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Abstract

The omnipresence of electronic devices in our everyday life goes together with a trend that

makes us always more immersed during their utilization. By immersion, we mean that during

the development of a new product, it is more and more required to stimulate several senses of

the user so as to make the product more attractive. The sense of touch does not escape the rule

and is more and more considered. Definitely democratized by its integration in smartphones

with touchscreens, the haptic feedback allows enhancing the human-machine interactions in

many ways. For instance by improving the comfort of use of a button through the modification

of its force feedback. It can also offer an interactive experience during the manipulation of

digital information and even improve the communication, particularly through the internet

and for blind people, with the introduction of non-verbal signals.

For these reasons, the present thesis focuses on the conception of multi-finger haptic de-

vices, a new kind of peripherals integrating multiple actuators and capable of providing a

fully programmable force feedback to the user's fingers. A global methodology is presented,

outlining the different constituents necessary for their conception: actuator, sensor, control,

communication and software user interface. Then, generic tools corresponding to the two

first elements are presented.

An accurate modeling of miniature electromagnetic short-stroke actuators is made possible

thanks to the combination of 3D finite element modeling (FEM) and design of experiments

(DOE). The non-usual behavior of magnetic flux lines in miniature actuators with relatively

large airgaps imposes to avoid simplified analytical models and to use the reliable results of

finite elements. The long computation times required by 3D FEM are balanced by the use of

selective DOE making the modeling methodology easily adaptable, rapid and accurate. The

parametrical model of the force provided by the modeling methodology is then integrated in a

full parametrical setup allowing for the optimization of the actuator force using a conventional

algorithm. The advantage of the parametrical optimization is that complementary non-linear

constraints such as weight and temperature can be added, making the model multi-physic.

Then, several original position measurement techniques using existing sensors are developed

including a low-cost custom single-photointerrupter sensor allowing for direction discrimi-

nation for fast-prototyping and a hybrid sensing method using tiny Hall sensors and taking

advantage of the leaks of the main actuator magnet. Two innovative self-sensing methods are

then presented, allowing for the measurement of the mover position of linear short-stroke
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actuators. The first solution estimates the position of the coil by measuring the acceleration

through the back emf. However in this case, a constant acceleration is required, which strongly

restrains the application scope. The second solution allows for a real-time measurement of

the position thanks to a passive oscillating RLC circuit influenced by the variation of the coil

impedance. All the solutions presented are low-cost, compact and require few computation

resources.

Finally, in order to illustrate the methodology proposed along the thesis, several prototypes

are fabricated, giving an overview of the possibilities offered by multi-finger haptic devices.

A haptic numeric pad is notably used in an experiment made in collaboration with the Uni-

versity Service of Child and Adolescent Psychiatry in Lausanne with the aim of improving the

impaired emotional processing of psychotic adolescents. Moreover, the successful identifica-

tion of several touch sensations on the same haptic pad lays the first stones of a new tactile

language.

Keywords: Multi-finger haptic devices, force feedback, design of experiments, 3D finite el-

ement modeling, miniature short-stroke actuators, position detection, self-sensing, tactile

language, emotional processing, human hand physiology.
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Résumé

L’engouement actuel pour les appareils électroniques en tout genre s’accompagne d’une

tendance à l’immersion des utilisateurs. En effet, de plus en plus de produits tentent d’intégrer

des fonctionnalités stimulant plusieurs de nos sens afin de les rendre plus attractifs. Bien

évidemment, le sens du toucher n’échappe pas à la règle. Définitivement démocratisé grâce à

son intégration dans les téléphones à écran tactile, le retour haptique permet d’améliorer les

interactions homme-machine de nombreuses manières. Il permet par exemple d’augmenter

le confort de frappe en modifiant le retour de force généré par un bouton-poussoir. Il ouvre

également la voie vers une expérience interactive lors de la manipulation d’informations

digitales ainsi qu’à l’enrichissement de la communication, notamment à travers internet et

pour les personnes aveugles, grâce à l’introduction de nouveaux langages non-verbaux.

Pour les raisons mentionnées, cette thèse se concentre sur la conception de systèmes hap-

tiques multi-digitaux, un nouveau genre de périphériques intégrant de multiples actionneurs

et capable de fournir un retour de force entièrement programmable aux doigts de l’utilisateur.

Une méthodologie globale est présentée, mettant en avant les différents constituants néces-

saires à leur conception, à savoir actionneur, capteur, contrôle, communication et interface

utilisateur. Puis, des outils génériques correspondant à ces deux premiers éléments sont déve-

loppés.

La modélisation d’actionneurs électromagnétiques miniatures à faible course est rendue

possible grâce à la combinaison de modélisation à éléments finis 3D (MEF) et des plans

d’expériences. Le comportement non-conventionnel des lignes de champ magnétique, carac-

téristique des actionneurs miniatures possédant de relativement grands entrefers, empêche

l’utilisation de modèles analytiques simplifiés au profit des résultats fiables des éléments

finis. Les longs temps de calcul propres aux simulations 3D sont compensés par l’utilisation

de plans d’expériences sélectifs rendant la méthodologie facilement adaptable, rapide et

précise. Quant au modèle paramétrique de la force généré par la méthode de modélisation,

il est ensuite intégré dans un programme général englobant toutes les étapes, y compris

l’optimisation de la force de l’actionneur à l’aide d’un algorithme conventionnel. L’avantage

de l’optimisation paramétrique est qu’elle permet d’y inclure des contraintes non-linéaires

additionnelles (poids, température, etc. . . ), afin de devenir multi-physique.

Par la suite, plusieurs techniques originales de mesure de la position utilisant des capteurs

existants sont développées, incluant un capteur optique pour le prototypage rapide à photo-
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interrupteur unique permettant de distinguer le sens de déplacement ainsi qu’une méthode

de détection hybride utilisant les fuites magnétiques de l’aimant principal de l’actionneur.

Deux méthodes de détection de la position sans capteur sont ensuite présentées pour des

actionneurs linéaires à faible course. La première solution permet l’interpolation de la position

en mesurant l’accélération à travers la tension induite de mouvement. Cependant, cette mé-

thode nécessite une accélération constante, ce qui limite fortement le champ d’application. La

seconde solution permet une mesure en temps réel grâce à un circuit RLC oscillant influencé

par la variation de l’impédance de la bobine avec la position. Toutes les solutions dévelop-

pées dans cette section sont compactes, bon marché et nécessitent peu de ressources de calcul.

Finalement, afin d’illustrer la méthodologie présentée tout au long de la thèse, plusieurs

prototypes ont été fabriqués, donnant un aperçu des possibilités offertes par les systèmes

haptiques multi-digitaux. Un pad numérique haptique est notamment utilisé par la suite

dans une expérience en collaboration avec le Service Universitaire de Psychiatrie de l’Enfant

et de l’Adolescent de Lausanne avec l’objectif d’améliorer le traitement émotionnel altéré

d’adolescents psychotiques. De plus, le succès rencontré lors de l’identification d’une série de

sensations tactiles sur le même pad numérique pose les bases d’un nouveau langage tactile.

Mots-clés : Systèmes haptiques multi-digitaux, retour de force, plans d’expériences, modélisa-

tion éléments finis 3D, actionneurs miniatures à faible course, détection de la position sans

capteur, langage tactile, traitement de l’émotion, physiologie de la main humaine.
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1
Introduction

The relation between man and machine saw a spectacular evolution throughout the ages. The

technology greatly contributed to this evolution towards what we can call a full usage of the

human sensory apparatus. It started with hearing and the appearance of novel sound storage

methods in the 18th century. Vision then, with the beginning of image projection with the

Lumière brothers and the first televisions in the end of the following century and finally touch,

with the first electrically actuated teleoperator to remotely handle radioactive substances in the

1950s. Naturally, all these domains have undergone important technological improvements

to reach the current level of applications that have become a part of our everyday life. The

present thesis continues this way and particularly focuses on the sense of touch, commonly

related to as haptics.

The word haptics comes from the Greek haptein, "to touch". It was first used in the world

of art by A. Riegel in Austria and then by G. Deleuze in France who described the art as a

progression between haptics and optics, from the touch sensation of the painter to the single

visual sense of the viewer [1]. Deleuze notably inspired numerous researchers in the United

States who started the virtual reality movement. From that point, the importance given to

the sense of touch has been growing in different domains: from the simple game controller

to professional environments such as surgery, virtual reality and robotics. Force feedback

devices slowly appeared to be useful even in the daily life.

More and more, the human being is confronted to the digital world and uses one electronic

device after the other. It begins with an electric toothbrush in the morning, an mp3 player

on the way to work, a computer here, a tablet there. A short call to your friend who, while
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Chapter 1. Introduction

driving his car, presses on the central console to answer the phone and mute the sound of

the radio. Once back home, the kids are playing video games and after cooking dinner in

your brand-new kitchen, you fall on the couch and manipulate the TV remote control before

going to bed, your alarm clock on the bedside table, ready to wake you up the next morning.

Nowadays, it becomes obviously difficult to voluntarily avoid using electronic devices. All

those mentioned in the typical day presented above however require a human-machine

interaction. The buttons, generally used to communicate with the device, can have various

shapes and functionalities and the sensation they provide to the user gains in importance.

Man-machine interactions assume two main features. On one hand is the haptic sensation

itself. Indeed, more and more efforts are put to improve the comfort provided by the interfaces

in response to actions of the user's fingers. On the other hand, the interface can be aimed

to convey physical information to the user. It can be done either by acknowledging a hit or

by communicating information through the sense of touch, using for instance new haptic

languages, enlarging thus the richness of information. The communication through the

internet, for example, suffers from a lack of content usually attribute to non-verbal signals.

In response to the current concerns regarding the relation between the electronic devices

and the humans, the present thesis aims to propose a methodology for the development of

multi-finger haptic devices. Under the form of peripherals integrating networks of actuators,

these devices will offer the possibility to the user to freely adapt the force feedback to his needs

for various tasks involving the use of up to his ten fingers.

The following work addresses all the steps towards the elaboration of multi-finger haptic

devices and starts with a large introduction to the sense of touch in order to have a better

comprehension of the fantastic sensory-motor apparatus that is the human hand. An overview

of the current state of research is then presented and the elements motivating the present

thesis are exposed.

In a second block, the proper methodology for the conception of multi-finger haptic devices is

studied. Chapter 3 first outlines the problem by describing the key components constituting

a multi-finger haptic device. From there, focus is put on two main components essential to

the generation of a reliable haptic feedback, namely the actuators and the sensors. For both

of them, generic tools are provided, offering the possibility for future developers to use them

for different kinds of multi-finger haptic applications. Chapter 4 proposes a novel method-

ology specifically designed for the modeling and optimization of miniature electromagnetic

short-stroke actuators requiring a precise modeling of three-dimensional flux paths and mate-

rial characteristics. A full parametrical optimization setup using the design of experiments

combined with 3D finite element modeling is implemented and validated with several configu-

rations of actuators. Then, in order to be able to accurately control different kinds of miniature

short-stroke actuators, chapter 5 presents a panel of innovative solutions to measure their

position. Taking advantage of existing sensors or tailor-made self-sensing techniques, the

solutions developed offer low-cost and compact alternatives, easily embeddable in networks
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of miniature actuators.

In order to illustrate the global methodology for multi-finger haptic devices, chapter 6 presents

two applications developed and manufactured within the framework of the thesis. The Haptic

Keyboard is a force feedback computer keyboard integrating 64 fully programmable actuators

allowing the user to enhance his typing experience by finely defining the force feedback

generated by each key in response to his strokes. Besides that, a VibKey Pad integrating four

vibrotactile buttons is developed. The main role of this small remote control is to improve the

touch feeling provided by tactile buttons. Indeed, the lack of physical acknowledgement of

most devices with tactile buttons can be an issue, which is solved by the addition of a haptic

feedback integrated in the form of a vibration.

Finally, in order to enlarge the scope of multi-finger haptic applications, a pilot study is run

in collaboration with the University Service of Child and Adolescent Psychiatry in Lausanne,

with the aim of improving the perception of emotions of psychotic adolescents with the

help of tactile information. Using the Haptic Pad, a smaller version of the Haptic Keyboard

integrating 16 keys, the identification of various touch sensations by a sample of healthy

subjects is studied, laying the first stones for a novel haptic language. Then, these results are

used to influence the recognition of emotions on human faces, a common weakness affecting

psychotic adolescents.
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The sense of touch
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The scientific community and beyond agree to say that from a sensory-motor point of view,

the human being is a fantastic machine. Endowed of five complementary senses, namely

hearing, sight, smell, taste and touch, the human body is able to perceive and interact with its
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environment in a manner that we do not even notice it. The present work focuses on the most

spread out of all which covers the whole body from head to toe: the sense of touch.

Broadly speaking, touch is usually referred to as somesthesis, which is the faculty of body

perception including various sensory systems like skin, tendons, joints, viscera, etc. . . [2]. Not

all body parts are equal regarding their density in nerve endings and motor skills; the hands,

and the fingers particularly, are among the most elaborated parts. Figure 2.1 (a) shows the

size of each body part, scaled relatively to the amount of cortex dedicated to it, either from

the sensory or motor point of view. Despite its actual size, the hand represents an important

feature on both sides. Not surprisingly, it becomes a major part of a distorted representation

of the human body relatively to its sensory functions called the Penfield homunculus (Figure

2.1 (b)) from the name of an American neurosurgeon who mapped the sensory-motor areas of

the human brain [3].

(a) Diagram showing the location of regions of the human cortex cor-
responding to the respective afferent/efferent nerve region of the
body. Left: sensor cortex. Right: motor cortex [4]

(b) Sensory homunculus

Figure 2.1 – Penfield Homunculus

In the present chapter, attention is given to the nature and role of the touch perception in

human hands and fingers. After a brief enumeration of the functionalities attributed to the

sense of touch, a detailed analysis of the global somesthetic system is provided bringing

three sub-categories into light, namely cutaneous, kinesthetic and thermal. In order to have

a sufficient comprehension of the mechanisms in play, physiological aspects of the hand

are presented, linking both mechanical and nervous systems. We then outline interactions

that touch might have with other senses before considering how it can enter our daily life

with various applications and developments in a non-exhaustive state of the art. Finally, the

elements that motivated the present work on multi-finger haptic devices will be exposed.

2.1 Touch sense tasks and sensitivities

Touch can be used in various ways depending on the task to be executed and the properties to

be extracted from an object. The present section, without going into detail, gives an overview
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of the different touch procedures developed by the human body and the information resulting

from these procedures.

A first distinction appears between active and passive touch. As stated by Gibson [5], being

passively touched by an object, focuses the subject on his own body sensation whereas an

active exploration provides information about the environment itself. Within the active touch

category, a second distinction comes with the way an object is touched depending on the

property aimed to be identified. Six main exploratory procedures are proposed by Lederman

and Klatzky [6] allowing the subject to determine the shape, softness, temperature, texture,

volume or weight of an object (Figure 2.2).

Figure 2.2 – Exploratory procedures and associated object properties adapted from [6]

In order to efficiently gather the above-cited properties from the environment, the somesthetic

system is split in four sensibilities, each responding to specific stimuli. These four categories

of touch can be summarized as follows:

• The kinesthetic sense is related to joints, muscles and tendons. The information trans-

mitted is essentially proprioceptive, meaning that it informs the person about his own

mechanical state. Forces acting on the joints are taken into account as well.

• The tactile or cutaneous sense allows us to perceive textures and surfaces roughness. It

also plays a role in shape and orientation identification during exploration phases and

is sensitive to vibrations.

• The thermal sense allows not only sensing the apparent temperature of an object, but

also the nature of this object (e.g. metal is "colder" than wood due to a better heat

conduction).
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• The nociception monitors the pain which can be cutaneous, muscular or articular and

eventually has a function of alarm that can trigger reflexes.

In order to get a better comprehension on the manner with which the human body monitors

and interprets the characteristics of an object, it seems important to explain the inner behavior

of the human touch tools, especially the hand and fingers. The next section thus proposes

an introduction to the hand physiology, bringing its mechanical and sensory constitution to

light. It will help the reader to understand how information is gathered by a person to finally

provide an intelligible feeling. The following overview results from several readings to which

the reader is encouraged to refer for further information [7–9].

2.2 Human hand physiology

The human hand is the sensory-motor limb by excellence. The great number of mechanical

degrees of freedom associated to the innumerable nerve endings make it one of the most

sophisticated mechatronic systems on earth. Despite its complexity, the motor part of the

hand is composed of three main elements namely bones or phalanges, tendons and muscles.

The muscles, located either in the hand itself or in the forearm, drive the joints movements

through tendons (Figure 2.3).

Figure 2.3 – Contractions of muscles whether in the forearm (a) or in the hand (c) pull on the
tendons (b,d), themselves attached to the phalanges (e) [7]

This complex mechanics would be of no use without a dense network of sensors and a central-

ized control. The sensors are nothing else than nerve endings differentiable by their roles. On

one hand are the mechanoreceptors, responsible for measuring the stretching, vibration or

pressure applied to the hand. They are located whether in the skin and tissues, serving the

cutaneous sense, or directly associated to joints and muscles, serving the kinesthetic sense.

On the other hand, one find free nerve endings distributed throughout the skin and locomotor

apparatus. Called either thermoreceptors or nociceptors, these sensors allow for the detection
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Figure 2.4 – Schematic drawing of mechanoreceptors in the skin and muscles of the hand [7]

of changes in temperature and pain respectively [10].

2.2.1 Mechanoreceptors

In his book [7], Grunwald lists six kinds of mechanoreceptors presented in Figure 2.4. Both

Ruffini and Vater-Pacini corpuscles are located nearby joints, in the connective tissue forming

the joint capsule as well as between the skin and the fibrous membrane surrounding the

muscle. The former, composed of one or several cylinders (0.2-0.3 mm long) oriented in

different directions, present a high sensitivity to the stretching of the fibers composing them.

The latter, also called Pacinian corpuscles, are slightly bigger (up to 1 mm diameter) and

respond to vibration stimuli.

The muscle spindles (2-10 x 0.2 mm), as indicated by their name, find themselves in the

muscles and deform with the latter, giving information about the change in length. Then, at

the interface between skeletal muscles and tendons lay the Golgi tendon organs (up to 1.6 x

0.1 mm, not visible in Figure 2.4). They monitor the tension developed by the muscle and are

capable of triggering protective reflexes. These two mechanoreceptors are dedicated to the

locomotion apparatus.

Merkel cells and Meissner corpuscles belong to the cutaneous mechanoreceptors. The former

are located close to the surface, in the epithelium, and the latter lay in the dermis, but very

close to the epidermis. Both are sensitive to small indentations of the skin but differ in the

rapidity of their response. Finally, Ruffini corpuscles, similar to those found nearby joints

complete the set of cutaneous receptors.

When a mechanoreceptor detects a stress or a vibration, it creates an electric potential that
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has to be encoded and transmitted to the central nervous system. This operation is performed

using a propagation of action potentials, similar to a train of pulses [11]. The electric impulse

starts from the receptor, goes through the primary afferent axon to the spinal cord and ter-

minates in the brain where signals are centralized and computed. The complex encoding

of the information necessitates the introduction of a higher level characterization of the sys-

tem: the tactile units. Also called mechanoreceptive units, their function is to assess directly

the relation between impulse discharges and perceptive experiences [12]. A tactile unit can

be summarized as a nervous fiber innervating the glabrous skin (hairless skin) carrying the

electrical information and whose end-organ is a mechanoreceptor.

2.2.2 From nerve endings to the central nervous system: the tactile units

In order to understand how information is encoded, Vallbo and Hagbarth [13] developed

a technique to measure the discharges of single mechanoreceptive units by sticking a tiny

tungsten electrode in the median nerve just above the elbow. At that time, they managed

to measure neural impulses of 40 μV of amplitude in response to mechanical stimuli on

awake human subjects. The study resulted in numerous papers explaining how information is

encoded [11–15]. The result is a classification of the tactile units in four categories: FA I, FA

II, SA I and SA II depending on their adaptation rapidity (fast or slow) and spatial resolution

(small or large). Fast adapting units are highly reactive and more dedicated to dynamic phases.

On the contrary, slow adapting units are more likely to respond during steady state phases

[11]. Types I and II are related to the size of the receptive field; confined to a small region for I

or larger and less defined for II. The function of each type during touch operations is detailed

in [12].

• FA I: fast adapting with small receptive fields. Formerly RA for rapidly adapting.

• FA II: fast adapting with large receptive fields. Formerly PC for Pacinian corpuscle.

• SA I: slow adapting with small receptive fields.

• SA II: slow adapting with large receptive fields.

Figure 2.5 shows the typical response of the four types of tactile unit during skin indentations.

The tactile units with small receptive fields, FA I and SA I, are more reactive when touched by a

sharp object, making them ideal for a detailed spatial resolution [16]. This characteristic is of

great importance in motor control and exploration of the environment. The receptors of the

FA II and SA II units are located deeper in the skin which decreases their spatial resolution. The

FA II units react only during abrupt changes in indentation. In fact, they appear to be highly

sensitive to vibrations with a peak at 250-300 Hz [17]. As for the SA II units, additionally to their

sensitivity to indentation of the skin, they exhibit a directional sensitivity during stretching of

the skin [18]. The position of the joints as well as shear forces applied to the skin can thus be

monitored, which is highly useful in motor control processes.
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Figure 2.5 – Types of tactile afferent units in the glabrous skin of the human hand. The graphs
show the impulses discharge (lower trace) to perpendicular ramp indentation of
the skin (upper trace) for each category [19]

A study of Wrestling and Johansson [11] confirmed the role of the different tactile units during

precision grip operations. The subject had to lift a small cylinder between his fingers and

thumb, position it in the air and replace it. FA I and SA I were highly active during the initial

period of grip force increase and during the very release of the object. The FA II, in addition

to initial touch and release, fired at the start of the vertical movement and the contact with

the table. These periods are indeed favorable to high frequency vibrations spreading through

tissues. Finally, SA II units responded more strongly while the object was held in the air,

subjecting the skin to shear forces. Table 2.1 summarizes the properties of the four tactile

units and closes the loop by linking them to their corresponding mechanoreceptors.

