed loop control of the VA was
described and performed thanks to the sensors implemented in the stimulator.
Tribological validation of the COF control was proved by repeated experiments
showing a stable and desired level of friction with a low response time of about 4
ms. After that, a first approach to control the friction contrast has been shown
and a limitation of using the SmartTac has appeared, which is the variability of
the initial coefficient of friction of the subjects. A solution to reduce this
variability has been proposed based on the talc powder and a comparison has
been done to evaluate its use.

An experimental validation of SmartTac by simulating real fabrics and
investigation of the effect of the perceived stimuli by the users. Two control
structures were summarized to reproduce the friction contrast between the
finger and the textures, but only one control strategy was used when simulating
the fabrics. The other method based on the control of the pu presented some
limits of the control precision which needs more improvement in the control
strategy. A multilevel approach to evaluate the surfaces has been shown based
on the friction profile measured with a tribometer.

Two types of sliders were used to characterize the fine details and to
characterize the shape of the friction signal. A psychophysical experiment was
carried out to validate the capability to find a level of the texture amplitude
which can simulate correctly the real fabrics. After that, another psychophysical
experiment was done on 21 volunteers to validate the simulated fabrics. Three
textile fabrics were chosen for their specificity: a pile fabric (velvet), a fabric
with a texture and a standard hairiness (cotton twill woven fabric) and a fabric
with a fine texture and without hairiness (polyester twill woven fabric). This
experiment gave satisfactory results with an average of 78% of correct answers
which validates the simulated surfaces strategy.
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Future work and perspectives

From the presented results, further improvement can be done at different levels:

The improvement of the control strategy of the SmartTac should be performed to
use all the capacity of the stimulator, in particular the capability to adapt the
simulated signals depending on the users’ fingers. The real time closed loop control of
the friction must be studied further in order to minimize the noise in the control and
to decrease the response time. After that, it should be verified if the real time control
can be better at a perceptual level.

The operated approach to extract the fabrics’ features based on the multilevel
extraction was applied to construct the haptic signals of the textures. This method
was validated by conducting a psychophysical experiment with a percentage of
success rates of 78% when matching the simulated surfaces to the real surfaces. It
may be necessary to have a repeatable measurement of the haptic signals of the
surfaces by working further in the improvement of the slider. The improvement can
be made on the design of the slider which must be closer to the friction characteristics
of a real finger, and at the same time able to detect the fine texture of the surfaces.
This development can provide an automated method to extract the essential features
of the surfaces for the use in an industrial process. Accordingly, a virtual textile
material library could be built without any need to experimental tests with a cohort of
users.

Coupling the tactile feedback with the visual display of the texture is also
envisaged to have a realistic simulation of the textile fabrics which allows
simultaneously touching and seeing the simulated surface.
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Appendix

A1 Control scheme of the inverter

In order to produce a three level signal using the inverter, we operate two PWM
(Pulse Width Modulation) signals. These signals are shifted by T/2 and their parame-
ters are tuned thanks to the timer of the DSP. If we want to vary the excitation fre-
quency, the maximum value of the timer of the DSP TIM,, must be tuned and if we
want to modify the duty cycle, we should tune the values of TIM; and TIM,. In this
configuration, we chose to use the same duty cycle for the two signals. Then, the three
level signal is constructed by subtracting the channel 1 from channel 2. This operated
method to generate the sinusoidal voltage is utilized also to synchronize the meas-
urement of the vibration vector at four defined instants of the voltage, [0, T/4, T/2,
3T/4] which are helpful to make the system modelling easier by making V; = 0.
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Figure A.1: The used method to create a three level PWM signal by the mean of two
PWM signals with the same duty cycle and shifted by T/2. The sinusoidal voltage to
be applied to the piezoceramics is filtered using a RL filter.
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A2 Measurement instants

The excitation voltage for the piezoelectric actuator, comes from the three level
signal generated in the output of the inverter then filtered and amplified. This sinus-
oidal signal V is phase shifted comparing to the three level signal due to the electrical
components in the inverter structure. This phase shift is constant and can be com-
pensated using a rotation matrix. On a practical point of view, the tracking of the res-
onant frequency is performed with two steps. The first one is to look for the trans-
formation matrix which allows the definition of V;, V, and the adjustment of V; = o.
This can be done by a primarily measurement offline at the resonance of W vector.
This vector is first decomposed in W, and W, considering as a reference axis the three
level signal of the inverter. In that case, even if we are at the resonance W, is nonzero.
But from this vector W, it is possible to define the transformation matrix which al-
lows to recover the W in the new frame with W, = 0. Once this transformation is de-
fined, it is applied online on the measured W vector to determine the online values of
W4 and W, and the algorithm aims at minimizing the W, value by tuning the frequen-

cy.

After aligning the vector V on the q axis, the voltage vector is become in phase
with the three level signal. The resonance is reached when the phase shift between W
and V is /2. The resonance is detected by the measuring the values of the vector W
in 4 instant [0, T/4, T/2, T/4]. Then the real and imaginary parts of the vector W (W,
and W,) are determined from a and b.
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Figure A.2: The defined way to measure the real and imaginary parts of the vector W
after aligning the voltage applied to the ceramics vector to the three level PWM sig-
nal.
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