Table 2.1 – Main characteristics of the four tactile unit types

Tactile
unit

Mechanoreceptor1 %2 Size of field3 Main functions

FA I Meissner corpuscle 43% 12.6 mm2 Response to small skin indenta-
tions and slow vibrations

FA II Pacinian corpuscle 13% 101 mm2 High frequency vibrations
SA I Merkel cell 25% 11.0 mm2 Static discrimination of shapes
SA II Ruffini corpuscle,

spindle
19% 59 mm2 Discrimination of skin stretching

and position of joints

After answering the question "How it works", a zoom out is now necessary to understand

how the sensing principles presented previously are applied to the whole hand so as to

be meaningful at the human scale. In order to do so, it is important to locate where the

mechanoreceptive units are placed in the human hand.

1Various studies allowed to link each tactile unit to a specific mechanoreceptor [18, 20–22]
2Percentage of the total number of tactile units[14]
3The median values presented are still very dependent on the kind of mechanical stimuli [15]
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Figure 2.6 – Location of receptive field centers of 334 tactile units in the human hand glabrous
skin classified by type [14]

2.2.3 Location and spatial resolution of tactile units

In their study of 1979, Johansson and Vallbo recorded single unit impulses, using the same

method as Vallbo and Hagbarth, by percutaneously inserting a tungsten needle electrode in

the median nerve in conscious human subjects while palpating their hand with a small glass

rod. A sample of 334 tactile units were identified and classified in the four categories: FA I, FA

II, SA I and SA II. The results are reported in Figure 2.6 which shows the localization of the

receptive field centers identified in the glabrous skin of the human hand.

The almost even distribution of type II units can be explained by their large receptive fields.

Neither the detection of vibrotactile stimuli nor the state of the locomotor apparatus necessi-

tates a high spatial resolution. However, an exception has to be noticed with the cluster of SA

II units visible at the top of the index and middle fingers. These receptors respond vigorously

to forces applied to the nail and seem more related to the nail itself than to the skin [22]. As

mentioned in Table 2.1, the number of type I units and especially FA I is much higher than

type II. Indeed, as their receptive fields are smaller, numerous of them are needed to provide

the high spatial resolution desired for exploration and fine motor control.

The overall density of mechanoreceptive units shows a marked increase towards the finger

tips, mainly due to the FA I units. The relative densities in the three regions, namely palm,

fingers and finger tips are 1, 1.6 and 4.2. Based on the sample of 334 units and the number

of myelinated fibers in the median nerve, the total number of tactile units innervating the

glabrous skin of the human hand is estimated at 17'000 [14]. The fingers are thus, with 85% of

the hand tactile units, one of the most sensitive parts of the human body.

To demonstrate the high spatial sensitivity of the fingers compared with the rest of the body,

two methods are used: two-point touch threshold and point localization threshold. In the

former, subjects are asked to discriminate the minimum distance between two simultaneous

stimuli, at which they still feel two distinct points and not only one. In the latter, the two

stimuli are applied successively on the skin. Again, the subject is asked to say whether the two

stimuli are applied at the same location or not. The results show a much better sensitivity of

the second method with ∼1-2 mm on the finger tips compared to ∼2-4 mm for the two-point
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Figure 2.7 – Two-point touch and point localization thresholds over the human body [27],
adapted from [23]

touch threshold method [23]. Both tests were performed on entire bodies giving the graph

presented in Figure 2.7. Fingers clearly appear to offer the best resolution which makes them

perfect candidates for force feedback and vibrotactile systems. A decline of almost 1% per

year is however to be expected in tactile spatial acuity due to aging [24, 25]. Finally, it has to be

noted that the most sensitive body part is the tip of the tongue (not presented here), with a

minimum threshold of ∼1 mm [26].

So far, spatial resolution has been studied in a plan which is parallel to the skin. This resolution

is of importance during exploration phases where the shape or orientation of an object needs to

be determined. However, these results were obtained using stimuli provided perpendicularly

to the plan of the skin with sufficient amplitude to be sensed by the subject. In a second

approach, the minimum perceptible displacement of an object in contact with the skin is

investigated. The following subsection proposes to link the tactile units with the indentation

thresholds, showing a strong dependency on the excitation frequency.

2.2.4 Frequency and temporal resolution of tactile units

A psychophysical study of Bolanowski et al. [28] analyzed the sensitivity of the skin to vibratory

stimuli. The goal was to generate sinusoidal vibratory displacements of the skin and detect

the minimum detection threshold for a frequency range from 0.4 to 500 Hz. The stimuli were

applied on the thenar eminence (part of the palm located at the base of the thumb) and the

results are given in decibel with a 1 μm reference (Figure 2.8). Three main parts appear on

the graph. The first part, between 0.4 and 3 Hz, is insensitive to frequency with a threshold

approaching 0.3 mm. Then, a linear portion decreases by 5 dB/oct. between 3 and 40 Hz and

finishes with a U-shaped portion up to 500 Hz. The maximum sensitivity is reached at 300 Hz

corresponding to a displacement of ∼15 nm. Arguments persist on the frequency of maximum
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Figure 2.8 – Threshold-frequency characteristic obtained with a stimulus contactor of 2.9 cm2

applied on the thenar eminence [28]

sensitivity which is frequently given at 250 Hz in literature (e.g. for both children and adults in

[29]).

In addition, Verrillo [30] showed that the sensitivity level also depends on the size of the

contactor. A decreasing sensitivity for areas smaller than ∼3 cm2 confirms the capacity of

spatial (and temporal) summation of the Pacinian corpuscles [28]. We can thus retain that

the sensitivity threshold is much higher for lower frequencies and that vibrotactile stimula-

tions should be produced between 250-300 Hz with a contact area approaching 3 cm2 for a

maximum efficiency.

In order to be consistent with the previous subsections, Table 2.2 summarizes the frequency

characteristics of the four tactile units by giving the specific frequency range related to each

mechanoreceptor type. The table is completed by additional hints on the temperature sensi-

tivity of each type.

Table 2.2 – Frequency characteristic and temperature sensitivity of the four tactile unit types

T. unit Mechanoreceptor Frequency Shape vs. freq. Temperature sensitivity
FA I Meissner corpuscle 10-100 Hz Flat Not affected
FA II Pacinian corpuscle 40-800 Hz U-shape Highly affected
SA I Merkel cell 0.4-100 Hz ∼FA I Affected
SA II Ruffini corpuscle,

spindle
15-400 Hz ∼FA II with

lower sensitivity
Affected

Besides the previous frequency sensitivity analysis, Shimoga [31] summarizes the key band-

widths used by the human finger in dexterous telemanipulation (Figure 2.9 and Table 2.3).
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It is interesting to note that the human finger cannot react to unexpected force/position

events more than one or two times per second. As for the control, the human finger is slightly

faster and can operate until 16 Hz for tasks like force and position control and adaptation of

grasping force. Above, the human being is only able to feel displacements or forces acting on

his own body. 320 Hz constitutes the upper limit, beyond which the human finger sensitivity

to discriminate two consecutive force input signals starts declining.

This classification is helpful in a sense that it defines the two main sensitivities of touch: the

so-called kinesthetic and tactile senses. At low frequency, a person is able to distinctly feel the

forces applied on the fingers, knowing their position and react to them, contrarily to higher

frequencies, at which the person just feels vibrations. The border between these categories is

however quite vague and changes from one application to another.

100 101 102 103

Human finger bandwidths [Hz]

Figure 2.9 – The human finger uses different bandwidths depending on the task (See Table
2.3), adapted from [31]

Table 2.3 – Human finger bandwidths and corresponding functions, adapted from [31]

Bandwidth Function of the human fingers
1-2 Hz The maximum bandwidth with which the human fingers can react to

unexpected force/position signals [32].
5-10 Hz The maximum bandwidth with which the human fingers can apply force

and motion commands comfortably [32].
8-12 Hz The bandwidth beyond which the human fingers cannot correct for its

positional disturbances
12-16 Hz The bandwidth beyond which the human fingers cannot correct their

grasping forces if the grasped object slips [33].
20-30 Hz The maximum bandwidth with which the human fingers demand the

force input signals to be presented for meaningful perception [32].
250-300 Hz The bandwidth at which the skin has maximum sensitivity to vibrations

[28, 30].
320 Hz The bandwidth beyond which the human finger sensitivity to discriminate

two consecutive force input signals declines [32].

This frequency analysis terminates the introduction on the human hand physiology and opens

the way for their utilization in research and its applications.
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2.3 State of the art

With a better comprehension of the human hand sensitive apparatus, we can now investigate

the categories of touch introduced in section 2.1. Kinesthetic and cutaneous senses were

largely discussed in the previous section and it comes naturally that applications related to

these senses represent a paramount part of the present section. The role of haptic devices

being often the enhancement of the user's experience and comfort, nociception becomes

uninteresting and is left aside. Similarly, thermal sensitivity is only briefly discussed.

From the point of view of a haptic system, the major function consists in stimulating one or

several tactile (or eventually thermal) units presented in section 2.2. Devices are thus required

to generate mechanical stimuli; either a displacement, a force or a vibration, that activates the

desired mechanoreceptors. Touch sensitivities are thus paired with their matching mechanical

terms as follows: kinesthetic with force feedback, cutaneous with vibration or surface rough-

ness and thermal with heat transfer. Before considering the numerous domains explored by

the scientific community to develop new devices, it seems important to introduce the different

roles of haptic devices and their implications in the daily life.

2.3.1 Haptics: Roles and implications in the daily life

The growing interest given to the sense of touch enlarges the field of application almost every

day. However, despite the numerous technologies, the main functions fulfilled by haptic

devices can be reduced to four:

• In virtual reality (VR), the trend pushes towards software interfaces that create a universe

which is to be closer and closer to reality. Haptic systems represent the link between

this virtual world and reality (e.g. [32, 34, 35]). They try to give a physical consistency

to virtual objects. Indeed, exciting a maximum number of senses, together with vision,

increases the degree of immersion. Even if the sense of touch is slower than vision

for certain features like shape, size and distance recognition, it is equivalent or better

for textures perception [26]. It becomes even more important for the perception of

forces, vibrations and temperature where sight is not useful at all. Compared to audition,

despite a lower temporal resolution, the spatial resolution of touch is more precise

[6]. Touch can thus be compared to other senses in terms of pros and cons, but finally

represents an excellent complement to all of them.

VR goal is always to recreate specific environments using a computer. From video

games to surgery simulation tools, the haptic feeling is more and more important. It

becomes even vital when it comes to real-time surgery using telemanipulators where

the surgeon has to feel what he is doing and what tissue he is cutting through (e.g.

[36, 37]). Teleoperation, i.e. master-slave systems, is considered as the mother discipline

of haptics [38]. Its position, either in the present or in the next sub-category, is not well

defined. Indeed, teleoperation whose first role is to recreate forces sensed by the slave
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end-effector [39], slowly transformed to a purely virtual simulation tool without physical

slave, generally used for training [40]. Thus, data used to generate the force sensation

comes either from analytical models (geometry, texture, viscosity) or from real-time

measurements.

• The second domain of haptic applications attempts to reproduce mechanical feelings

of devices that evolved and lost the physical feedback that used to be given to the user.

Two simple examples to help the comprehension are the click of the computer mouse

buttons and the vibration of the phone with touchscreen. In old computer mice, the

contact of the buttons was made thanks to a buckling blade characterized by a specific

noise and force feedback. As new switches do not do this click anymore, a mechanical

element had to be added to recreate physical acknowledgement. Same for mobile

phones with touchscreen, where the sensation of hitting a key is faked by a vibration as

for physical response.

Moreover, in a close future with the end of the legislation imposing a mechanical link

between the steering wheel and the wheels in cars, all the systems called "steer by wire"

or "drive by wire" will come up (e.g. [41–43]). With that, and it is already the case in

planes ("fly by wire" [44]), force feedback is necessary for the driver to keep a kinesthetic

perception of the vehicle behavior. This category distinguishes itself by the fact that the

visual perception is no more virtual, but well and truly real.

• The third category does not content itself with reproducing feelings known and experi-

enced by the user. New sensations are created, improving the user's comfort. Applica-

tions such as massage armchairs and other vibrating devices already exist but are limited

in terms of function and flexibility. In this domain, possibilities are infinite, similarly

to the human imagination, but the chances of an application to succeed reside in its

acceptation by eventual users. Indeed, as most devices falling in the present category are

new to people, their effect on touch sensation is unknown. A learning phase is thereby

required in order to take advantage of the novelty. Inevitably, this last category requires

research on human physiology so as to better understand and fit his needs.

• The last category gathers devices designed for rehabilitation together. Recover from

a fracture, a broken bone or a ligament tear can be long and painful for the patient.

Unfortunately, the struggle continues after the removal of the cast or splint, when the

muscle is atrophied and needs to be redeveloped. Haptic devices shorten recovery time

by proposing an adaptable program, generally based on impedance control. Research

is active in this domain going from applications for fingers [45, 46] to larger orthoses

destined to hip and legs rehabilitation [47]. Another promising field of application is

the stroke recovery. Indeed, when the issue is not only muscular but touches motion

abilities, it becomes necessary to develop systems that stimulate more than just the

kinesthetic apparel. Global VR environments are developed using visual interfaces (e.g.

for finger [48, 49]) and even electrical stimulation (e.g. for lower limbs [50, 51]).
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The above presentation of the four main roles aimed to be fulfilled by haptic devices does not

exhibit well-defined borders between each other. The fact that an application, classified in one

category, possesses characteristics of other categories shows the possibility for a technology to

be used for different aims. For this reason, the following subsections propose a state of the

art of the research on haptic systems for hands and fingers sorted regarding the sensitivity

they stimulate. Works are so numerous and cover so many various domains that this non-

exhaustive list only pretends to give an overview of the research activities.

2.3.2 Kinesthetic sensitivity and force feedback

Kinesthetics is the ability of the human being to sense the position of his body and limbs.

For instance, it allows a person to know if his arms are stretched in front of him or simply

laying along his hips. As this function is unconscious, it seems completely natural to us and

is often underestimated. However, in his book, J. Cole follows the tracks of I. Waterman, a

nineteen-year-old butcher who completely lost proprioception [52]. The latter explains how

strange it can be to wake up and be terrified by the presence of a hand on his face, not realizing

for a while that the hand belonged to him. Similarly, Mr. Waterman tends to use excessive

force to grasp objects, easily breaking plastic cups. This last example shows that, in addition to

position, forces acting on each and every joint of the body are monitored by mechanoreceptive

units. Both position and force information are thus complementary and necessary to interact

with force feedback devices.

Force feedback devices are precisely applications that affect the kinesthetic sense. As indicated

by its name, force feedback provides a force in response to a displacement applied by the user.

This "displacement in - force out" control is called impedance control (opposite to admittance

control) [53].

The most accessible domain when talking about force feedback is probably gaming. Products

like force feedback steering wheels and joysticks are already available on the market since

years. They usually use low-cost DC or brushless DC motors coupled to the output with belts

or gears (Figure 2.10 (a)). Encouraged by these successes, research is still active, notably in the

development of new 1 or 2 degrees of freedom (DOF) actuators. The Laboratory of Integrated

Actuators (LAI-EPFL) has developed a joystick with two electrodynamical actuators, each

controlling one axis providing either a spring or viscous feeling to the user (Figure 2.10 (b)).

Classic computer peripherals like the mouse are also improved to provide an enhanced

experience. The version of Kudo et al. [55] uses two DC motors each coupled to a differential

mechanism in contact with the mouse ball (Figure 2.10 (c)). The omni-travelling system is

able to counter displacements of the mouse with a force of 4.8 N for 2.5 W giving, by example,

the impression of touching the screen limits. A similar effect is obtained by attaching an

electromagnet under the mouse moving on a ferromagnetic pad [57].

Electromechanical systems are the most commonly used in force feedback applications.
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(a) Steering wheel mechanism with gearbox from Logitech (b) Electrodynamical force feedback
joystick [54]

(c) Differential mechanism for active mouse [55] (d) 2-DOF MRF haptic joystick [56]

Figure 2.10 – Electromechanical force feedback peripherals

However, a growing interest in smart materials naturally led researchers to investigate new

solutions for haptic devices. There are many kinds of smart materials like piezoelectric

ceramics, electroactive polymers (EAPs), shape memory alloys (SMAs), electrorheological

and magnetorheological fluids (ERFs and MRFs). Basically, all of them change their form or

properties when subjected to heat, electrical or magnetic field. This section will however not

explain all of them in detail and let the user go further in his research in related literature. Not

all smart materials really match requirements for haptic applications, but ERFs and MRFs

do. Their main characteristic is to change their rheological properties when subjected to

an electric or magnetic field respectively. The fact that these fluids can quickly pass from

a liquid to a very viscous state make them ideal candidates to build strong and compact

brakes. Two prototypes of 2-DOF joysticks were developed using respectively electro and

magnetorheological fluids (Figure 2.10 (d)) for vehicular instrument control and virtual reality

[56, 58].
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(a) Novint Falcon from Novint Technologies (b) Phantom Omni from SensAble Technologies

Figure 2.11 – Commercially available haptic displays

With the evolution of software, notably in graphics and computer-aided design, it became

important to improve haptic devices and propose the so-called haptic displays. Their function

is to generate a three-dimensional (3D) force feedback related to the information displayed

on the screen. Rotations are often implemented as well giving 5 to 6 DOF to the end-effector

[59]. The sensation of grasping a virtual object or exploring a surface can then be simulated

[60, 61]. Developments led to the commercialization of two products: the Novint Falcon and

the Phantom Omni (Figure 2.11). Similarly to gaming, the force feedback is generated by DC

or brushless DC motors. A popular trend in the scientific community is to take advantage of

existing hardware, characterize it and adapt it to fulfill different requirements. For instance the

Novint Falcon is at first characterized for an application as a robot manipulator (impedance

control [62]) and then turned into a tool to transmit a force to an immobilized fingertip

(admittance control [63]).

Also used for the simulation of minimally invasive surgery [64], these haptic displays obviously

evoke their predecessors, namely master-slave systems, mainly used in surgical teleoperations.

Indeed both simulation and teleoperation domains require a high-fidelity haptic feedback,

the main difference laying in the control. A lot of applications were thus developed for

minimally invasive surgery like endoscopy, laparoscopy and tumor localization (Figure 2.12)

[36, 37, 40, 65].

In parallel to computer peripherals were developed some applications for musicians. The aim

is to give more attractiveness to digital instruments which deprive the user of the original touch

while saving space. Cadoz et al. [66] first developed a modular feedback keyboard composed

of a row of sliced motors, actually electrodynamical actuators providing peak forces up to 80 N

(Figure 2.13). The keyboard first aim was musical creation, with each actuator corresponding

to a piano key. Further studies used the device for real-time computer animation by coupling

several keys together so as to have multi-DOFs end-effectors like joysticks and scissors [67].

In the same lines, a compact haptic music keyboard capable of providing three touch sensa-

tions namely piano, harpsichord and organ was designed at LAI-EPFL (Figure 2.14 (a)). Then,
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(a) Haptic interface for laparoscopic surgery sim-
ulation [40]

(b) Master-slave robotic setup palpating tissue [65]

Figure 2.12 – Haptic systems used in minimally invasive surgery simulation or teleoperation

(a) Single sliced motor and displace-
ment sensor

(b) Modular feedback keyboard [66]

Figure 2.13 – Haptic music instruments

as for the joysticks, a magnetorheological version of the haptic piano key has been developed

in France (Figure 2.14 (b)).

A recent study using electromagnetic linear motors, from the market this time, is called Inverse

Piano [71]. It consists of 4 keys, controlled in position and force by actuators placed directly

under the fingers. The Inverse Piano proposes to study fingers interactions in non-isometric

pressing tasks. It is also claimed to be used as a rehabilitation device for patients suffering from

a loss of dexterity and finger strength. As mentioned in the previous subsection, rehabilitation

represents a promising field of application for haptics, particularly for the hand and fingers.

The limit between rehabilitation and virtual reality in this domain is hard to be determined as

most systems can be used both ways. A first category of rehabilitation devices is considered as

not portable in a sense that the whole system is often very heavy and fastened to the ground.

An example is the haptic interface for finger exercise embedding two brushed DC motors and
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(a) Haptic music keyboard
[68, 69]

(b) Single MR piano key [70]

Figure 2.14 – Haptic music instruments

a tendon-driven transmission allowing the finger to move in a vertical plan (Figure 2.15 (a)).

Forces reaching 10 N give consistency to the images displayed by the graphic user interface

and help the patient to exercise [66].

(a) Haptic interface for finger exercise and graphic
user interface [66]

(b) Design concept for wire-driven finger flexion
and extension [46]

Figure 2.15 – Haptic systems for finger rehabilitation

The evolution towards compact and lightweight haptic systems for the fingers, generally

using wire driven mechanisms (Figure 2.15 (b)) pushes towards fully or semi-portable devices

[45, 46]. It results in the design of numerous haptic gloves embedding servo motors, pneumatic

actuators or magnetorheological fluid brakes (linear or rotating) providing forces between 5

and 12 N to the fingers (Figure 2.16). The applications for such gloves go from rehabilitation

[72] to virtual reality [73] via robot teaching [74] and master-slave systems [75]. Following

this trend, we developed a haptic glove designed for three fingers (index, middle finger and
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thumb) and integrating custom magnetorheological linear brakes [76] (Figure 2.17 (a)). The

latest version of the actuator weights 56 g and generates a force of 14.4 N for 1.5 W.

(a) Force feedback glove driven by servo motors [74] (b) Pneumatic Rutgers Master II-ND [77]

(c) Magnetorheological haptic glove [73] (d) Magnetorheological actuated glove electronic
system (MRAGES) [72]

Figure 2.16 – Haptic gloves

The only commercialized force feedback glove, called CyberGrasp, is sold by Immersion (Figure

2.17 (b)). Despite excellent behavioral properties, its main disadvantage resides in the fact

that the driving actuators are locked in a remote box weighting 20 kg.

2.3.3 Cutaneous sensitivity and vibrotactile stimulation

Section 2.2 presented the Pacinian corpuscles, end-organs of the FA II tactile units, as sensitive

to high frequency vibrations. Their even distribution over the human hand as well as their

large receptive fields make them ideal sensors for vibrotactile stimulation. Moreover, thanks to

spatial and temporal integration [28, 78], vibrations do not have to be generated very precisely,

allowing for multiple applications to be imagined.
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(a) Magnetorheological glove developed at LAI-EPFL (b) CyberGrasp from Immersion

Figure 2.17 – Haptic gloves

(a) Back view of a Sony Playstation controller (b) Mobile phone vibrator

Figure 2.18 – Eccentric motor vibrators

Vibrations can be seen as information that enhances the touch feeling. Similarly to kinesthetics,

gaming is one of the first domains to integrate vibrotactile feedback. Today, rare are the game

controllers not to offer this kind of feedback to the user (Figure 2.18 (a)). As a mass production

object, vibrators have to be cheap. The solution is to use a brushed DC motor coupled to an

eccentric mass which rotation causes the vibration. The integration of this kind of vibrators in

mobile phones largely contributed to their miniaturization (Figure 2.18 (b)). The emergence

of the touchscreen in smart phones and tablets sometimes troubles the user as he is not able

to physically feel the clicks. A tactile feedback is thus needed to replace the keys. From now

on, vibrations are present everywhere and the user can feel when he is being shot by another

player or when he is driving on the side of the road and he can get a click acknowledgement

from his smart phone.

Besides the traditional eccentric motor, other technologies point the tip of their nose. For

larger screens, Immersion developed a linear actuator capable of adding tactile feedback for

screen diagonals up to 15 inches (Figure 2.19 (a) left). Piezoelectric ceramics also represent

an interesting alternative as they are silent and generate high frequency vibrations when
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(a) A110 TouchSense linear actuator from Im-
mersion and TouchEngine actuator [79]

(b) Haptic display for small touch screens [79]

Figure 2.19 – Tactile touchscreens

subjected to an alternating voltage. The TouchEngine actuator is a multilayer sandwich of

piezoceramic films that either shrink or expand depending on the polarity of the signal (Figure

2.19 (a) right). Once placed under a touch-sensitive glass, vibrations are transmitted to the

user's finger (Figure 2.19 (b)). Using different modes of vibration, the user can feel snaps,

crackles or pops depending on whether he opens, drags or drops a document [79, 80].

Vibrotactile feedback also finds applications in computer peripherals in order to enhance the

user's experience. Hughes and Forrest [81] embedded small audio speakers on a conventional

mouse to generate the vibrations. During an experiment, subjects were asked to pass the

cursor over a map, whose color was representative of the altitude. The altitude data was

translated into vibration magnitude in order to give a tactile feedback to the user. Finally,

stereo vibration was implemented to allow for two-dimensional localization. Lindeman et

al. [82] went further by developing wearable modules capable of handling up to 16 vibrators

each. The aim is to improve the perception of contact with purely virtual objects in virtual

environments by covering the user's body with eccentric motors.

In addition to their work on virtual contact, Lindeman et al. noticed that kinesthetic and tactile

systems can be highly interdependent according to the task (Figure 2.20). Rincon-Gonzales et

al. [83] corroborated this argument in their research in neuroprosthetics by showing through

experiments that tactile and proprioceptive information is processed simultaneously and they

concluded that both feedbacks should be provided together. It is notably the case in haptic

search, where blinded subject are asked to discriminate the shape and orientation of objects

placed in front of them [84]. One of the main differences between both sensory systems resides

in the fact that cutaneous sensors are not affected by a decrease in size of the presented objects

and show better performances than kinesthetics in this situation [85]. Following the idea of

cross-influence, Akamatzsu et al. [86] improved the tactile mouse by embedding a solenoid

driving a small pin and an electromagnet to simulate respectively tactile and force feedbacks

which resulted in a reduction of targets selection and clicking times.

25



Chapter 2. The sense of touch

Surface Texture
Exploration

Non-Contact Arm Movements

Direct Object Manipulation

Tool-Mitigated Manipulation

In
fl

u
en

ce
 o

f

T
ac

ti
le

 S
y

st
em

Influence of
Kinesthetic System

Pressing a Physical Button

Moving a Finger Through a
Viscous Substance

Figure 2.20 – Influence of tactile and kinesthetic systems in haptic tasks [82]

A second stage in the merging of kinesthetic and tactile feedbacks is obtained by upgrading

force feedback devices with vibrotactile elements. For instance, miniature loudspeakers were

mounted on a master-slave haptic display (Figure 2.21 (a)). Both master and remote slave

manipulators are identical two-fingered hands with two degrees of freedom in each finger.

Kontarinis and Howe [87] confirmed that the addition of vibrotactile information directly

related to the acceleration measured on the slave manipulator plays an important role in

manipulation. It however depends on the task. For example, it greatly helps when the user is

asked to determine if a ball bearing is damaged or not by rubbing the finger on it (Figure 2.21

(b)). Force and reaction time used to pierce a cellophane membrane with a needle are also

reduced (Figure 2.21 (c)). Vibrotactile feedback is finally useless in assembly tasks involving

a precise control of contact forces (e.g. peg-in-hole insertion). In conclusion, vibrations are

better in indicating transitions and represent a complement to force feedback.

The ultimate stage consists in developing devices directly capable of providing a feedback on

the entire frequency range, from continuous to 300 Hz (maximum sensitivity to vibrations).

With the aim of transmitting information through the fingers, Tan et al. [88] developed the

Tactuator (principle in Figure 2.22), a multi-finger tactual display composed of three single-

DOF actuators, driven by disk drive motors, stimulating the index, middle finger and the

thumb. It is inspired from the Tadoma method, used by deaf and blind people, where the

person perceives the mechanical actions associated with speech production by placing a hand

on the face and neck of the person who speaks. The goal of the Tactuator is an artificial aid for

communication of acoustic signals through the sense of touch. A frequency and amplitude

analysis using the Tactuator concluded that low and high frequency signals do not interfere

with each other, making thus information transmission through touch possible. However, the

large discrimination thresholds prevent encoding more than a few speech features [89]. Israr

et al. [90] finally managed to transmit up to sixteen consonant, discriminated by pairs with an

average discriminability of 88 %.
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(a) Two-fingered master-slave system with embedded vibrotactile feedback

bearing #1

bearing #2

skin acceleration
sensor

slave manipulator

(b) Ball bearing inspection task

needle

slave
finger tips

cellophane
membrane

framelatex
layer

(c) Cellophane membrane puncturing task

Figure 2.21 – Tactile display (kinesthetic and tactile feelings) [87]

Figure 2.22 – Schematic drawing illustrating fingers placement on the Tactuator [88]

Finally, we would like to mention a domain of the cutaneous sensitivity which is barely
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Chapter 2. The sense of touch

represented in the present work, namely the tactile surface sensitivity. Indeed, numerous

research and applications, not addressed in this work, are dedicated to simulate, sense and fake

surface textures using actuated pins or artificial roughness [9, 91–94]. The tactile sensitivity

however focuses here on the utilization of vibrations only.

2.3.4 Thermal sensitivity and heat transfer

Thanks to its thermoreceptors, the human hand can determine the apparent warmth or

coolness of an object in contact with the skin within a range of 5◦- 45◦ C [6]. Moreover, the

human being possesses the ability to distinguish the nature of the touched surface. In fact,

a single physical interaction governs the whole thermal sensitivity: the thermal diffusivity

[95]. Indeed, as the skin temperature on the human hand is within 25◦- 36◦ C and the ambient

temperature is generally lower [96], the action of touching an object creates a temperature

gradient leading the heat to diffuse towards the object. By monitoring the thermal time

constant thanks to the thermoreceptors, it is possible to differentiate materials solely by

their differences in thermal properties. Bergmann Tiest and Kappers [97] demonstrated that

a difference of 43% in thermal diffusivity constitutes the minimum threshold necessary to

discriminate between two materials based on thermal properties only. Wood and Plexiglas or

glass and steel are thus distinguishable contrarily to aluminum and copper for instance.

Figure 2.23 – Material Rubik Cube by Zhiliang Chen

Nowadays, thermal sensation is mostly related to comfort and is hardly used in haptics. Indeed,

numerous are the applications like heated seats for automotive or heated pillows, but it is

difficult to find applications dedicated to the sense of touch. We can nevertheless mention

the Material Rubik Cube by Zhiliang Chen4 in which the faces of the cube are covered with

different materials (rubber, wood, metal, textile and plastic) designed for blind people (Figure

4http://www.coroflot.com/saliang999/if
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2.23). In this case, thermal sensitivity allows the user to distinguish one material from the

other. Tactile sensitivity obviously plays a complementary role in the user's judgment.

Research involving thermal sensitivity together with the sense of touch is rare and as it does

not fit the aim of the present work, investigations will not be furthered this way.

In conclusion, the state of the art presented in this section gives a general survey of existing

applications developed in haptic systems used by hand. The domain is obviously extremely

wide and it is not possible to cover it entirely in a few paragraphs. Interested readers are

encouraged to further the search in literature if desired. However, it gives a good idea of

on-going research and will help understand the context of the present work.

2.4 Motivations

The inevitable emergence of haptics represents a great opportunity to improve people's

comfort. Within the framework of this thesis, two main channels are considered in order to

provide a new touch experience to the peripherals user. On one hand, we aim to fight one of

the silent plagues of the modern era which are the repetitive strain injuries. Indeed, as it will

be developed below, repetitive tasks, notably involving computer peripherals, can provoke

insidious diseases causing personal and economic issues. The first goal of the present research

points toward solutions to potentially improve the situation. On the other hand, it comes out

of the state of the art that the major part of the existing haptic applications is related to gaming

and communication, the idea being often to integrate low-cost actuators providing either

a force feedback or a vibration to the user. Indeed, people are fond of new sensations, new

feelings, which opens the way for a multitude of new applications, either to communicate with

the user, by example by marking a transition in the execution of an action, or to reproduce

existing or made-up feelings. The field of application of haptic devices becomes thus as wide

as imagination is.

In order to get a better comprehension of the need for haptic devices that enhance comfort,

a brief description of repetitive strain injuries from a medical and statistical point of view is

presented.

2.4.1 Repetitive strain injuries

Repetitive strain injuries (RSI) are injuries of the musculoskeletal and nervous systems affect-

ing various structures like tendons, muscles, joints, nerves and vascular system. Also called

cumulative trauma disorders (CTD) or repetitive motion disorders (RMD), they may be caused

by repetitive tasks, forceful exertion, vibrations, mechanical compression or sustained and

awkward positions [98, 99]. These disorders differ from workplace injuries in the sense that

they develop gradually with time and effort. RSIs affect three main distinctive parts of the

human body, namely lower limbs, back and upper limbs, computer peripherals affecting
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Chapter 2. The sense of touch

Figure 2.24 – Repetitive strain injuries trend in US businesses (adapted from [101])

principally the latter.

An example of peripheral responsible for the development of RSI is the computer keyboard.

In 1974 already, researchers suspected the keyboard to be the source of disorders suffered

by telegraphists [100]. The phenomenon affecting office workers, aka computer users, saw a

dramatic rise in the early 1990's corresponding to a rapid growth of personal computer use,

like shown by a study of the Bureau of Labor Statistics in U.S. businesses (Figure 2.24). The

reason is that the keyboard constrains the user to adopt awkward postures and overcome

unadapted keyswitch activation forces which reduces blood flow and restricts nerves and

ligaments movements.

Resulting RSIs are numerous and include notably tendinitis, tenosynovitis, carpal tunnel

syndrome (CTS) and bursitis [98, 102]. Most of them are or follow from a tendons inflammation.

As treatment, doctors often prescribe rest so as to let the disorder resolve spontaneously.

Massages, braces and anti-inflammatory medications can help accelerating healing, but RSIs

tend to come back if no ergonomic adjustment of the working posture is undertaken.

The British example

Recent studies performed at the UK Health and Safety Executive showed that in 2009/10,

198'000 people, working in the UK in the 12 months preceding the survey, had a musculoskele-

tal upper limb or neck disorder caused or made worse by work [103]. Obviously, only a part

of these cases can be attributed to repetitive typing. Proper administrative and secretarial

occupations represent 9.6% of the cases. However, this proportion can certainly be widened

to domains like associate professional and technical (14.1%) and many others.

According to the Chartered Society of Physiotherapy and the UK Health and Safety Executive
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[103, 104], an estimated 2.9 million working days were lost in the UK in 2010/11 with an

average of 14.5 days per case. It represents a cost of ∼£300 million5 per year in lost working

time, sick pay and administration attributed to musculoskeletal disorders mainly affecting

upper limbs and neck.

The American example

Similarly a survey of the US Bureau of Labor Statistics [105] evaluated the number of nonfatal

occupational injuries and illnesses involving days away from work in the private industry of

all United States in 2008. 30'920 cases are attributed to repetitive motion and 4'670 to typing

or keyentry activities, representing together more than 3% of the injuries and illnesses in the

whole private industry. The nature of the illness or injury as well as the proportion affecting

upper extremities for both activities are summarized in Table 2.4.

Table 2.4 – Distribution of selected cases of injuries and illnesses involving days away from
work according to the activity, nature of injury and part of the body affected. Data
from [105]

Activity Carpal tunnel Tendonitis Soreness Upper extremities affected
Repetitive motion 32.5% 5.6% 15.7% 66.7%
Typing or keyentry 57.2% 4.3% 11.6% 90.4%

The number of people affected by RSI is often underestimated, especially because these

diseases are neither popular in the medical world due to a lack of treatments, nor in today's

society because not considered as something serious. However, both examples presented

previously, representing solely the tip of the iceberg, show the extent of the phenomenon

and the necessity of preventing it. Solutions to prevent RSI are, on the one hand, to adopt a

correct posture during repetitive tasks like typing. Numerous studies, brochures and websites

propose advices to adjust chair level and joints angle to decrease body strains. On the other

hand, research is pushing towards hardware improvements and introduction of haptics.

2.4.2 Gaming and virtual reality: a new touch experience

The second main target aimed to be reached is to propose new touch experiences in various

domains going from gaming to virtual reality. Consumers are more and more demanding for

new technologies as long as they can satisfy their curiosity. Feeling new feedbacks and tuning

them following our wishes can be made possible thanks to the design of new haptic devices.

Contrarily to robotics where the trend is to build always more complex systems, the sense

of touch is already able to experience new sensations with simple actuators with only one

degree of freedom. This simplification also goes with realities of the mass market in which it is

inconceivable to propose ultra-sophisticated devices reaching unacceptable prices. Indeed,

despite niche markets like medical and research, the main obstacle to the democratization of

5Data interpolated from 2007/08 data.
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haptic devices stays the ratio between the added value that they bring and their price. The idea

is thus to propose a methodology to design various compact actuators characterized by a high

modularity and flexibility. Reactivity becomes a real advantage compared to sophisticated

systems, allowing for quick adaptations to the customer needs.

Gamers, for example, are fond of all kinds of peripherals that offer the possibility to be tuned

in accordance with their own preferences. Proposing a device capable of adapting its force

feedback and sensitivity would thus appear as appealing. Similarly, it could be interesting for

computer users to get a feedback from their keyboard enriching the man-machine interaction;

either by transmitting extra information through the sense of touch, for instance by blocking a

key that does not have to be pressed, or by adapting the keyswitch activation force depending

on the finger force. It is also valid for all kinds of media control (video, sound editing, etc. . .)

[106]. More largely, one can imagine knobs and buttons that imitate physical sensations like

buckling, roughness or viscosity. Resulting applications would be likely to enter the domain

of virtual reality and more indirectly psychology, especially in cognitive studies where a lot

still is to be discovered on interactions between the sense of touch and the brain in general.

And why not imagining to link touch sensations to emotions similarly to emoticons (� �) in

online chats?

Actuators could finally help learning about human preferences in terms of touch. The automo-

tive industry, for example, places importance on the tactile feedback of all switches and latches

within a vehicle and always looks towards improvements. One option is, as mentioned above,

to directly integrate haptic devices mimicking desired feedback (example of a haptic knob

for instruments control [107]). An indirect approach would be to use the same haptic system,

define the most comfortable force profile thanks to experiments on a sample of population

and then reproduce the obtained force profile with a purely mechanical system. An advantage

of this method is a lowering of the production costs. Another is that the haptic devices are

used to study the human hand physiology which can eventually result in lumped models of

the motor apparatus [108].

2.5 Summary

Different aspects of the sense of touch are approached in this chapter which is a global state

of the art of existing haptic technologies specifically dedicated to the human hand and fingers.

After a brief definition of the sense of touch, the physiology of the human hand is detailed in

order to get a better comprehension of the sophisticated tool that it represents. Understanding

the behavior of the sensory part of the hand is necessary to design effective haptic interfaces.

That is the reason why the four kinds of tactile unit innervating the hand are presented,

namely FA I, FA II, SA I and SA II. Each of them is characterized by a specific end-organ,

called mechanoreceptor, allowing a person to sense the surrounding environment as well

as his own position and the position of his limbs. The tactile units, either fast or slow and

with large or small receptive fields, provide information to the central nervous system which
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monitors the different signals and provides an intelligible message to the motory apparatus.

These sensors monitor all kinds of mechanical data including small skin indentations, high

frequency vibrations, discrimination of shapes and force-position information of the skin,

joints and muscles and translate them into trains of electrical impulses travelling through the

nerves. Then, the distribution of tactile units within the hand is exposed. Finally, spatial and

temporal resolutions are described, terminating the introduction on the fantastic system that

is the human hand.

The proper state of the art starts with the enumeration of the four main roles of haptics. The

first function, highly related to virtual reality, proposes to increase the degree of reality by

giving a physical consistency to virtual objects. Secondly, some systems reproduce mechanical

feelings that used to be provided by old-fashioned devices in order to help the user to face his

reticence to new touch technologies (e.g. touchscreens, drive-by-wire). Then, haptics goes

one step further by providing new sensations to the user. The fact of materializing sensations

not yet known by the user can improve his comfort if well accepted. Finally, rehabilitation

in case of accident or stroke represents a promising field of application for force feedback.

However, as the limit between the different roles of haptics is not well defined depending on

the application, it is decided to classify existing research examples regarding the sensitivity

they stimulate.

The sense of touch is composed of four sub-categories named sensitivities. The kinesthetic

sensitivity monitors the position of the limbs and the force acting on them. The cutaneous

sensitivity is more closely related to the skin. It is capable of fine spatial discrimination and is

especially sensitive to high frequency vibrations. The two last sensitivities, namely thermal and

nociceptive, are only briefly outlined. The former can determine the apparent temperature

of an object and also helps discriminating its material using thermal diffusion. The latter

responds to pain and plays the role of an alarm triggering safety reflexes.

Force feedback systems are known to excite the kinesthetic sense. Gaming is a popular do-

main with applications like force feedback joysticks and steering wheels. Then, with the

requirements of virtual reality to work in a three-dimensional environment, appear the haptic

displays; a sort of robotic arm rendering force feedback on three to six degrees of freedom.

Similarly, a lot of professional master-slave systems were developed. Initially used in teleoper-

ation, these devices are more and more used for simulations in the domains of surgery and

mechanical assembly. Force feedback systems also find their utility in music (digital keyboard)

and rehabilitation. Rehabilitation is composed of two sub-categories, whether the system is

portable or not. Portable systems naturally take the shape of haptic gloves, well represented in

the current research and used either in rehabilitation or in virtual reality.

The cutaneous sensitivity is here strongly related to vibrotactile stimulation. As for kinesthetics,

gaming represents a large part of the applications. Indeed, many remote controllers provide

vibrations to the user enhancing his immersion in the game. In the same lines, the absence

of tactile feedback in mobile phones and tablets with touchscreens pushed towards the
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development of various kinds of vibrators so as to fake mechanical feelings. Different studies

concluded that a haptic feedback provides better results when both kinesthetic and cutaneous

senses are stimulated simultaneously. It is either the case by adding acceleration-related

vibrations to a force feedback system or by designing devices capable of covering the entire

frequency range, for example to transmit information through the fingers.

Finally, motivations for the development of a methodology to design compact actuators and

corresponding haptic systems are exposed. Generally looking towards an improvement of the

user's comfort, force feedback devices are aimed to decrease repetitive strain injuries. Indeed,

repetitive tasks, notably involving computer peripherals, can provoke insidious diseases

causing personal and economic issues. We thus aim to design new actuators to be embedded

in peripherals allowing the user to adapt the force feedback following his preferences and

needs with the hope of decreasing musculoskeletal disorders. Two statistics made in the

United Kingdom and United States show the extent of the problem touching particularly office

workers.

Beside the ergonomic aspect, new touch experiences are aimed to be provided. In virtual

reality and gaming, people are always looking for new sensations to enhance their immersion

in the digital world. Attempts have already been made to give consistency to objects or actions

for example in media control. The goal is to match a tactile feeling with an object or an action

either by mimicking or making-up a force feedback. Multi-finger haptic devices embedding

short-stroke linear actuators go this way and propose a fully adaptable force feedback that

possesses the ability to fit either the user preferences or the application requirements. On

the other hand, these systems represent an excellent opportunity for researchers to learn

about the human hand physiology, behavior and preferences, notably useful for the design of

innovative products.
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Multi-finger haptic systems
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As indicated by its name, a multi-finger haptic device represents a subcategory of haptic

devices that aims to provide an active interface for two to ten fingers depending on the

application. Force or tactile feedbacks are generated in response to actions of the user which

can be a displacement, a force or simply a contact. As introduced in subsection 2.3.1, the

final role of multi-finger haptic devices is to enhance the human touch experience. It can

be achieved by simply imitating and improving existing feelings (e.g. a haptic keyboard)

or by creating new sensations inspired from nature and mechanics (e.g. programmable

buttons) or even by transmitting information to the human finger through touch (e.g. physical

acknowledgement of a vibrotactile surface).
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3.1 Key elements

The general configuration encountered by multi-finger haptic devices can be summarized

as in Figure 3.1. From the five main components presented, the first three namely actuation,

sensing and control are inevitably present in all devices. Then, as multi-finger devices often

take the form of peripherals, they need to be connected to a master unit and communicate

with it. Finally, when connected to a computer, the need for a graphic user interface is

generally demanded, either to offer the possibility to the user to adapt the touch sensation to

his wishes or simply to provide a visual feedback to the finger actions. It should be noted that

the function of visual feedback usually precedes the touch feedback and the latter is used as

complementary information.

Figure 3.1 – General configuration of a haptic system for multi-finger applications with its
main components: a) actuator/motor, b) sensor, c) control electronics and soft-
ware, d) communication and e) software user interface

Different kinds of haptic devices can be labeled as multi-finger as long as they can interact

with at least two fingers. However, in some cases, devices integrating multiple actuators can

be handled with either one or several fingers depending on the application and the user's

preferences. These devices will thus be considered as multi-finger as well in this work as they

allow for a possible interaction with several fingers. A classification is here proposed regarding

the relation between finger and actuator. According to its relative position, the actuator can

indeed be defined as finger-related or not. A finger-related device is generally portable in a

sense that each actuator is dedicated to a single finger, the most representative example being

the haptic glove like those presented in Figures 2.16 and 2.17. In that case, a constant control

of all actuators is necessary.

On the other hand, some applications integrate several actuators that are not necessarily

linked to a single finger. It is notably the case of computer keyboards and other tactile pads

where each finger can randomly press on several keys. The actuators, usually more numerous

than the number of involved fingers, are fixed on a board independent from the user's hand.

A variable control, switching between a standby mode waiting for an action of the user and

an active mode, thus has to be implemented for each actuator. The following chapters of the
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work precisely focus on the second category and expose a global methodology for the design

of such kind of devices.

The need for this kind of multi-finger applications is motivated by the fact that the human

being is more and more surrounded by electronic devices such as computers, tablets, video

on demand and game consoles, aimed to improve his daily life. The need for the user to

feel immersed in a virtual environment increases. A representative example is the success

encountered by the new generation of game consoles like the Wii from Nintendo and the

Kinect from Microsoft. The user is always demanding for more reality in what he feels. The

present work thus proposes to broaden his experience by integrating the dimension of touch

in the peripherals. Novel haptic buttons indeed allow improving the comfort of the user and

transmitting a new kind of information through his fingers.

With that in mind, the sections of the present chapter introduce the different elements com-

posing the universal multi-finger device presented in Figure 3.1. For each of them, a global

definition is proposed and the direction followed in the thesis is outlined.

3.2 Actuator

The actuation block is directly responsible for the creation of the touch sensation. Two kinds

of feedbacks are considered for multi-finger haptic boards, namely force and vibrotactile,

respectively reacting to a displacement or a contact with the finger. Generally obtained from

rotating DC and brushless DC motors as shown in the state of the art of section 2.3, the trend

followed in the present thesis is to design specific miniature linear actuators to generate either

a force or a vibration depending on the final application requirements.

The first crucial decision in the development of a haptic device is the choice of the actuating

system. The fact that a multi-finger device possibly embeds a multitude of actuators influ-

ences their specifications. Indeed, for questions of cost and ease of assembly, the preferred

geometry has to be clean, limiting the number of mechanical parts and manufacturing op-

erations. Considering the limited space generally at disposal for each actuator, it has to be

compact with a sufficient force density. Table 3.1 presents a general qualitative comparison

of technologies available in today's actuators. This comparison results from several research

works of Hollerbach et al. [109], Madden et al. [110] and McBean and Breazeal [111]. Most of

the technologies listed are however not able to fulfill the requirements. Each of the proposed

solution is briefly analyzed and rejected if not suitable.

For practical reasons, hydraulic and pneumatic solutions are left aside because of their need

for a compressor. Despite satisfying force and response time, it would not be realizable to

have a compressor annexed to each device [111].

As mentioned earlier, many haptic products are driven by rotating motors coupled to the

load with belts or gears. Building a complete system with reduction plus rotary to linear
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transformation is inappropriate for such confined dimensions. In order to save space and

avoid useless mechanical complexity, conventional motors are not kept as potential winners.

Further on is a group of emerging smart materials. Some of them, like electroactive polymers

[112] and shape memory alloys (SMA) are very interesting despite short displacements, but are

unfortunately too slow to provide a meaningful feedback to the user. Indeed, a relaxing time of

the order of magnitude of the second for SMA [113] is not adapted to match with the human

hand sensitivity characteristics (Table 2.3). For example, the downstroke average time during

normal typing operations (keyswitch compression) approaches ten milliseconds [114]. Electro

and magnetorheological fluids could be suitable and represent a great challenge in terms

of miniaturization and sealing. Nevertheless, high voltages required by electrorheological

fluids [115] represent a major safety issue for desktop applications and will therefore not be

considered. Magnetorheological fluids could be convenient for one or a few keys, but as

mechanical tolerances and assembly represent a big challenge to avoid fluid leakage without

adding a significant friction [76], it is not feasible to consider such a solution for multi-finger

haptic devices without spending most of the time in fine tuning. However, magnetorheological

fluids can still be an interesting technology for haptic devices considering their high force

density.

Piezoelectric actuators present the advantage of having a strong holding force when not

powered. This advantage becomes a drawback in the present case because the key would have

to be driven down and then up, following the finger stroke making the control and electronics

more expensive and bulky. In addition, the low speeds usually reached by these actuators

definitely eliminate this solution [110].

Finally, electromechanical actuators are considered [116]. The best trade-off between high

force density, low reluctant force and easy control is obtained with electrodynamic actuators

(i.e. voice coils). Moreover, the low inertia of the moving coil allows for a better dynamic

response. On the other hand, electromagnetic actuators are similar to electrodynamic ac-

tuators but have the coil at the stator and the mover contains the magnet. Fortunately, the

increase in inertia is limited when considering miniature actuators and reasonably influences

the dynamics. In conclusion, electrodynamic and electromagnetic systems represent the best

option to succeed in the task of providing a fast, adaptable and strong enough feedback to the

user within the pre-defined space. Chapter 4 will thus be entirely dedicated to their design

and optimization.
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Chapter 3. Multi-finger haptic systems

3.3 Sensor

Basically, a haptic interface is supposed to react to a specific action of the user. For that, an

input, which can be a force, a displacement or simply a contact, is required from the user and

needs to be detected so as to trigger a physical response. Among the three possible inputs, the

present work concentrates on the position detection which is indispensable for an accurate

control of the touch sensation when using linear actuators. The general requirements for the

design of position sensors for multi-finger haptic devices are outlined hereinafter.

The detection of the position is essential in force feedback mechanisms if one wants to

accurately respond to displacements of the user's finger. In the case of miniature systems,

it becomes necessary for the sensor to be integrable without affecting the behavior or the

geometry of the mechanical unit. Numerous types of sensors are capable of detecting the

position of a mover; however, most of them are not adapted for small haptic systems for the

following reasons:

• Firstly, as the forces in play are relatively small, all position sensors involving a contact

should be prohibited to avoid affecting the human finger sensitivity. Parasitic forces

have to be reduced to the minimum to guarantee a realistic and sharp feeling to the

user.

• Compared to vision, a fluid haptic feedback requires a much higher update rate. A

frequency of 1 kHz is often mentioned so as to guarantee a good illusion [38]. Knowing

that, position sensors have to be fast, moreover for multi-finger applications where

several actuators may have to be driven simultaneously and still fit above 1 kHz.

• Actuators and motors responsible for the force feedback are often aimed to be integrated

in complex devices leading to very narrow available spaces. In this case, the geometry of

the electromechanical part is optimized to fit within a certain volume and so, integrating

bulky sensors becomes very tricky. A smart approach is to take advantage of intrinsic

variables already present within or around the system. Position can, for example, follow

from a measurement of voltage, current or magnetic flux to reduce the volume required

by the sensor.

• The cost of the sensor also needs to be considered. Indeed, multi-finger applications by

definition integrate multiple actuators requiring as many position sensors. In addition,

these devices are aimed to target a large public and thus cannot afford to embed expen-

sive measurement systems. The global sensing part including the sensor itself and its

signal processing thus needs to be designed with an eye to decreasing hardware and

software complexity.

In summary, the requirements for the choice of a position sensor are to be fast, small, low-cost

and contactless. Knowing that, solutions using existing sensors as well as novel methods

involving self-sensing are exposed in chapter 5.
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3.4. Control

3.4 Control

The integration of actuators and sensors represents an important step in the process of the

development of a haptic system. They would however be useless without an efficient control

managing them. Indeed, the feeling provided to the user directly depends on the way the

actuator is driven. Multi-finger haptic devices, as presented in this thesis, represent a special

category of haptic devices characterized by their own requirements. Indeed, the great number

of actuators or vibrators embedded necessitates a redefinition of the global specifications.

Contrarily to robotics and its always growing complexity, the trend pushes towards a simplifi-

cation of the control hardware in order to offer a greater scalability without rocketing the final

bulk and cost. In order to efficiently distribute computational and electrical resources, every-

thing must be smartly fined down, from the single actuator to drive the entire multi-finger

system. The focus is here put on the control hardware. Recommendations are given so as

to guide the designer towards a simplification of the electronics and an improvement of its

performance relatively to the tasks to be fulfilled. As an illustration, the example of a haptic

keyboard embedding numerous linear actuators is analyzed.

First, the control principle of a single actuator is presented in Figure 3.2. Before designing

the control circuit of a subsystem, it is necessary to think in terms of functions and keep only

those that are required by the application. In the case of a haptic key, the actuator is aimed

to counter the force produced by a human finger. The term impedance control is generally

used to describe the creation of a force in response to a displacement [53]. As the user pushes

downwards, the force feedback acts against it, in one direction. A single transistor circuit driven

by only one pulse width modulation signal (PWM) is thus sufficient. The potential number

of actuators controlled by one DSP is thus increased compared to the case of a bidirectional

H-bridge drive with four transistors. Ideally in such a case, the closed-loop control should

require only one output for the control instruction and one input for the measurement of the

position.

Figure 3.2 – Control principle of a single key
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Then, once placed in an array, the independent control of each actuator represents a real chal-

lenge due to their number. The example of the computer keyboard containing up to hundred

keys is very representative and facilitates the understanding. Indeed, rare are the applications

where more subsystems have to be controlled simultaneously. Microcontrollers with as many

available pins (ADC conversion and PWM outputs) do not exist up to now1. An interesting

strategy consists in putting multiple microcontrollers in parallel, each of them controlling

a subgroup of keys (Figure 3.3). This solution represents a trade-off between an expensive

configuration where each actuator is controlled by a single dedicated microcontroller and the

hypothetic version in which a single microcontroller drives all keys simultaneously.

Figure 3.3 – Single and mutli-DSP control principles

In conclusion, the key word when designing an electronic drive for multi-finger haptic systems

is simplicity. As control does not represent a central part of the present work, the brief analysis

stops here and we leave it to the reader to further it in accordance to his needs. Likewise, the

proper software part including controllers is not addressed here. Complements are however

given in chapter 6, dedicated to the applications.

3.5 Communication

The number and variety of peripherals requiring a communication with a central console,

generally a computer, do not stop increasing with the advances in technology and multi-finger

devices are not an exception to the rule. Most of the time, the data flow is unidirectional

and informs the computer about the state of the device itself (position, temperature, etc. . .)

or its environment. It is notably the case of computer peripherals like mice and keyboards

where data obtained from arms and fingers movements are translated for the computer.

From a global point of view, it is nothing else but a point-to-point transmission of electrical

stimuli between the human brain and the computer. The signal passes through several

1FPGAs are not considered in this work.
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transducers like muscles, keys and switches before being reconstituted and interpreted by

the computer (Figure 3.4). In that case, the loop is usually closed using visual and auditory

feedbacks provided by the screen and speakers. The idea behind multi-finger haptic devices is

to enhance that feedback by adding a tactile dimension to the relation between the human

being and the machine.

Figure 3.4 – Closed loop of information in usual computer operations

A haptic feedback, entirely pre-programmed and embedded within the peripheral can con-

tent itself with a unidirectional communication towards the computer (e.g. for characters

transmission). However, with the aim of increasing the device performance and provide new

functionalities, a two-way communication is proposed. Indeed, a transfer of information

towards the haptic device allows for two major improvements. First, the opportunity can be

given to fine-tune the touch sensation anytime depending on the task or user, increasing thus

the comfort. Then, additional information can be conveyed to the user through the sense of

touch opening the way to a novel mean of communication.

In conclusion, the implementation of the communication circuit can differ depending on

the final application but a bidirectional connection appears as a must for a greater flexibility.

No chapter is specifically dedicated to communication but solutions developed within the

framework of applications are presented in chapter 6.

3.6 Software user interface

The software user interface is considered as the last part of a multi-finger haptic device even if

it does not physically form a part of it. Following the characteristics outlined in the previous

section, a graphic interface can fulfill two distinct functions. On one hand, an interactive
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window displaying the main properties of the haptic feedback helps adjusting the tactile

sensation provided by the device. The user can for instance decide to opt for one or another

force profile to improve his typing comfort. On the other hand, the graphic interface fulfills its

original role which is to provide a visual feedback to embody the actions of the user (e.g. by

displaying typed characters or following a path on the screen).

Similarly as for the communication module, each software user interface strongly depends

on the application and some examples will be presented together with their corresponding

device (chapter 6).
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As introduced in the previous chapters, the aim of the thesis is to propose a methodology

to design haptic peripherals embedding multiple actuators. The central part of every haptic

device being the one responsible for the creation of the tactile feedback, a method for the

optimization of linear short-stroke actuators is presented. As the comparison of section 3.2

pointed out that electrodynamic actuators are the best candidates for this kind of applications,

the present chapter focuses on their optimization. The particularity of these actuators is

that at the small-size scale, which is required by multi-finger haptic devices, airgaps and dis-

placements are large relatively to the entire structure. A standard modeling using a simplified

behavior of the magnetic flux lines neglecting fringes and leakage thus loses its efficiency and

an alternative design methodology becomes necessary. It should be precise, fast and being

able of easily integrating materials characteristics.

Table 4.1 – Actuator specifications

Par ameter V alue

Available ground surface 18 x 18 mm2

Actuator height (indicative) 10 mm

Travel 5 mm

Maximum force min. 1 N

DC voltage 5 V

In order to facilitate the comprehension of the approach, a miniature electrodynamic actuator

aimed to be integrated under a computer key is taken as example. Its specifications are given

in Table 4.1. First of all, the initial design is given, based on general requirements for narrow

available spaces. In addition, it is shown how to take advantage of finite element modeling

for a rapid initial analysis of the magnetic behavior for early stages of the actuator design.

Then, three major tools used for the optimization are outlined: analytical model, genetic

algorithm and design of experiments. After dismissing the two firsts, the method of the design

of experiments coupled with finite element modeling is detailed and applied to the example

actuator. Once the method is validated, design modifications are made on the sample actuator,
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4.1. Design

improving the linearity of the force characteristic along the travel. A full parametrical setup

is then presented merging the entire optimization process into a unique program integrated

behind a single user-friendly graphic interface. This full parametrical setup is then used to

optimize several actuators showing the range of potential applications. Finally, a brief thermal

analysis is performed on the optimized geometries for more safety.

4.1 Design

4.1.1 Case study: Square electrodynamic actuator

In order to fit the actuator under a computer key, force density, mechanical simplicity and

dynamic considerations have to be taken into account during the design. Electrodynamic

actuators intrinsically fulfill these requirements; however, not all configurations are suitable

for miniaturization. The geometry initially designed is presented in Figure 4.1 and emphasis is

made on its key advantages in the rest of the subsection.

Figure 4.1 – Initial electrodynamic actuator

The electrodynamic actuator, also called voice coil, is a kind of electromechanical actuator

characterized by a fixed magnetic circuit and a moving coil. The coil lightweight gives the

big advantage of reducing the inertia of the moving part which improves the dynamics. It is

the reason why this actuator kind is used in most loudspeakers to cover the entire audible

bandwidth and in PC hard disks heads to rapidly scan data. The second advantage of voice

coils is their simplicity. One or several permanent magnets are fixed to the housing and

generate a constant magnetic flux in the airgap. When a magnetic flux crosses a conductor

supplied with current, Laplace's force is generated. This force is directly proportional to the
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Chapter 4. Design methodology for linear short-stroke actuators

current which simplifies the control algorithm:

d�F = I d�l ×�B (4.1)

where I is the current, l the conductor length and B the flux density crossing the coil.

In order to miniaturize the actuator and minimize the number of magnets and their complexity,

it is decided to place a single magnet, vertically polarized, in the center, with the coil sliding

along it. The trick is to use an iron cap to "bend" the flux horizontally in the airgap in order

to create a vertical force. This configuration involves using an overhung coil (Figure 4.2).

Contrarily to the underhung coil where the gap is much larger than the coil, the entire gap

always faces the same number of turns for any position of the coil allowing for a constant

force along the travel. This last assertion requires the hypothesis of magnetic flux lines that

are perpendicular to the surface they leave or enter. Moreover, the force density is improved

despite an increase of power consumption. Indeed, depending on the travel, many turns carry

current without participating to the force creation. It is however necessary if one wants to

guarantee a sufficient force and still minimize the magnetic circuit volume. In the case of an

underhung coil, the flux density in the airgap would not be sufficient unless building a bigger

structure around the coil, which would not fulfill the specifications.

Figure 4.2 – Underhung and overhung coil principles

The tight dimensions available under a computer key impose to take advantage of the maxi-

mum volume at disposal. With a square configuration, which fits the contour of a key, the coil

is longer and its four sides contribute to the force. Finally, the external iron housing suppresses

any leakage that could affect the surroundings and disturb neighboring keys.

The advantages characterizing the designed geometrical configuration are summarized in

Table 4.2.
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Table 4.2 – Actuator advantages

Geometrical feature Advantage

Square geometry The entire volume at disposal is used, increasing thus the
force density.

Single magnet with vertical
magnetization

Ease of assembly, low cost. The fringes created by the
vertical magnetization above the iron cap could be used
with a Hall sensor to measure the position.

Iron cap (responsible for the
bending of the flux)

The flux crosses the entire length of the turns, increasing
thus the force. A single magnet can be used and geometry
is simplified.

Overhung coil The force is constant all along the stroke if the flux is
correctly confined in the narrow gap.

Electrodynamic system Dynamics and reactivity are improved thanks to the low
inertia of the coil. Moreover, force is directly proportional
to the current.

External iron housing Surrounding the magnet magnetically isolates the actua-
tor from neighboring actuators.

Self-supporting coil The possibility to use such kind of coils increases the num-
ber of turns and so the force by avoiding an additional
frame.

4.1.2 Finite element modeling for rapid analysis

The beginning of any electromechanical development consists in the understanding of the

phenomena prevailing in the system. Finite element modeling (FEM) represents an excellent

means of analysis in the first steps of a project. Indeed, the user can enter his first drafts and

quickly get a feeling of their performance. Without much effort, this tool permits to quickly

assess the behavior and performance of the geometry. Formerly in two dimensions (2D), FEM

is now capable of computing three-dimensional objects. Despite a significantly increased

computation time, 3D programs give a visual rendering of extruded shapes and complete

systems, making them somehow comparable to computer aided design (CAD).

FEM is also very useful during the design phase and helps highlighting and improving assets

of the geometry. Regularly used for the design of rotating motors and actuators, 2D FEM

becomes limited when the geometry requires a variation of the magnetic flux path in the

three dimensions. In the case of the present actuator, the entire volume cannot be built with

an extrusion of a single 2D cut (Figure 4.3). 3D implementation is thus required to model it

properly.
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Figure 4.3 – 2D FEM issues with 3D objects.

To illustrate the previous points, the magnetic flux density of the initial geometry obtained

with FEM is presented in Figure 4.4. The path followed by the magnetic flux clearly appears

and shows the leaks within and around the actuator (Figure 4.5).

Figure 4.4 – 3D FEM flux density
analysis

Figure 4.5 – Magnetic flux path in 2D cut

Supplying a current in the coil allows for the calculation of Laplace's force (4.1) and rapidly

gives a first impression of its magnitude and profile along the travel (Figure 4.6). The first

observation that can be made is that the force decreases with the position of the coil. The

higher the coil position, the lower the force is due to diagonal fringes that close themselves

in the housing below the cap. These fringes do not participate to the force anymore above
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a certain coil position confirming thus the issue mentioned in introduction and requiring a

specific modeling method (Figure 4.5). The fringes are notably related to the iron saturation

level and permeability that bend the flux lines. FEM offers the possibility to enter the magnetic

characteristic of a material, which represents a big advantage in terms of modeling. Saturation

can immediately be detected and rough improvements applied to the geometry, giving a better

idea of the overall dimensions of the structure. However, the user has to be careful. Indeed, a

small difference in iron properties between simulations and reality leads to discrepancies of

the force profile (Figure 4.6). A lot of parameters like material and meshing properties are not

trivial to implement and can compromise the quality of the results if not implemented with

precaution.

Figure 4.6 – Force provided by the initial actuator for different current values (black lines: FEM,
grey dotted lines: measurements)

The second information to be brought to light by the FEM preliminary analysis is the confir-

mation of the direct proportionality between force and current (Figure 4.7).
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Figure 4.7 – FEM force is proportional to
the current and varies with the
position of the coil
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This affirmation is doubly confirmed by the measurements shown in Figure 4.8 where the

slope varies with the position of the coil. This issue will be addressed in subsection 4.4.1.

From now on, FEM simulations will be run with a normalized current of 1 A in order to simplify

the comparisons. However, the heat generated by such current is unacceptable for continuous

operations and will have to be scaled down later.

4.2 Optimization tools

The challenge of scaling down a system is to still guarantee performances fulfilling the specifi-

cations for given geometrical constraints. In the present example, the actuator must fit under

a computer key and provide at least 1 N. The objective function of the optimization will thus

be the force provided by the actuator for a fixed value of current. The advantage behind this

method is that power can be minimized indirectly for the desired performance. Indeed, as

the force is directly proportional to the current (4.1), if the force provided by the optimum is

greater than the specifications, a downward adaptation of the current decreases the power

consumption, which goes together with today's ecological and economic trends.

4.2.1 Analytical modeling

The utility of analytical models in optimization processes, especially in the electromechanical

domain, is well known. This technique allowed for numerous motors and actuators optimiza-

tions to succeed. However, implementing a complete analytical model that fits reality can be a

long and painful way depending on the configuration. Certain geometries can be described

as "preferable" for an analytical approach when the airgap is narrow relatively to the overall

size. Practically, it means that magnetic circuits that are likely to generate fringes and leaks

of the same order of magnitude as the useful flux will represent an issue during the flux path

modeling (Figure 4.9).

Figure 4.9 – When the section crossed by the flux is small compared to the airgap width, the
fringes/flux ratio becomes critical
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In the present case of actuator miniaturization, a large airgap is required to combine me-

chanical simplicity and multi-turns windings, which naturally leads to important fringes that

can follow irregular paths (Figure 4.5). Modeling the flux lines by arcs and straight lines, very

useful for toothed structures [117], becomes problematic due to large airgaps. Indeed, small

dimensional or material variations lead to significant perturbations of the flux behavior.

2D analytical model

In order to demonstrate the difficulties mentioned above, the model of a simplified version of

the actuator (Figure 4.10) is implemented with the following hypothesis [116, 118]:

• The flux is equally distributed within the crossed section.

• A mean path is used to define the travel of the flux lines.

• Eddy current losses and hysteresis effect are neglected.

• The flux leaves and enters the surface perpendicularly.

• Saturation level is considered as constant within each subpart.

Figure 4.10 – 2D version of the actuator Figure 4.11 – Equivalent magnetic circuit
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The first step consists in translating the geometry into a magnetic circuit as shown in Figure

4.11. The flux path is divided into permeances Λ given by:

Λ=
∫

μ ·d s

l
(4.2)

where μ is the magnetic permeability of the material, ds a surface element crossed by the flux

and l the length of the flux path.

The potential created by the magnet Θm is:

Θm = B0

μ0 ·μr m
· lm (4.3)

with B0 the magnet remanence, μ0 the vacuum magnetic permeability, μr m the magnet relative

permeability and lm the magnet length.

Kirchhoff's first and second laws applied to the magnetic circuit allow for the reduction of the

circuit to an equivalent permeance Λeq in series with Θm , hence the magnetic flux Φ becomes:

Φ=Θm ·Λeq (4.4)

Going back to the original circuit (Figure 4.11) determines the flux crossing every parts of

the airgap. With the relation linking the flux density B and the flux Φ (4.5), every element of

Laplace's equation (4.1) is assembled to calculate the force.

Φ=
∫

B ·d s (4.5)

Two different approaches are usually used to set up an analytical model with the intention of

optimizing a motor or an actuator. The first method consists in implementing the model with

ideal iron. Saturation is therefore not considered during the optimization phase, but the thick-

ness of iron parts (especially external housing) is adapted afterwards so as to avoid saturation.

This is only possible when the outer volume is not constrained, which is not the case here.

The second approach calculates the flux density within the permeances of the equivalent

circuit and limits it if higher than the saturation level, in accordance with iron characteristics.

Unfortunately, for certain geometries, saturation does not only limit the magnitude of the

flux but deviates it, causing unwanted behaviors. The actuator studied in this work is a good

example of this effect. In Figure 4.12, when the iron is considered as ideal, the coil bottom is
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crossed by lines going towards the housing with a strong horizontal component participating

to the force. On the other hand, when the iron is subjected to saturation, the bottom of the

housing vertical walls gets saturated and some flux lines tend to close themselves directly

towards the bottom (Figure 4.13). In this case, the horizontal component of the flux crossing

the coil is negligible, or even negative with respect to the force. As a result, when the coil

moves along the vertical axis, non-linearity appears. Modeling the behavior of the flux for

such actuators would necessitate a huge effort to become as precise as FEM could be. This

is the reason why, in projects that are not purely academic, an alternative has to be found to

save time and still guarantee accurate results.

Figure 4.12 – Flux path with ideal iron Figure 4.13 – Saturation at 1 T

To illustrate the issue of the flux behavior, results of the analytical model corresponding to

Figure 4.10 are compared with FEM simulations. Two versions of the model are implemented,

namely classic and loops.

The first model labeled as classic is a straightforward application of equations (4.1) to (4.5).

The flux crossing the airgap is considered as horizontal. In order to ease the understanding, a

single parameter, namely the magnet height, varies in the presented example. Saturation is

not considered in the analytical model yet.

A first comparison is made with the coil in down position (Figure 4.14). With a maximum

relative error of 3.7%, results are quite close, except for the 0.8 mm height where it is shorter

for the flux to close below the magnet instead of crossing the airgap making the configuration

singularly different (the effect is comparable to the one shown in Figure 4.13 and the force thus

decreases rapidly for low positions). A second observation could be the fact that the model

characteristic is more linear than FEM. It can be fully explained by the fact that non-horizontal

components of the flux produce a horizontal force which is not useful.

While discrepancies are limited for low positions at which all leaks contribute to the force,

regardless of the direction of the flux in the airgap, errors increase when one look along the

travel (Figure 4.15). It becomes thus necessary to be able to precisely predict the path followed

by every flux line, which would represent an important work of fundamental research. Two
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Figure 4.14 – Classic model vs FEM for different magnet heights with the coil in its down
position (0 mm)

main effects are responsible for model discrepancies:

• During an upward displacement, the coil starts losing bottom fringes, which results in a

decrease of the force. The effect is limited for the first millimeters where these losses

are compensated by the gain of fringes passing above the actuator (Figure 4.15 (a) and

(b)). On the contrary, for thin magnets, the flux prefers to close below the magnet like

in Figure 4.13. The bottom flux lines decrease the force and so, losing them makes the

force increase. This effect clearly appears in Figure 4.15 (c) and (d).

• The error appearing at the upper end of the travel (3-5 mm) can be explained by a

missing permeance above the actuator (Λa1−2 in Figure 4.11). Indeed, the higher the

magnet, the higher are the fringes above the actuator. When the coil is up, this leakage

participates to the force.

The classic model approaches FEM simulations but not sufficiently to permit considering

using it for optimization. As mentioned before, some error sources are identified and could be

solved with an adaptation of the model.

The loops model is an evolution of the classic model created to take the loops made by the flux

lines under the magnet into account using an additional permeance in the airgap lower part.

As expected, Figure 4.15 shows an improvement of the fit in the first half of the travel. The

maximum relative error stays below 4.5% between 0 and 2.5mm and goes up to 13% at 5mm.

This second implementation shows the possibility to improve the model step by step until

getting a reasonable accuracy. A reasonable accuracy yes, but for what experimental domain?

What is the range of admissible parameters variations that still guarantees a model match?
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Figure 4.15 – Force profiles comparison between classic and loops models and FEM for differ-
ent magnet heights

4.2.2 Hybrid alternatives

The analytical modeling of small actuators with no confined flux path presents an issue of

application area. Indeed, the validation of the model necessitates comparisons with numerous

FEM simulations or measurements on different geometries to make sure that it is accurate on

the entire experimental domain. Even once the model is labeled as ready for optimization, a

last FEM validation is operated on the optimal design to make sure it corresponds to reality

before manufacturing the first prototype. In addition, there is no chance for the model to

be used as is to optimize a different kind of actuator. This method can be described as case-

related. The question can now be asked about the legitimacy of such optimization process.

Why not finding a quicker and more precise way to obtain the optimal geometry?

As FEM is used for the verification of analytical models, one can imagine getting rid of the

analytical part and take advantage of FEM solely. Clearly, FEM software cannot be used alone

without a strategy. Empirical step-by-step optimizations are indeed time consuming and do

not necessarily lead to a global optimum. This is the point where hybrid methods come into

play.
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Genetic algorithms

The first technique combines FEM with genetic algorithms. It is a stochastic method of

optimization where mutations and crossover operators are applied on a population of random

geometries called individuals. During a step, all individuals are simulated via FEM and

evaluated. The best individuals are kept and labeled as parents. Children are generated to

fill the population and many iterations are operated until obtaining an optimum. Genetic

algorithms already proved to be efficient for the design of linear actuators [119]. However, as

tens of thousands of simulations are necessary to converge towards a solution, 2D FEM, with

simulation steps completed in a few seconds, is mandatory. 3D modeling is unimaginable

with current computation power. This point thus eliminates genetic algorithms as a potential

solution.

Contrarily to genetic algorithms, it is preferable to limit the number of simulations to the strict

minimum. This is exactly what design of experiments does.

Design of experiments

Design of experiments (DOE) is a statistical method to model a system in its entire experimen-

tal domain using a limited data set. More largely, DOE links an output vector �Y , the responses,

to an input vector �X , the factors, using a controlled number of experiments (Figure 4.16).

It is applicable to numerous domains and industries where empirical knowledge has to be

gathered based on the analysis of limited experimental data.

Figure 4.16 – General experimental system with input factors �X and output answers �Y

The input factors can represent a multitude of parameters like time, material, operator and

many others but they are generally assimilated to geometrical dimensions in the case of

mechanical systems design. Each factor varies inside a pre-defined range and all factors

boundaries define the experimental domain. Let us take the simple example of the tensile

strength test applied to aluminum cylindrical rods. The output is the force at which the rod

breaks. For this example, two factors, namely the rod diameter and its length are taken, varying

between 2 and 4 mm and from 100 to 150 mm respectively. These dimensions are defined

before planning the experiments, in accordance with the project specifications and constitute
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the experimental domain. DOE aims to gather the behavior of each possible rod within the

domain with a limited number of experiments. In industry, it is obviously not feasible to build

a prototype corresponding to every single possible configuration to determine the optimum.

Thus, FEM simulations represent an excellent alternative to replace real experiments, saving

time, work and money.

In any case, the success of DOE resides in the careful choice of the design of experiments. A

design is obtained by picking in a "normalized" experimental domain (1 and -1 standing for the

upper and lower boundaries respectively), a set of configurations that will constitute the base

of the analysis. Each design is characterized by a number of experiments and their position

within the experimental domain. Old-fashioned designs used in laboratories consisted in

varying one factor at a time, losing de facto interaction effects. In response to this lack of

efficiency, structured designs were invented.

Five existing designs directly taken from literature are presented for purpose of information in

appendix A.1.1 in order to help understand the functioning of the design of experiments first

invented by R. Fisher [120].

Once the design of experiments is chosen and applied to the system, the data obtained

from those experiments needs to be processed. In an utilization of DOE called response

surface methodology (RSM), a polynomial function is obtained from the experimental data to

model the system behavior on the whole experimental domain. The interpolation is generally

either linear or quadratic and integrates or not interactions between factors in order to fit

reality. Examples of such surfaces are presented for 2 factors (Figures 4.17 to 4.19) and their

corresponding equations are:

y = a0 +a1 ·x1 +a2 · x2 (4.6)

y = a0 +a1 ·x1 +a2 · x2 +a12 ·x1 ·x2 (4.7)

y = a0 +a1 ·x1 +a2 · x2 +a12 ·x1 ·x2 +a11 ·x2
1 +a22 ·x2

2 (4.8)

xi being the geometrical factors and ai the constant parameters to determine.

The advantages of RSM are multiple. First, the information contained in the parameters ai

allows for a rapid analysis in order to determine what are the prevailing factors of the system.

Interactions between factors are revealed as well, which helps understand the behavior and

additionally clearly separate the effect of single inputs. Secondly, as the output of the system
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is known for the entire domain, it is possible to find the optimum. Quadratic polynomials are

excellent candidates for optimization as shown in Figure 4.19.

Figure 4.17 – Linear model for two factors and corresponding 2D projection

Figure 4.18 – Linear model with interactions for two factors

Figure 4.19 – Quadratic model with interactions for two factors

60



4.3. Design of experiments and parametrical modeling

4.3 Design of experiments and parametrical modeling

The first task of a DOE process is to carefully select a design that could fit the specifications.

A trade-off has to be made between a high number of simulations and a good accuracy. By

definition, experimental designs strongly decrease the necessary number of simulations.

Among the examples presented in appendix A.1.1, some like the fractional design, propose to

save even more simulations by replacing interactions by new factors. This would be useful

for experiments requiring the construction of prototypes, but not for simulations. Saving an

hour of computation and losing efficiency caused by the appearance of parameters bias is

not worth it. It is thus better to orient the choice on more elaborated designs, developed for

optimization and not only for parameters comparison.

4.3.1 Experimental domain

In the example of the square actuator presented to illustrate the method (Figure 4.1), the

number of free factors is fixed to three. They are presented in Table 4.3 with their assumed

boundaries defining the experimental domain.

Table 4.3 – Free factors for the optimization of the initial square actuator geometry

Factor Geometrical dimension Range [mm]

x1 magnet height [3-7]

x2 magnet length [8-12]

x3 housing thickness [1-2.1]

As the force is directly proportional to the current (4.1), it is not considered as a parameter

and the normalization is obtained by fixing it to 1 A. In order to guarantee a high force density,

NdFeB magnets are used. They are characterized by a high remanent flux density of 1.26 T

and a relative permeability of 1.15. The wire diameter is fixed to 0.2 mm, which represents a

compromise between thermal dissipation and electric time constant. A thermal convection

model and tests on fabricated coils showed that 0.2 mm is the minimal wire diameter to fit the

requirements. The number of turns depends on the available space in the airgap and is hence

not a free factor.

4.3.2 Building the matrix of experiments

Once the factors are defined, they are normalized as follows:

xni = 2 ·xi − (xi max +xi mi n)

xi max −xi mi n
(4.9)
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with xi max and xi mi n the maximal and minimal values of the factor xi . For the rest of the work,

the normalized value xni will be noted xi .

The example of a two-level composite design is shown in Figure 4.20 to illustrate the principle.

The rows of the corresponding model matrix are split in three blocks (Table 4.4). The first block

represents the factorial design (8 experiments), the second the star design (6 experiments) and

finally, at the very bottom, the central point experiment for a total of 15 simulations. Usually,

several experiments are run at [0;0;0] for the characterization of the experimental error. In the

case of FEM simulations, only one experiment is sufficient as the results would be the same.

−1

0

1

−1

0

1
−1

0

1

Figure 4.20 – Composite design for three factors with α = 1 (sphere radius)

Each row of the experimental matrix (grey columns in Table 4.4) corresponds to a set of

normalized geometrical dimensions for one simulation. All of its columns are independent to

each other in order to guarantee orthogonality. The matrix of experiments is then extended to

the model matrix X where each column stands for a parameter. The matrix X shown in Table

4.4 stands for a quadratic model with interactions. The first column a0 corresponds to the

average value, a1−3 to the linear effects, a11−33 to the quadratic effects and the rest represents

first and second order interactions. The columns of the right part of the matrix are built by

multiplying columns of the experimental matrix between each other. For instance, a1 ·a2 gives

a12 and so on. The radius of the star design α is usually greater than one and related to the

number of central experiments. Feneuille and al. [121] give an optimal α of 1.215 for three

factors and one central experiment. However, experiments run with α=1.22 and α=1 showed

no significant difference (as it will be shown later in Figures 4.27 and 4.28). It will thus be kept

equal to one.

For the square actuator, the non-linearity is neglected and the hypothesis of a constant force
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Table 4.4 – Model matrix of a composite design for quadratic model with interactions for three
factors

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33 a123
fa

ct
o

ri
al

1 1 1 1 1 1 1 1 1 1 1

1 1 1 -1 1 -1 -1 1 1 1 -1

1 1 -1 1 -1 1 -1 1 1 1 -1

1 1 -1 -1 -1 -1 1 1 1 1 -1

1 -1 1 1 -1 -1 1 1 1 1 -1

1 -1 1 -1 -1 1 -1 1 1 1 1

1 -1 -1 1 1 -1 -1 1 1 1 1

1 -1 -1 -1 1 1 1 1 1 1 -1

st
ar

1 -α 0 0 0 0 0 α2 0 0 0

1 α 0 0 0 0 0 α2 0 0 0

1 0 -α 0 0 0 0 0 α2 0 0

1 0 α 0 0 0 0 0 α2 0 0

1 0 0 -α 0 0 0 0 0 α2 0

1 0 0 α 0 0 0 0 0 α2 0

0 1 0 0 0 0 0 0 0 0 0 0

along the travel is made. The force acting on the coil is thus only computed for its lowest

position (0 mm). The 15 simulations of the composite design are run in 3D FEM and Laplace's

force is computed.

4.3.3 Parameterization

Finally, a polynomial is built out of the simulations data. Two models of the force F , namely

linear (4.10) and quadratic (4.11), are generated:

F = a0 +
3∑

i=1
ai xi +

3∑
i �= j

ai j xi x j +a123x1x2x3 (4.10)

F = a0 +
3∑

i=1
ai xi +

3∑
i≤ j

ai j xi x j +a123x1x2x3 (4.11)
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The least squares method is used to determine the vector of parameters �a characterizing the

polynomial. First, the output vector �Y composed of force values F obtained with FEM can be

written as:

�Y = X�b +ε (4.12)

Then,

�b = (XT X)−1XT �Y − (XT X)−1XT ε (4.13)

By removing the error term with ε, one gets the vector of coefficients �a which is an estimation

of�b as the error is neglected.

�a = (XT X)−1XT �Y (4.14)

4.3.4 Results

Ideal iron characteristics

DOE starts with the choice of an appropriate design. Three designs are studied and compared

in this section: Hadamard, factorial and composite designs. These three designs are charac-

terized by different numbers of experiments: from only five for a Hadamard design (an extra

row filled with 1 is aggregated to it (Table 4.5)) up to fifteen for a composite design (eight for a

two-level full factorial). They were chosen so to show the importance of a sufficient number of

simulations and bring limitations to light. For this first part of the analysis, saturation is not

implemented in FEM, the iron is thus considered as ideal.

Table 4.5 – Model matrix of a Hadamard design for linear model without interaction for three
parameters

a0 a1 a2 a3

1 1 1 1

1 -1 1 -1

1 1 -1 -1

1 -1 -1 1

1 -1 -1 -1
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Table 4.6 – Model matrix of a factorial design for linear model with interactions for three
parameters

a0 a1 a2 a3 a12 a13 a23 a123

1 1 1 1 1 1 1 1

1 1 1 -1 1 -1 -1 -1

1 1 -1 1 -1 1 -1 -1

1 1 -1 -1 -1 -1 1 1

1 -1 1 1 -1 -1 1 -1

1 -1 1 -1 -1 1 -1 1

1 -1 -1 1 1 -1 -1 1

1 -1 -1 -1 1 1 1 -1

The comparison starts with the simplest polynomial: linear without interaction. With only

four coefficients, the average a0 and three direct effects, it is difficult to predict precisely the

behavior of the system for the entire domain unless it is purely linear. However, it represents

an interesting tool to rank factors. As shown in Figure 4.21, the average a0 is much larger

than the effects. It becomes thus preferable to compare the ratio between the parameters and

the average (Figure 4.22). The iron housing thickness a3 is clearly the prevailing parameter

and the magnet height a1 is almost negligible, except for the Hadamard design. Hadamard

design is an excellent tool to estimate the main effects on condition that there is no interac-

tion. Unfortunately, interactions do appear in the present system as shown in the following

validation.
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The goal of the surface response methodology is to interpolate the behavior of the system

on the entire experimental domain. Validation will thus be executed by comparing a large

number of FEM simulations evenly distributed within the entire domain, with corresponding
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values obtained with the different models. For this first part, 567 geometries were computed

for a total of more than hundred hours of simulations with an Intel Core 2 Duo CPU at 3.00

GHz and 3.25 GB of RAM. The results of the linear models without interaction are presented in

Figure 4.23 where the oblique line stands for the reference. All linear models present a lack

of accuracy. Their force characteristics are curved and dispatched which demonstrates the

necessity of increasing the number of parameters.
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To prove the presence of interactions, the factorial design is used to generate a linear model

taking first and second order interactions into account (Table 4.6 and (4.10)). The repartition of

the direct effects stays similar and one remarks a peak at a23 corresponding to the interaction

between magnet length and housing thickness (Figures 4.25 and 4.26). The force characteristic

is straightened but still spread and shifted (light gray in Figure 4.24). A quadratic model thus

seems necessary to increase accuracy.
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With only eight simulations, a factorial design cannot generate the eleven parameters of a

quadratic model with interactions for 3 factors (4.11). A quadratic model matrix is thus created
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4.3. Design of experiments and parametrical modeling

from the composite set of experiments. The obtained vector �a corresponding to the model

matrix X of Table 4.4 is presented in Table 4.7.

Table 4.7 – Parameters�a of the quadratic model obtained with the composite design presented
in Figure 4.20

average linear effects interactions quadratic effects inter.

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33 a123

2.81 0.07 -0.28 -0.70 -0.02 -0.05 -0.39 -0.21 -0.46 -0.05 -0.02

As already mentioned in subsection 4.3.2 the difference between the composite designs using

α=1 or 1.22 is negligible (Figures 4.27 and 4.28). It will thus be set to 1 for the rest of the

section. Linear parameters and interactions are proportionally similar to the previous models

but additional quadratic terms justify the utilization of this polynomial. Without surprise,

a22 corresponding to the magnet length is important. It comes from the square shape of the

magnet: indeed, doubling the magnet length quadruples the area crossed by the flux. The

force characteristic is greatly improved and fits the reference line (dark grey in Figure 4.24).
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Finally, to illustrate the good fit obtained with the quadratic model in Figure 4.24, three

surfaces are plot for three different heights of the magnet giving thus an insight of the model

accuracy (Figure 4.29).

Real iron characteristics

FEM offers the possibility to enter the magnetic properties of materials such as saturation level

and magnetic permeability. It represents an advantage, especially for compact systems for

which it is not possible to enlarge iron surfaces affected by saturation. Properly dealing with

saturation allows for volume and performance improvement. The analysis of the parameters

�a for the quadratic model obtained with the composite design (Table 4.8 and Figures 4.30 and
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Figure 4.29 – Comparison between the quadratic model of the force (Table 4.7) and FEM
simulations for different magnet heights

4.31) shows a behavior similar that of the model neglecting saturation. The main difference

is the reinforcement of quadratic effects generated by the saturation affecting the iron housing.

Table 4.8 – Parameters�a of the quadratic model obtained with the composite design presented
in Figure 4.20 taking saturation into account

average linear effects interactions quadratic effects inter.

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33 a123

2.77 0.03 -0.37 -0.35 -0.03 0.02 -0.21 -0.22 -0.39 -0.19 0.00

Once again, the models are validated using a comparison with FEM simulations evenly dis-

tributed within the experimental domain. 75 simulations are computed for geometries taking

saturation into account. Linear models with or without interaction are still not sufficient (Fig-

ures 4.32 and 4.33) and a quadratic model is required (dark grey in Figure 4.33). An important

observation is the decrease of the maximum FEM force from 3.46 N to 2.86 N between ideal
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age a0

and real iron characteristics for the quadratic model.
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Figure 4.32 – Linear model without inter-
action obtained with differ-
ent designs vs FEM with sat-
uration
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Figure 4.33 – Linear model with interac-
tions obtained with factorial
design and quadratic model
with interactions obtained
with composite design vs
FEM with saturation

4.3.5 Statistical analysis

A probability analysis is performed for a detailed interpretation of the results. The quadratic

model being the best candidate for an optimization (Figures 4.24 and 4.33), it is studied in

this subsection taking, or not, saturation into account. A straightforward tool showing the

repartition of model errors is to divide their range into fixed length intervals and count the

number of experiments falling in each division. For both cases, the cumulative histogram is

compared to the normal distribution n obtained with the mean μ and standard deviation σ of
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the error vector.

n(x) = 1�
2πσ2

e−
(x−μ)2

2σ2 (4.15)

The normal distribution, as indicated by its name, is accepted by the scientific community

to describe the way a cluster of points would naturally arrange around a mean. In industry,

it is used to measure the dimensions of parts coming out of a production line in order to

detect the number of defects. In the case of the actuator modeling without saturation, the

histogram approaches a normal behavior (Figure 4.34). It comes out that 96.7% of the absolute

errors are spread between -0.1 N and 0.1 N. Another way to represent the accuracy is the

cumulative distribution function (Figure 4.35). Few off-centered errors going down to -0.18 N

mainly affect weak force values. For these cases, the coil is so slim that a lack of FEM nodes

reduces computation accuracy. However, as it only affects low forces, it does not disturb the

optimization process.
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Figure 4.34 – Probability distribution of
absolute discrepancies be-
tween the quadratic model
and FEM
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Figure 4.35 – Cumulative distribution
function of absolute discrep-
ancies

The analysis is repeated for the second quadratic model integrating real iron characteristics

(Figures 4.36 and 4.37). Similar observations can be made and 89.4% of the errors are given

between -0.1 N and 0.1 N. In both cases, the maximum is slightly shifted to the left creating a

bias of the mean.

The discrepancies are finally shown relatively to the value of the force. As explained before,

the largest errors appear for small force values and thus, their percentage gets even larger.

Rare indeed are the discrepancies greater than 5%. 95.1% of the model points fit FEM with a

relative error inferior to 5% for ideal iron experiments and 90.7% for real iron.
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Figure 4.36 – Probability distribution of
absolute discrepancies be-
tween quadratic model and
FEM with saturation
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Figure 4.37 – Cumulative distribution
function of absolute discrep-
ancies with saturation
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Figure 4.38 – Cumulative distribution
function of relative discrep-
ancies without saturation

−15 −10 −5 0 5 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Relative discrepancies [%]

C
um

ul
at

iv
e 

di
st

ri
bu

tio
n 

fu
nc

tio
n

Figure 4.39 – Cumulative distribution
function of relative discrep-
ancies with saturation

Means, standard deviations, maximums and corresponding discrepancies of the quadratic

models are summarized in Tables 4.9 and 4.10.

Table 4.9 – Discrepancy analysis of the quadratic models

Ideal iron Real iron

mean μ sigma σ mean μ sigma σ

Absolute errors [N] 0.0018 0.0498 -0.0123 0.0669

Relative errors [%] 0.1962 2.9037 -0.5051 3.7155
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Table 4.10 – Maximums and discrepancies with FEM of the quadratic models

Model Max force [N] Abs. discrepancy [N] Rel. discrepancy [%]

Ideal iron 3.48 0.037 1.05

Real iron 2.93 0.074 2.53

In conclusion, the hybrid method mixing FEM and statistical DOE presented in this section is

suitable for an accurate parametrical modeling of the force. Relative discrepancies stay as a

majority within a 5 % range and go below 3 % for maximum values. It has to be mentioned

that the numerous FEM simulations run in this chapter are used to validate the method and

not to find the optimum. Indeed, once the method is recognized as accurate, the optimum

is found using the model only and a few simulations around the optimal configuration are

sufficient to confirm it. However in the present case, the numerous FEM simulations covering

the entire experimental domain possess the second advantage of directly giving a geometry

approaching the optimum which is kept without further analysis of the model. This geometry

actually represents only the maximum among the FEM simulations run for validation. A

proper optimization process should be computed on the parametrical model so as to get the

real optimum of the function. However, as the present section aim is the validation of the

parametrical modeling, this maximum is considered as an optimum. The proper optimization

process will be addressed in section 4.5. The maximum force of the model obtained for the

actuator in low position taking saturation into account is 2.93 N at 1 A. This value matches

the maximum FEM result giving 2.86 N for the same dimensions: x1 = 5, x2 = 10, x3=1 mm.

Compared with the initial actuator (Figure 4.6), it represents a force improvement of 27.4%

(respectively 24.3% for FEM). Moreover, the total weight of the actuator decreases of 19.5%,

from 22 g to 17.7 g according to FEM computations.

4.4 Design improvement

4.4.1 Linearization of the force profile

Once the force is optimized for the low position of the actuator, its profile is computed along

the five millimeters of the travel. As already observed for the first version of the actuator, force

is not exactly constant along the travel (Figure 4.6). Flux fringes and loops in the lower part of

the airgap, largely discussed in the analytical modeling section (4.2.1), explain this variation.

Completely removing fringes in such small actuators appears unfeasible. The solution is thus

to make sure the level of fringes crossing the coil is as constant as possible along the travel.

It is made possible thanks to three geometrical modifications presented in Figure 4.40: the

introduction of a "mechanical offset" under the magnet (w3), saturation avoidance in the

bottom housing part (w2) and a higher coil (hc not visible here), increasing thus the total

number of free factors to seven.
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4.4. Design improvement

Figure 4.40 – Geometry improvements for linearization and new factors

In the specifications given in Table 4.1, an indicative value of 10 mm limits the actuator height.

For the sake of improving the force linearity, it is decided to slightly increase this boundary.

The geometry obtained in the previous section constitutes the base for the linearization. Its

corresponding force profile computed with FEM goes up to 3.09 N and falls to 2.46 N, which

represents a relative non-linearity of 20.5 % (Figure 4.41).
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Figure 4.41 – Force profile corresponding to the optimal force geometry (4.3.5)

The criterion for linearization is the relative non-linearity defined as:

εl =
Fmax −Fmi n

Fmax
·100 [%] (4.16)
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The positive slope described by the first part of the curve is due to the retrieval of leaks

overhanging the airgap. The second major effect decreasing the force characteristic for high

positions of the coil is caused by the loss of the fringes appearing below the airgap. Both

of these effects have to be attenuated to flatten the profile and to do so, the linearization is

performed empirically using FEM for a better comprehension of the phenomena.

Mechanical offset

Inserting an iron thickness w3 directly below the magnet shifts the force curve to the right

(Figure 4.42). The coil travels thus longer before starting to lose significant flux components. It

is clear that the introduction of this new thickness increases the total height of the actuator,

leading to an increased number of turns. In Figure 4.42, the number of turns is however kept

constant to illustrate the effect.

Figure 4.42 – Force profile shift provoked by a "mechanical offset" w3

Saturation decrease in the base

The second intervention consists in adding an extra parameter w2 by distinguishing the

thickness of the walls from the bottom thickness. Indeed, the iron section crossed by the flux

in the bottom part of the housing gets smaller when approaching the center. A thickness of

only 1 mm generates saturation that curves the flux lines in the lower airgap. Increasing w2

thus decreases the general leakage, avoids magnetic loops in the lower part of the airgap and

cancels negative force components that could exist when the coil is down. Consequences are

an increase of the force and the flattening of the first part of the curve (Figure 4.43). In the

present case, the effect converges from w2 = 2 mm.
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4.4. Design improvement

Figure 4.43 – Force profile shift provoked by an enlargement of the housing bottom w2

Upper fringes recovery

Finally, the coil height hc and so the number of turns N are adapted so as to take advantage of

the fringes overhanging the airgap, which flattens the left part of the force profile. Combining

the three improvements presented above results in the force characteristic of Figure 4.44. The

force varies between 3.63 and 3.76 N, corresponding to a relative non-linearity of 3.36 %. The

actuator dimensions are summarized in Table 4.11.

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Fo
rc

e 
[N

] 

Coil position [mm] 

Figure 4.44 – Actuator force characteristic after linearization process
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Table 4.11 – Actuator dimensions after linearization process [mm]

hm lm hcap w1 w2 w3 hc N [-]

5 10 2 1 2 3 13 536

4.4.2 Prototype

Following the linearization process, a second prototype is built. A plastic frame is added to

support the winding, integrate a position sensor and guide the actuator (Figures 4.45 and

4.46). The frame is composed of two parts: the coil holder, moving inside the actuator and

supporting the coil, and the external guidance sliding along the housing. The number of turns

is inevitably reduced by the presence of the frame in comparison with a self-supporting coil.

Indeed, the number of turns N decreases of 25 % to 400 and the new coil height hc is 12.5 mm,

increasing the relative non-linearity to 6.7 %. An additional board embedding a piezoresistive

force sensor is mounted on the top of the actuator for testing purpose (Figure 4.45). The total

weight including the force sensor is 28 g.

Figure 4.45 – Second prototype with embed-
ded force sensor

Figure 4.46 – Exploded view of the sec-
ond prototype with guid-
ing system

Unfortunately, this arrangement does not slide as smoothly as expected. In fact, the guidance

is too loose and the tolerances of the coil are too large, leading to unwanted friction during the

stroke. It can be observed on the comparison between measurements and FEM predictions at

0.5 A (Figure 4.47). The fit is quite good, but small variations disturb the profile, increasing the

relative non-linearity to 11.8%.

In conclusion, despite parasitic friction attributed to the guidance, the increase of the number
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Figure 4.47 – Measurements vs FEM for the second prototype at 0.5 A

of geometrical factors to seven, allowing for three mechanical adaptations, greatly improves

the linearity of the force. Precautions however have to be taken regarding the coil dimensions

and tolerances which strongly influence the linearity. Moreover, Figure 4.47 confirms that

FEM results match with measurements on manufactured prototypes and can be considered

as reference.

4.5 Full parametrical setup

The method presented in section 4.3 provides a parametrical model of the force generated

by an actuator using three-dimensional finite element simulations judiciously driven by the

design of experiments. This method synthetizes a behavior but does not directly lead to an

optimum. Moreover, the numerous phases of the design of experiments necessary to obtain a

model from an initial geometry, jumping from finite elements to matrix computations and vice

versa, can be confusing for the designer. For these reasons, the present section addresses a full

parametrical setup covering the entire optimization process of short-stroke electromechanical

actuators, from the initial to the optimal geometry, with only one software interface for each

kind of actuator.

Many references related to the design of experiments together with finite element model-

ing can be found in literature, mainly for mechanical applications such as the deformation

prediction of disc brakes [122] and microaccelerometers [123] or the design of steel wheels

[124]. In the domain of ultrasonic motors, it has also been used to mechanically increase the

magnitude of deformation [125, 126]. However, rare are the applications using this methodol-

ogy in electromechanical engineering. Park and Min [127] propose to use 2D finite element

modeling to design magnetic actuators with non-linear ferromagnetic materials but we could

not find fully integrated optimization interfaces involving design of experiments and 3D FEM
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for the design of electromagnetic actuators.

The aim of the full parametrical setup is thus to integrate and automate the entire optimization

process. Its principle is summarized in the block diagram of Figure 4.48. Two main programs

are used in the process. On one side, a technical computing software (Matlab) manages the

sequence of events and on the other side, a finite element modeling software (Flux 3D) runs

the simulations defined by the design of experiments.

 MATLAB 

 Geometry 

 Design of Experiments 

 Optimization toolbox 

 Finite Elements 
(FLUX 3D) 

Constraints  Variable factors     Experimental domain 

Experimental design Model matrix        

 for i =1: Nexp 

    
Build geometry 

& mesh 
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Quadratic optimization (fmincon)  
 

x
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0
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i i ij i j
i i j

F a a x a x x

Optimal 
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Figure 4.48 – Block diagram of the full parametrical setup

At first, the user enters the different geometry constraints and variable factors defining the

experimental domain based on the actuator specifications. This can be done directly within

a file or through a graphic user interface such as in Figure 4.49, specific to each actuator

configuration, for a better ease of use.
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4.5. Full parametrical setup

Figure 4.49 – Graphic user interface for the experimental domain definition

Then, according to a pre-defined design, the matrix of experiments is built with each of its

rows corresponding to a geometry. As presented in the results of the square actuator modeling

(4.3.4), a quadratic model with interactions is required so as to accurately interpolate the

actuator force on the entire experimental domain. In order to have a large enough set of

simulations at disposal, the composite design introduced in Figure 4.20 is selected. According

to the chosen quadratic model and the matrix of experiments, the model matrix X is finally

built.

For each actuator configuration contained in the experimental matrix, a text file is created

and run by the finite element software in batch mode using a second programming language

(Python). For each repetition of the loop, the force is saved in the output vector �Y and once all

the simulations are completed, the obtained data is processed in Matlab and the parametrical

model of the force is computed using the least squares method.

The last step consists in finding the geometry optimizing the force generated by the actuator.

As the model is a quadratic polynomial with interactions, several well-tried solutions exist and

are embedded in today's computation programs. In the present case, a Matlab function finding

the minimum of constrained nonlinear multivariable polynomials is used (fmincon). Without

going into detail, this tool computes the partial derivatives of the polynomial, starting from

an initial condition �x0, to converge towards an optimum. The fact that the force generated

by the studied short-stroke electromechanical actuators approaches a quadratic behavior

(section 4.3.4) avoids having local optimums and so, the solution provided by the optimization

algorithm can directly be considered as a global optimum. Once the optimal geometric factors

are known, a final finite element simulation is run for comparison with the value obtained

with the optimization algorithm. If needed, additional simulations surrounding the optimal

configuration within the experimental domain can be computed to confirm the optimum.
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A great advantage of this optimization method is that it accepts non-linear constraints. Indeed,

in addition to the geometrical boundaries entered by the user at the beginning of the process,

it is possible to deal with a large variety of other constraints opening the way for multi-physic

optimization. For instance, simple analytical models such as for the actuator weight or the

thermal convection, which are not influenced by magnetic effects, can be introduced as new

constraints. Moreover, similarly as for the force, alternative models obtained from the design

of experiments like the non-linearity of the force along a displacement or elaborated thermal

models can also be considered as constraints. In other words, the user can decide which part

of the actuator model requires a precise knowledge of the magnetic behavior (provided by

FEM) and which part does not.

4.6 Actuators

In order to demonstrate the efficiency of the global methodology addressed in this chapter

and show the range of potential applications, several actuators are presented and optimized

using the full parametrical setup.

4.6.1 Cylindrical actuator

Often neglected in academic projects, the preparation for fabrication becomes necessary

when one deals with systems composed of multiple actuators. Generally designated for final

products, this last step also concerns prototypes involving numerous replications of a single

element. It is notably the case for multi-finger haptic systems.

It is obviously possible to manufacture the actuator as presented in the end of the linearization

process (4.4.1). However, companies and subcontractors will always put effort in the simplifi-

cation of the system in terms of fabrication. Saving time and money is important for all and

one should always look further and see how improvements oriented towards fabrication could

be brought. In the case of the square actuator used until here, manufacturing square parts

necessitates milling which is time consuming in comparison to bar turning. It is thus decided

to switch to a cylindrical shape for the actuator (Figure 4.50), still with an external diameter of

18 mm.

Contrarily to the first square design for which the modeling is run on the down position of the

actuator only, the non-linearity observed along the coil displacement (Figures 4.6, 4.41 and

4.47) will be taken into account for the following geometries. In order to integrate the non-

linearity effect, it is decided to model the average force generated by the actuator along the

travel (6 mm here). The fact of maximizing the average force indirectly limits the non-linearity

and optimizes the global performance of the actuator.

Based on the linearization process (Figure 4.40), up to 7 geometrical factors are available for

optimization: the housing thickness w1, the bottom thickness w2, the bump height w3, the
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4.6. Actuators

Figure 4.50 – Cylindrical actuator principle

magnet height hm and diameter lm , the height of the iron cap hcap and the part of the coil

overhanging the actuator housing hc . In this subsection, three optimizations of the cylindrical

actuator are run with respectively 3, 5 and 7 free factors for a current of 0.5 A (corresponding

to a density j = 8 A/mm2). Their role is mainly to show the accuracy of the method for various

numbers of unknowns. For each configuration, a quadratic model with interactions is given

and validated with FEM simulations and the optimal configuration is calculated.

3 factors

In the first configuration, 3 of the 7 geometrical parameters are considered as free factors and

their boundaries are given in Table 4.12. The others, namely w2, w3, hcap and hc are fixed to

respectively 2, 2.5, 2 and 2.5 mm.

Table 4.12 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 magnet radius (rm) [3-6]

x2 housing thickness (w1) [0.8-2]

x3 magnet height (hm) [3-6]

The full parametrical setup presented in section 4.5 is executed, generating a quadratic model

of the average force with first order interactions. As the second order interactions turned

out to be insignificant in the modeling of the square actuator (a123 in Figure 4.31), they are

neglected here. The obtained model is illustrated with two histograms showing the value of
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the parameters vector �a. Figure 4.51 contains the absolute values dominated by the average

a0 and Figure 4.52 shows the ratio between the parameters and the average1. Similarly as

for the initial square geometry (Figures 4.28 and 4.31), the housing thickness (a2) dominates

the linear effects and the magnet radius (a11) dominates the quadratic effects. Regarding the

interactions, the mutual effect brought by the magnet radius and the housing thickness (a12)

is prevailing as both directly influence the number of turns participating to the force.
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Figure 4.51 – Quadratic model parameters
for 3 factors
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Figure 4.52 – Parameters in % of the aver-
age a0

In order to measure the accuracy of the obtained model, 48 simulations evenly distributed

over the experimental domain are run with the finite element software (Figure 4.53). The

model entirely fits the FEM simulations with absolute discrepancies lower than 0.1 N and 79.2

% of them are lower than 0.05 N. Regarding the errors relatively to the FEM values, 97.3 % are

lower than 10 % and 81.3 % are lower than 5 %.
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Figure 4.53 – Quadratic model vs FEM (48 simulations)

1The numerical values of the parameters vector �a are detailed in appendix A.2.1 for all the models studied in
the present section.
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5 factors

In the second configuration of the cylindrical actuator, 5 of the 7 geometrical parameters are

taken as variable factors (Table 4.13) and hcap and hc are fixed to respectively 2 and 2.5 mm.

Table 4.13 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 magnet radius (rm) [3-6]

x2 housing thickness (w1) [0.8-2]

x3 magnet height (hm) [3-6]

x4 bottom thickness (w2) [1-3]

x5 bump height (w3) [1-4]

The twenty parameters of the quadratic model with interactions obtained with the paramet-

rical setup are plot in percent of the average in Figure 4.54. The effect of the two additional

factors x4 and x5 is limited but the linear effect of the latter, namely a5, reaches 5 % anyway,

which is not negligible.
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Figure 4.54 – Quadratic model parameters in % of the average a0 for 5 factors

The increasing number of free factors exponentially increases the number of simulations

required for a validation using FEM simulations covering the entire experimental domain.

To sidestep the problem, the validation is made by varying the parameters pair by pair and

fixing the others in the middle of their range. The process gives a global overview of the

model accuracy by allowing for the visualization of surfaces (Figure 4.55), in addition to the XY
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representation (Figure 4.56).
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Figure 4.55 – Surface comparison between model and FEM when varying pairs of factors
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Figure 4.56 – FEM validation of the quadratic model when varying pairs of factors (221 simula-
tions)

The fit is globally satisfying as shown in the XY representation (Figure 4.56). However, a closer

look at Figure 4.55 (b) shows that for some specific plans, the matching between both surfaces

does not seem optimal, showing linear discrepancies. This comes from the fact that the error

is minimized for the entire experimental domain with the least squares method and so, less

significant factors can punctually present unwanted errors. However, despite some local

tendencies, the absolute error stays reasonable. Indeed, for all 221 simulations run for the pair

validation, the relative error stays below 10 % and 78.3 % of them are lower than 5 %.
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7 factors

The last cylindrical actuator configuration uses all the 7 factors of Table 4.14 for the optimiza-

tion. The analysis of the model parameters of Figure 4.57 confirms that the linear effects of

the two last factors x6 and x7, respectively the iron cap height and the overhanging coil height,

have to be taken into account in the modeling.

Table 4.14 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 magnet radius (rm) [3-6]

x2 housing thickness (w1) [0.8-2]

x3 magnet height (hm) [3-6]

x4 bottom thickness (w2) [1-3]

x5 bump height (w3) [1-4]

x6 iron cap height (hcap ) [1-3]

x7 overhanging coil height (hc ) [0-3]
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Figure 4.57 – Quadratic model parameters in % of the average a0 for 7 factors

Again, a pair validation composed of 325 simulations is used. Only 0.3 % of the model values

differ from the FEM with more than 10 % and 16.3 % with more than 5 %. The same observation

as previously for 5 factors can be made concerning the linear discrepancies for x3 - x4 and x5 -

x6 (Figure 4.58).
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Figure 4.58 – FEM validation of the quadratic model when varying pairs of factors (332 simula-
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Optimization

For each of the three models presented (3 - 5 - 7 factors), the value of the geometrical param-

eters representing the optimum obtained with the full parametrical setup are presented in

Table 4.15. For each of them, a corresponding FEM simulation is run and absolute and relative

discrepancies are calculated for the average force (Table 4.16).

Table 4.15 – Optimal actuator configurations

Model rm w1 hm w2 w3 hcap hc

3 factors 4.77 0.8 6.0 2.0 2.5 2.0 2.5

5 factors 4.7 0.8 6.0 2.44 3.64 2.0 2.5

7 factors 4.63 0.8 6.0 2.39 3.5 3.0 3.0

Adding extra free factors to the optimization process slightly increases the average force. It

is principally due to the fact that the boundaries of those additional factors increase the size

of the experimental domain which results in greater forces. A side effect is that the modeling

error increases with the number of free factors as shown in Table 4.16 for the optimal geometry.

It is thus preferable to carefully select the most significant factors for an improved accuracy.

86



4.6. Actuators

Table 4.16 – Average force resulting from the optimization process and comparison with FEM

Model Model average force [N] FEM average force [N] Error [N] Error [%]

3 factors 1.5578 1.6124 0.0546 3.39

5 factors 1.5870 1.6547 0.0677 4.09

7 factors 1.6150 1.7050 0.0900 5.28

4.6.2 Square actuator II

In order to improve its performances, a new version of the square actuator is obtained by

merging the initial square geometry with the cylindrical geometry. The second version of

the square actuator presented in this subsection thus combines the high force density of the

square actuator and the ease of manufacturing of the cylindrical actuator (Figure 4.59). The

main advantage is that the part of the housing that is not facing the iron cap can be dug more

largely, creating a discontinuity in alignment, so as to decrease the fringes responsible for

the non-linearity under the airgap (Figure 4.12). Secondly, the airgap can be widened as the

flux originally flowing through the outer walls concentrates in the corners (Figure 4.59 left)

which offers a sufficient surface to avoid saturation and so decrease the non-linearity of the

force. Similarly as for the cylindrical actuator, two models of the force, averaged on a 5 mm

displacement, are established for 5 and 7 free factors. The minimum thickness of the walls

below the airgap (Figure 4.59 right) is fixed at 0.1 mm for mechanical reasons making thus the

factors identical as for the cylindrical actuator.

Figure 4.59 – Square actuator principle
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5 factors

The factors delimiting the experimental domain are summarized in Table 4.17. As for hcap

and hc , they are fixed to respectively 2 and 2.5 mm.

Table 4.17 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 magnet radius (rm) [3-6]

x2 housing thickness (w1) [0.8-2]

x3 magnet height (hm) [3-6]

x4 bottom thickness (w2) [1-3]

x5 bump height (w3) [1-4]

The vector of parameters �a for the quadratic model with first order interactions (Figure 4.60)

is without surprise similar to the cylindrical configuration.
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Figure 4.60 – Quadratic model parameters in % of the average a0 for 5 factors

7 factors

Ibid for 7 factors (Table 4.18 and Figure 4.61).
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Table 4.18 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 magnet radius (rm) [3-6]

x2 housing thickness (w1) [0.8-2]

x3 magnet height (hm) [3-6]

x4 bottom thickness (w2) [1-3]

x5 bump height (w3) [1-4]

x6 iron cap height (hcap ) [1-3]

x7 overhanging coil height (hc ) [0-3]
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Figure 4.61 – Quadratic model parameters in % of the average a0 for 7 factors

Optimization

The properties of the optimal geometries obtained for 5 and 7 free factors are shown in

Tables 4.19 and 4.20. The magnitude of the average force increases of respectively 5.3 and

8.1 % compared with the cylindrical actuator models. As for the discrepancies with the

corresponding FEM simulations they stay in the same admissible order of magnitude.

For the present actuator configuration, no validation of the model using a grid of FEM simu-

lations covering the entire domain is done. Instead, a star validation is directly run around

the optimum obtained from the model. The principle of the star validation is presented

in Figure 4.62 for 3 factors. Its aim is to run simulations on the main axes (two per factor),

equidistant from the optimum which represents the center of the star and see if the obtained
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Table 4.19 – Optimal actuator configurations

Model rm w1 hm w2 w3 hcap hc

5 factors 4.99 0.8 6.0 3.0 2.11 2.0 2.5

7 factors 4.9 0.8 6.0 3.0 4.0 3.0 3.0

Table 4.20 – Average force resulting from the optimization process and comparison with FEM

Model Model average force [N] FEM average force [N] Error [N] Error [%]

5 factors 1.6707 1.6957 0.0250 1.47

7 factors 1.7452 1.8374 0.0922 5.02

geometry really maximizes the average force. In the case where a point of the star is outside

the experimental domain, it is simply skipped.

Figure 4.62 – Star validation principle for 3 factors (• = optimum)

A star validation with a radius of 0.2 mm is detailed hereinafter for the geometry obtained

from the 5 factors model. The simulations surrounding the optimal geometry within the

experimental domain are run using FEM. The geometrical parameters x1−5 are shown in

Table 4.21. The first observation when plotting the average force is that the profile is not

very steep around the optimum making it close to its neighbors (Figure 4.63 (a)). With the

modeling discrepancy, it can happen that a surrounding value is equal or slightly higher than

the optimum. The comparison between each point of the star and the optimal geometry (last

column of Table 4.21) confirms this with two results greater than the optimum. However,

the error stays below 0.5 % and can thus be tolerated. A second implementation of the star

validation is executed with a radius of 0.5 mm showing similar results (Figure 4.63 (b)). The

complete matrix is put in appendix A.2.2.

The same principle is applied to the 7 factors model and presented in Figure 4.64. As predicted

in Table 4.20, the modeling error is slightly higher for 7 factors but the fit is generally good.
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Table 4.21 – Dimensions [mm] and results of the star validation with a radius of 0.2 mm for
the square actuator with 5 factors

x1 x2 x3 x4 x5 F model [N] F FEM [N] Error with optimum [%]

4.79 0.8 6 3 2.11 1.665 1.675 1.29

5.19 0.8 6 3 2.11 1.665 1.705 -0.49

4.99 1.0 6 3 2.11 1.553 1.589 6.37

4.99 0.8 5.8 3 2.11 1.657 1.677 1.13

4.99 0.8 6 2.8 2.11 1.668 1.696 0.02

4.99 0.8 6 3 1.91 1.670 1.688 0.53

4.99 0.8 6 3 2.31 1.670 1.703 -0.37

4.99 0.8 6 3 2.11 1.671 1.697 optimum
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Figure 4.63 – Average force of the star validation around the optimum (•) obtained respectively
with the 5 factors model and FEM
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Figure 4.64 – Average force of the star validation around the optimum (•) obtained respectively
with the 7 factors model and FEM
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Despite the fact that a few surrounding simulations show better performances than both

optimums (5 and 7 factors), the discrepancy stays below 1.11 % for the four star validations (see

A.2.2 for details). It is acceptable and thus validates the method and the optimal geometries.

4.6.3 Fixed magnet actuators

Sometimes, the person in charge of the design of an actuator receives additional constraints.

In the present case, in order to avoid the cost of a tailor-made magnet, the magnet is selected

on the market in accordance with the previous optimizations: a cylindrical 10 x 5 mm NdFeB

magnet. Starting from this point, both cylindrical and square actuators developed earlier are

re-optimized with the 5 remaining factors (Table 4.22). The only difference in the boundaries

is the wall thickness w1 that can go down to 0.5 mm.

Table 4.22 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 housing thickness (w1) [0.5-2]

x2 bottom thickness (w2) [1-3]

x3 bump height (w3) [1-4]

x4 iron cap height (hcap ) [1-3]

x5 overhanging coil height (hc ) [0-3]

The result of the optimizations (Tables 4.23 and 4.24) shows a decrease of the cylindrical

actuator performance compared to the 7 factors optimum (-7.3 %) but an increase of the

square actuator performance (+5.1 %). The former is logically worse due to the decrease of

the magnet size. However, the enlargement of the airgap thanks to w1 increases the number

of turns for the latter which, in addition, does not suffer from saturation compared to the

cylindrical actuator.

Table 4.23 – Optimal actuator configurations

Model w1 w2 w3 hcap hc

Cylindrical actuator 0.5 2.48 3.88 3.0 3.0

Square actuator 0.5 2.88 4.0 3.0 3.0
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4.6. Actuators

Table 4.24 – Average force resulting from the optimization process and comparison with FEM

Model Model av. force [N] FEM av. force [N] Error [N] Error [%]

Cylindrical actuator 1.6302 1.5810 0.0492 3.11

Square actuator 1.9218 1.9318 0.0100 0.52

Prototypes

The prototypes corresponding to both optimums of Table 4.23 are finally built and mounted

in plastic housings fabricated with a fast-prototyping 3D printer (Figures 4.65 and 4.68)2.

With an average force of 1.64 N, the measurements on the cylindrical actuator differ from

the FEM value of Table 4.24 with 3.62 %. This discrepancy clearly appears in Figure 4.66

showing the force profile along the travel. Indeed, the measurements are more curved than

FEM reaching an error of 5.3 % at 5 mm.

Figure 4.65 – Prototype of the
cylindrical actuator
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Figure 4.66 – Force profile comparison between
FEM and measurements

The difference can be explained by the fact that the exact properties of the materials used

for the prototype were not known during the modeling phase. For instance, the tolerance

range of the magnetic remanence Br (fixed at 1.26 T for the FEM simulations) goes up to

1.37 T in the magnet datasheet. Similarly for the iron characteristic for which the theoretical

saturation level was set to 1.5 T but is actually closer to 1.1 T as shown in Figure 4.67 where the

magnetic remanence and the iron saturation are set to respectively 1.37 and 1.1 T. Both curves

match well and the residual discrepancy reaching a maximum of 3.37 % can be explained by

mechanical tolerances and friction caused by the plastic housing.

The effect is even more important in the square configuration for which the error punctually

reaches 16.3 % in the lowest position (Figure 4.69). Decreasing the iron saturation level to 1.1

T improves the results but not sufficiently to explain the force drop for the low positions of the

2Detailed pictures of the actuators parts are shown in appendix A.2.3.
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Figure 4.67 – Adaptation of iron saturation to 1.1 T and of magnetic remanence to 1.37 T

key. Indeed, the iron used for the square actuator is of lower magnetic quality corresponding

to a saturation level below 1 T.

Figure 4.68 – Prototype of the
square actuator
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Figure 4.69 – Force profile comparison between
FEM and measurements

In addition to the lower iron saturation, a non-homogeneous distribution of the turns within

the coil disturbs the linearity of the force. In the realization of the square actuator, a lack of

turns is clearly visible in the part of the coil overhanging the iron housing (red arrow in Figure

4.68). The result on the force profile is comparable to the use of a shorter coil (hc decrease).

Indeed, a FEM simulation with a 1 mm shorter coil but the same number of turns matches the

measurements with a relative discrepancy lower than 2 % (Figure 4.70).

The measurements made on both prototypes of the subsection showed the necessity of

knowing the characteristics of the materials at disposal for the manufacturing already at

the beginning of the modeling process. Slight variations notably influencing the magnetic

properties of iron play a role on the magnetic flux behavior which directly influences the

linearity of the force profile for such miniature actuators.
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Figure 4.70 – FEM simulation of the square actuator with a 1 mm shorter coil and an iron
saturation of 0.95 T

4.6.4 Vibrotactile button

The vibrator addressed in this subsection is radically different from the previous actuators.

Indeed, the idea is to design a flat linear electromagnetic actuator aimed to vibrate when

subjected to an alternating current. It contains two main parts (Figure 4.71): a two-sided coil

printed on a flex circuit board (0.1 mm thick) and a moving part composed of a ring magnet

and an iron base whose role is to amplify the flux created by the magnet and guide it towards

the center with the help of a central bump. When a current flows in the coil perpendicularly

to the magnetic flux, Laplace's force is created between both parts. Supplying an alternating

current in the coil thus generates a vibration. The simple configuration is due to the fact that

the actuator needs to be as flat as possible.

Figure 4.71 – Principle of the vibrotactile button

A ring magnet with an outer diameter of 12 mm, an inner diameter of 9 mm and a thickness

of 1.5 mm is imposed by the application. The external diameter of the coil directly depends

on the magnet and is set to 18 mm. It is to note that the sense of rotation of the current, set

to 0.5 A for the optimization, changes above the magnet (arrows on Figure 4.71) in order to

take advantage of the external magnetic fringes. As for the track width, it is limited by the
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technology (150 μm) giving 23 turns on each side of the board. There is thus 3 free factors left

for the optimization, namely the base thickness x1, the central bump height x2 and its radius

x3 outlined in Figure 4.72 and Table 4.25 with their experimental boundaries.

Figure 4.72 – Free factors for the vibrotactile button optimization

Table 4.25 – Free factors for optimization

Factor Geometrical dimension Range [mm]

x1 base thickness [0.5-2]

x2 bump height [0.5-2.5]

x3 bump radius [1-4]

The actuator is aimed to oscillate around a position and so, before launching the optimization

process it is necessary to determine the optimal gap between the coil and the top of the

magnet. Several FEM simulations are run for different positions of the coil giving 0.25 mm as

the optimal gap (Figure 4.73). The full parametrical setup will thus be run for that position

only.
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Figure 4.73 – Force characteristic of the vibrotactile button
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The first model obtained for the experimental domain introduced in Table 4.25 is characterized

by the parameters of Figure 4.74 (a). What comes directly in mind is that the bump height

x2 is a dominant factor. Actually, it is due to the fact that the coil is placed 0.25 mm above

the highest point of the magnetic part. Therefore, for the values of x2 that are greater than

the magnet height, the coil gets away from the magnet and the force strongly decreases. The

strong non-linearity brought by this effect caused an error of almost 10 % between the model

optimum and the corresponding FEM simulation (Table 4.27). For that reason, a second model

is computed with new boundaries for the bump height (x2 = 0 - 1.5 mm). The parameters of

the second model are well-defined but clearly less significant showing that the response is not

very hilly as shown in the surface representation of Figure 4.75. The error resulting from this

second optimization process is almost divided by four and becomes acceptable (Table 4.27).

The second optimum will thus be kept.

0

5

10

15

20

25

30

35

a1 a2 a3 a12 a13 a23 a11 a22 a33 a123

Pa
ra

m
et

er
 v

al
ue

 in
 %

 o
f 

a 0
 

(a) Model I

0

0.5

1

1.5

2

2.5

3

3.5

a1 a2 a3 a12 a13 a23 a11 a22 a33 a123

Pa
ra

m
et

er
 v

al
ue

 in
 %

 o
f 

a 0
 

(b) Model II

Figure 4.74 – Quadratic model parameters for 3 factors in % of the average a0

The parameters corresponding to the quadratic models I and II of the vibrator are shown in

appendix A.2.4.

Table 4.26 – Optimal actuator configurations

Model x1 x2 x3

Model I 1.9998 1.0535 2.4272

Model II 1.8664 1.5 2.1571

Table 4.27 – Force resulting from the optimization process and comparison with FEM

Model Model force [N] FEM force [N] Error [N] Error [%]

Model I 0.1080 0.0983 0.0097 9.81

Model II 0.0989 0.1015 0.0026 2.57
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Figure 4.75 – Surface obtained with the quadratic model II for different base heights (x1 = 0.5,
1, 1.5 and 2 mm, the two last being very close) and the optimum (�)

4.7 Thermal analysis

Following the optimization of actuators presented in the previous section, a thermal analysis

is completed to prevent any excessive heating. The seven configurations, including cylindrical

(round) actuators (RA3-5-7), square actuators (SQ5-7) and fixed magnet actuators (RA5fix

and SQ5fix) obtained in section 4.6 are simulated using finite element steady state thermal

modeling.

4.7.1 Limiting elements

From the thermal point of view, two main components are critical in the design of electro-

magnetic actuators. First is the insulator covering the coil wires which, if overheated, can

irreversibly lose its insulating properties, leading to the appearance of short-circuits between

the turns. The maximum allowed temperature Tmax is given by the insulation class of the wire.

Two classes are mainly used for the manufacturing of motors and actuators: B with Tmax =

130°C and F with Tmax = 155°C [128]. For more safety, the lower limit of 130°C is chosen.

Concerning the magnets, they are characterized by an operating temperature over which it

is not advised to work [129]. Between this operating temperature and the so-called Curie

temperature TC (310°C for NdFeB magnets), the demagnetization is reversible and comes

back to normal with a decrease of the temperature as long as no counter magnetic field is

generated by the coil. Above TC , the demagnetization is irreversible. For the selected magnets,
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an operating temperature of 80°C is given by the manufacturer (www.supermagnete.ch). It is

thus necessary to make sure that the heating induced by the chosen current density does not

exceed the above-cited value.

4.7.2 FEM steady state thermal analysis

The current of 0.5 A set for the optimization process of all actuators corresponds to a current

density of 8 A/mm2. The first task is thus to calculate the Joule losses generated by each coil.

The obtained values of between 3.18 and 4.30 W are given in Table 4.28. Then, the geometries

are built with a finite element software and steady state thermal analysis are run.

Natural convection is assumed to occur over the external actuator surface with an ambient

temperature Tamb of 20°C. Concerning the heat transfer coefficient h, a study of Markovic et

al. [130] performed on small electric motors resulted in a value approaching 12 W/m2K (for

a �40 x 65 mm cylindrical motor) and increasing inversely with the motor diameter as also

mentioned by Staton and So [131]. The actuators studied in this thesis, in addition of being

even smaller, possess a self-supporting coil. The advantage of this kind of coils is that the

surface available for convection is increased by more than 50 % due to the cylindrical shape

of the wire directly in contact with the air. As a result, the apparent heat transfer coefficient

increases compared to a plane surface usually modeled in FEM. Thanks to comparisons

between measurements and simulations on the RA5fix model (presented later in Figure 4.78)

the heat transfer coefficient h is set to 16 W/m2K. Conduction is then implemented through

the airgap, between the coil and the ferromagnetic structure.

An example of temperature isovalues obtained with RA3 is shown in Figure 4.76 (a). It first tells

us that the coil is always hotter than the rest of the structure (∼ 10 % for RA and 16-20 % for

SQ), whose temperature is almost homogeneous. This difference increases even more when

the coil gets out of the structure (∼ 20 % for RA and 30-40 % for SQ). Indeed, the higher the

coil position, the larger is the convection area around it. The worst case scenario represented

by the coil in the actuator will thus be studied with special care. As a first comparison between

the seven models, an index giving the coil heating in degrees Celsius per Newton provided

by the actuator is calculated (last column of Table 4.28). Clearly, the square actuators, taking

advantage of the entire volume at disposal, are more efficient: between 21.5 % and 27.6 %

relatively to their corresponding cylindrical actuator.

Two localized measurements (red targets in Figure 4.76 (a)), corresponding to the limiting

elements of the actuator, namely the magnet and the coil, were made for the seven actuators

with a current density of 8 A/mm2 and a usage rate of 100 % (Figure 4.76 (b)). This result

confirms the difference between high (5 mm) and low positions of the coil as well as between

the coil and the magnet. One remarks that the temperature reached by the square actuators is

systematically lower than round actuators, especially for SQ5.

The values displayed largely exceed those allowed by the materials. However, this graph is only
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Table 4.28 – Optimal actuators characteristics with N the number of turns, R the coil resistance,
P the Joule losses and T /F the coil temperature over force ratio when the coil is
inside the actuator

Model N [-] R [Ω] P [W] T/F [°C/N]

RA3 625 13.9 3.49 131

RA5 696 15.4 3.86 133

RA7 780 17.2 4.30 135

SQ5 560 12.7 3.18 101

SQ7 736 16.6 4.15 106

RA5fix 732 17.0 4.25 145

SQ5fix 738 17.1 4.29 105

(a) Thermics on RA3 (in)
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Figure 4.76 – Steady state thermal analysis of seven optimal actuator geometries for the two ex-
treme positions of the coil (in and out) at full power ( j = 8 A/mm2). Temperature
is measured on the red targets of (a) (coil and magnet).

indicative as it does not reflect the actual usage conditions of the actuators in multi-finger

haptic applications.

In order to have an accurate feeling of the actual heating undergone by the actuators during

their utilization, it is necessary to determine their usage rate. The main characteristic of

multi-finger devices is to be composed of many actuators that generate a feedback only when

the user presses on a key. The example of the computer keyboard is taken here as reference

for the analysis. We firstly assume that the duration of a keystroke, including downwards

and upwards displacements, is constant among the typists and corresponds to the average

keystroke time of 77.2 ms measured by Rempel et al. [114]. Then, the number of occurrences

of each character is calculated on a text sample constituted by the first two paragraphs of the

present chapter. The "space" key arrives first with 15.1 % of the total characters, followed by
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4.7. Thermal analysis

the "e" with 10.4 %. Based on the research of Karat et al. [132] and Ostrach [133], Table 4.29

helps understanding the final usage rate of the most frequently used keys. Most of the time,

the typing rapidity is given in words per minute (WPM). It is here translated in characters

per minute (CPM) by multiplying by a standard factor of 5 generally used to define a word

[134]. The average time allowed for one character can then be calculated and compared to

the 77.2 ms needed to physically press on a key (excluding displacements of the finger in the

air). Based on this ratio, it is finally possible to give the global time ratio during which the

"space" and "e" keys are meant to be active. With the hypothesis that a key is supplied at full

power during its entire travel ( j = 8 A/mm2) and with the fact that the heating is an affine

transformation relatively to the Joule losses P , it comes out that the worst case scenario of

Table 4.29 is equivalent to less than 10 % of the total Joule losses calculated in Table 4.28.

Table 4.29 – Typing characteristics and usage rates for the most frequently used keys for differ-
ent kind of users

Composition Transcription Professional Fastest

Words per
minute

19 33 50 100

Characters per
minute

95 165 250 500

Char. duration
[s/character]

0.63 0.36 0.24 0.12

Ratio key
active [%]

12.3 21.4 32.2 64.3

Usage rate
"space" [%]

1.86 3.23 4.86 9.71

Usage rate "e"
[%]

1.28 2.23 3.35 6.69

The usage rate of each model is thus adapted and the results are shown in Figure 4.77 for the

coil and magnet temperatures when the coil is inside the actuator. It appears that at 10 %, the

temperature stays below 40°C for both, largely below the limits of the materials. The magnet

is clearly the limiting factor and the temperature exceeds its limit for most models above a

rate of 40 %. However, this situation does not reflect reality and a sufficient safety margin is

guaranteed for multi-finger applications.

Similarly, Figure 4.78 shows the behavior of the temperature when the current supplied in

the coil is decreased, with the usage ratio kept at 100 %. Due to the definition of the Joule

losses (RI 2), the characteristic is quadratic and shows that the actuators could be constantly

supplied with a current density approaching 5 A/mm2 (60 % in Figure 4.78) for some models.

In comparison, the current necessary to maintain the cylindrical actuator of Figure 4.65 in
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Figure 4.77 – Temperature of the actuator corresponding to different usage rates (coil in)
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Figure 4.78 – Temperature of the actuator corresponding to different current levels (coil in)
and comparison with measurements on the RA5fix prototype (�)

its high position is 50 mA (i.e. 10 % of the maximum current) causing a heating of only 2°C

above Tamb . Steady state measurements were made prior to the simulations on the RA5fix

prototype in order to validate the heat transfer coefficient h of 16 W/m2K. The results are

shown in Figure 4.78 with triangles standing for the measurements at respectively 20, 40 and

60 % of the maximum current of 0.5 A. The discrepancies observed at 60 % principally come

from the fact that the coil resistance increases with the temperature which further increases

the Joule losses.

Regarding the vibrotactile buttons designed in subsection 4.6.4, their winding resistances

are two to three times lower than those shown in Table 4.28 for a similar current of 0.5 A,

decreasing thus the Joule losses. The material on which the coils are printed, called Kapton®,

possesses a thermal conductivity of 0.37 W/m·K, which is fourteen times higher than the

air (www.dupont.com). Moreover, these vibrators are aimed to provide bursts of vibrations

in response to a contact with the user's finger during a short period of time only. For these

reasons, the heating will be even less critical than for the short-stroke actuators analyzed

above. They will thus be considered as safe without further simulations.
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4.8 Summary

The development of innovative multi-finger haptic systems passes through the design of

efficient compact actuators. In the case of electromagnetic actuators, small dimensions lead

to an unusual behavior of the magnetic flux lines that are strongly affected by geometrical

and material variations. It represents an issue that greatly complicates the elaboration of

reliable analytical models. The present chapter thus focused on a new modeling methodology

possessing qualities of accuracy, rapidity and adaptability. Indeed, the accuracy characteriz-

ing finite element modeling already convinced a large part of the scientific community and

demonstrated a great flexibility of use. The appearance of 3D magnetic field analysis widened

the scope for a large range of electromechanical applications even more. However, 3D finite

element simulations are extremely time-consuming and strategies have to be found to limit

their number during the optimization process. The main idea supported in the presented

methodology is to take advantage of the design of experiments to judiciously select the simula-

tions to be run within the experimental domain so as to be able to obtain a parametrical model

of the desired objective function (the force in the present case). The careful choice of the

design allows making a trade-off between computing time and accuracy of the parametrical

model.

The use of quadratic models with interactions obtained from the composite design resulted

in the efficient modeling of the force generated by numerous linear short-stroke actuators

with up to seven geometrical free factors. Indeed, the relative discrepancy between the model

and FEM is in general lower than 5 % and decreases for the geometries approaching the

optimum. The advantage of the parametrical modeling is that its processing is facilitated in

order to analytically find the optimum and moreover, additional non-linear constraints such

as weight and temperature can be easily added to the optimization process in order to become

multi-physic. The error finally obtained for all optimums is limited to a 5 % range, decreasing

with the number of free factors.

Finally, the adaptability of the method is demonstrated by the modeling and optimization of a

miniature linear vibrator whose discrepancy with FEM is lower than 3 %.
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Chapter 5. Position sensing of compact actuators for multi-finger haptic devices

Based on the recommendations introduced in section 3.3, the present chapter addresses four

methods of position detection developed during the thesis. No sensor is properly designed,

but techniques are proposed to measure the position of the mover by judiciously integrating,

or not, existing sensors. The methods are classified according to their degree of self-sensing,

meaning the level of interdependency between the sensor and the actuator. The first category

gathers sensors that are completely independent from the actuator and are able to work even

without the latter. Then, the so-called hybrid category takes advantage of intrinsic signals

provided by the actuator but still necessitates the use of a sensor. Finally, pure self-sensing

methods for which no sensor is required are presented.

5.1 Reassignment of existing sensors

5.1.1 Independent sensing method

The principle of the first category is to add a fully functional sensing unit to the actuator.

According to the specifications mentioned previously, optical and magnetoresistive sensors are

well suited for this category1. Practically, a sensor slides along a graduated ruler and changes

its output according to the pattern facing it. For optical systems, the sensor is generally an

optical barrier (Figure 5.1 (a)) in which slides a ruler pierced with slits. The phototransistor

is thus open or closed depending on the light that crosses the ruler. For magnetoresistive

sensors, a comb made of iron plays the role of ruler and when the ferromagnetic material faces

the sensor, the magnetic field produced by the latter increases and changes the resistance

of the sensing element placed in a Wheatstone bridge. For both systems, a single sensor is

not sufficient to discriminate the direction of movement. A second sensor is thus added,

shifted from a quarter of period to form a quadrature encoder. Two square signals (or sinewave

depending on the slit width) are obtained and allow for precise measurements of the position.

So as to miniaturize the system and make it compatible with small actuators, a custom optical

sensor is developed.

Custom single-photointerrupter sensor allowing for direction discrimination

Following the principle of the optical quadrature encoder, we developed a method to discrimi-

nate the direction of movement using only one optical barrier. Compared to existing detection

methods using two photointerrupters shifted by a quarter of period required to detect the

direction of movement, the present method uses only one photointerrupter decreasing thus

the fabrication cost. The objective here is not to design a high-resolution sensor, but a low-cost

sensor that could be easily adapted and manufactured depending on the application. The idea

is to be able to print the ruler on a transparency film using a standard inkjet or laser printer.

Of course, everyday printers are limited in resolution but they offer an excellent alternative for

the fast prototyping of linear position sensors.

1e.g. www.renishaw.com
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(a) Optical barrier EE-SX1107 (slit
width = 0.15 mm)
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(b) Sensor output relatively to the position of the
mask

Figure 5.1 – Miniature photointerrupter from Omron Electronics Inc.

In order to discriminate the direction of movement, the method takes advantage of the

transient part of an optical barrier. Indeed, when the phototransistor does not exactly face an

opaque part of the ruler, the output becomes pseudo-linear as shown in Figure 5.1 (b) between

-0.75 and +0.75 mm. To fake an incomplete covering of the sensor, the standard black and

white pattern of the ruler is enhanced and alternates different levels of transparency (Figure

5.2 (a)). The output obtained with this kind of stripped pattern is presented in Figure 5.2 (b).

Each black line pulls the output low and the magnitude of following oscillation depends on

the grayscale value. Three different levels are necessary to avoid having a symmetry and so

discriminate the direction of displacement. For each level, a comparator signals the transition

and a pulse is generated to trigger a control interrupt.

(a) Stripped
pattern

(b) Photointerrupter output (upper trace) and pulses corresponding to comparators
levels (lower trace)

Figure 5.2 – Single-photointerrupter principle
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At each pulse, the values of the two upper comparators, CMP1 and CMP2, are computed

(Figure 5.3). When a (0 0) code corresponding to a black line is obtained, the previous binary

code is saved and compared for the direction discrimination. The code in memory thus follows

a (0 0) - (0 1) - (1 1) sequence in the forward direction.

Figure 5.3 – Signal processing of the sensor output. At each pulse-triggered interrupt, the
values of the two comparators (CMP1 and CMP2) are read and translated into a
binary code

Results

Figure 5.4 shows the functional demonstrator built with the future aim to be integrated on the

haptic glove developed at the laboratory (Figure 2.17 (a)).

Figure 5.4 – Functional demonstrator of the single-photointerrupter optical sensor

The resolution of the sensor is limited by the width of the photointerrupter slit and defined

by the stripped pattern (respectively 0.15 and 0.3 mm in the presented example). As for
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5.1. Reassignment of existing sensors

the resolution of the detection of direction, it is divided by two as the check is made at

every crossing of a black line. Again, that kind of sensor is not aimed to be used for high-

resolution applications but has to be considered as an easily adaptable position sensor for fast

prototyping. Indeed, once the electronic board is available, the user can simply design a ruler

for each new application using any drawing software and printing it on a transparency film.

5.1.2 Hybrid sensing method

Hybrid sensing methods consist in taking advantage of physical quantities already present in

the actuator. The term hybrid comes from the fact that a sensor needs to be added anyway so

as to measure the intrinsic information. The nature of the measured quantity can vary a lot

from one application to another but in any case, the sensor is closely related to the mechanical

design. In the present subsection, the position of a linear short-stroke actuator, similar to

those presented in the previous chapter, is measured. In this case, the magnetic flux density

naturally present in the structure makes it an interesting candidate.

Linear Hall sensors for position measurement

In the particular case of the miniature actuator, the magnetic circuit surrounding the magnet

is not ideal and leakage appears around the actuator. It is especially the case above the iron

cap (Figure 4.5). As the flux density decreases with the distance to the actuator top, it can be

used to determine the position of the mover. Tiny linear Hall sensors are particularly adapted

to this operation and provide an output that is proportional to the flux density. The originality

of the method is to use a Hall sensor for its linear characteristic instead of just for indicating a

transition as it is usually the case in rotating brushless motor drives from the market. Moreover,

one takes advantage of lost magnetic fringes which increases the faculty of integration even

more and goes together with the idea of multi-finger haptic devices.

In order to illustrate the effect, the flux density is computed on the initial square geometry of

the actuator using the finite elements on a two-dimensional grid overhanging the cap center

(inset picture of Figure 5.5). The corresponding three-dimensional representation of the

magnitude of flux density is shown in Figure 5.5. Two peaks clearly appear above the airgaps

generating a large slope along the z-axis. However, the projections in the plan of Figure 5.6

show that the profile at these positions is strongly nonlinear (y = 5.4 mm). It is thus decided

to place the sensor on the central axis (y = 0 mm) to increase the signal linearity. A similar

analysis is run on a cylindrical actuator and the results, shown in appendix B.1.1, confirm the

vertical behavior of the flux above the cap center (Figure B.2).

The flux density above the actuator center varies of 76 mT on the five first millimeters (y =

0, z = 8-13 in Figure 5.6). With a sensitivity of 13 V/T, the A1302 Hall sensor from Allegro®

MicroSystems is a good candidate. It offers a theoretical bidirectional measurement range of

190 mT which represents a comfortable margin for the sensor location above the actuator.
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Figure 5.5 – Representation of the flux density B above the actuator initial square design (inset
picture) (z = 8 mm at the top of the cap)
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Figure 5.6 – Projections of the flux density characteristic along the z-axis

Results

The prototype resulting from the linearization process presented in subsection 4.4.2 is studied

before integrating the sensor. The flux density vertical component Bz is measured up to 15

mm above the cap using a teslameter (Figure 5.7). The profile describes an almost linear
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behavior until 6 mm, before sensitivity decreases.

Figure 5.7 – Vertical component of the flux density above the actuator center with probe

A miniature electronic board including sensor and low-pass filter is mounted on the moving

part (Figure 5.8). The output characteristic corresponding to a travel of 4.4 mm is shown in

Figure 5.9 and presents a slight non-linearity. For this reason, a calibration is necessary in

order to minimize the error.

(a) Cut view of the actuator with Hall sensor facing down (b) Prototype with visible sensor board

Figure 5.8 – Miniature Hall sensor board embedded in a square actuator

Calibration and robustness

The profile obtained with no current supplied in the coil can be matched by a quadratic

polynomial (red trace in Figure 5.9). However, the calibration of devices integrating numerous
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Figure 5.9 – Hall sensor measurements with linear interpolations and quadratic polynomial

actuators often represents a long and painful task. Avoiding or simplifying it can represent a

non-negligible gain of time. Two different linear interpolations are thus proposed as potential

alternatives in order to simplify the calibration. In both cases, only two measurements are

required, one at the top and one at the bottom of the stroke. The first interpolation is a linear

function between both ends (Ax +B in Figure 5.9). The error relatively to the full scale output

(FSO) reaches 10 %. As an improvement, an offset is inserted in the middle of the travel. On

each side, the function is split into two linear parts, decreasing the maximum relative error to

2.4 % ((Ax +B) /( C x +D) in Figure 5.9). Both methods presented here necessitate knowing

the total distance travelled by the coil. Should it be otherwise, a complete calibration with a

reference position sensor would have to be set up.

Finally, a drawback observed with this position sensing method, where the sensor is directly

surrounded by the coil, is a small variation of the output attributed to the magnetic flux

generated by the coil when supplied with current (Appendix B.1.1). It is thus important to

leave a distance between the sensor and the coil.

5.2 Self-sensing approach

In multi-finger haptic applications, each actuator is aimed to be controlled independently

in force and position. The great number of actuators is often closely related to a limited

space available for each sensory-motor unit. Self-sensing detection (no additional sensor)

appears thus as a must. The principle is to take advantage of phenomena affecting the

actuator coil itself. Many solutions have been developed for electrical machines with repetitive

inductance characteristics (e.g. for rotary and linear permanent magnet synchronous motors

[135] and [136]). The techniques developed at first for large machines are then adapted to
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micro machines as summarized in [137]. Four phenomena are mainly used for detecting the

position: back emf, magnetic anisotropy, eddy currents and magnetic saturation. All of them

will not be explained in this section and interested readers are encouraged to refer to literature

for further information.

The numerous methods developed for AC machines are not necessarily suitable for DC actua-

tors and various alternatives are proposed. Notably in the domain of automotive, in which a

luxury car can contain more than eighty electromechanical actuators driving wipers, lights,

seats, mirrors, brakes, etc. . . , the suppression of position sensors is greatly appreciated. A

first step towards the self-sensing of DC actuators was initiated by Consoli et al. [138] who

propose to take advantage of the magnetic anisotropy of a rotating DC motor. The position is

estimated by detecting periodical oscillations of the armature current caused by rotor slotting.

The mechanical repetition is however not usable in linear short-stroke actuators.

In purely reluctant solenoid actuators, the impedance of the coil and particularly its induc-

tance varies with the position of the plunger. This variation can be observed by measuring

the current rise rate which is proportional to the coil impedance and thus allows sensing

the position [139, 140]. The change in current slope is also used to drive electromechanical

spring-mass actuators and industrial contactors either with pulse width modulation or simple

DC supply [141, 142]. Hanson et al. [143] take advantage of the back emf induced in the coil of

an actuator to estimate the position with an accuracy of 0.2 mm. Indeed, as it will be explained

later, the back emf is proportional to the velocity of the moving part. Maridor et al. [144] even

go a little further by superimposing a sinusoidal scan voltage to the main supply voltage. The

additional high frequency signal allows exploiting the resonance phenomenon that magni-

fies the variation of inductance. Once filtered, the amplitude of the current oscillations is

representative of the position.

The last method however has the drawback of requiring sophisticated filters and control that

we would like to avoid. The challenge is here to develop a method to determine the mover

position that would be simple enough to allow for a network of actuators to be controlled by

a limited number of microcontrollers. Two self-sensing methods for electromagnetic short-

stroke actuators are presented hereinafter. The first one uses the back emf to interpolate the

position of the coil for displacements at constant acceleration and the second takes advantage

of variations of the coil impedance at high frequency.

5.3 Back emf for position interpolation

5.3.1 Physiological considerations

The first method takes inspiration in the way the human being presses on a button. In this

case, what better example than touch-typing when talking about multi-finger applications. As

mentioned in Table 2.3, the maximum bandwidth with which the human finger can apply force

and motion control comfortably is 5 to 10 Hz [31]. In comparison, the average down stroke of a
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finger during touch-typing operations is, with 9.1 ms, ten to twenty times faster [114]. If so, the

user's finger cannot react quickly enough and its behavior remains unchanged along the travel.

In their study on control strategies for finger movement during touch-typing, Dennerlein et al.

[145] demonstrated, using intramuscular electromyography, that the index movement can be

dissociated into three phases. The first activity is initiated by the extensor muscle that lifts

the finger before the keystroke. Potential energy is accumulated and converted into kinetic

energy during the downswing. Once the downward movement has started, no activity of the

extensor slows the movement down. Indeed, the extensor waits for the finger to hit the end

stop of the key before deciding to lift it again. As for the flexor muscle, its contraction during

the downstroke increases the stiffness of the finger joints, overcoming indirectly the keyswitch

activation force. Moreover, a delay of 50 ms measured between the electrical stimulation and

the effective onset of the force confirms that the action is too fast to be actively controlled.

These arguments allow making the hypothesis of a constant force applied by the human finger

during a keystroke. It means that if F f i ng er is constant, the acceleration directly depends on

the force produced by the key Fke y as stated by Newton in his second law:

∑
F = F f i ng er −Fke y = m ·a (5.1)

If no counterforce Fke y is applied, the acceleration is constant. It is therefore possible to

measure it at the very beginning of the stroke, when the current is not yet established and to

estimate the mover position with a double integration of the acceleration.

5.3.2 Back emf

In order to measure the acceleration, a difference of speed over a given time is needed. The

method presented here proposes to measure the velocity through the back electromotive force

(back emf). Indeed, when using an actuator with no current supplied (i = 0), the coil voltage

U is reduced to a back emf e as follows:

U (t ) = Ri (t )+L · di (t )

d t
+ i (t ) · dL

d t
+ dΨcm

d t
= dΨcm

d t
(5.2)

⇒ dΨcm

d t
= dΨcm

d z
· d z

d t
= K · v = e (5.3)

where R is the coil resistance, L its self-inductance, Ψcm the total flux created by the magnet

and crossing the coil and K the back emf constant.

The back emf is the variation of the magnetic flux created by the magnet and flowing through
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5.3. Back emf for position interpolation

the coil over time. The actuators studied in this work, composed of a central, vertically

polarized magnet, present the advantage of a Ψcm that is linear with the position. It is verified

with a FEM simulation on the actuator resulting from section 4.4.1 by displacing the coil along

the z-axis and computing the magnetic flux flowing into it. When the coil moves along the

magnet, the variation of the flux created by the magnet, flowing vertically through the coil Ψcm

is proportional to its position z (Figure 5.10). It is due to the fact that the flux density inside the

magnet is constant. Since Ψcm/d z is a constant K (-4.3 Vs/m), the back emf is proportional to

the velocity v (5.3).
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Figure 5.10 – Flux crossing the coil vs position

It is thus possible, by measuring the back emf, to get information about the coil velocity and

then integrate it in order to get the position. However, as a single coil is aimed to be used

to create the force and determine the position, tricks have to be found. Indeed, using this

technique for continuous position sensing would require to quickly cut the power supply to

the coil and to measure the back emf once the current is settled to zero. The time needed for

the coil current to settle to zero and then establish again approaches 1 ms due to the values

of R and L. Continuous measurements are therefore unrealizable without adding serious

disturbances, considering an average down stroke time of approximately 10 ms [114].

5.3.3 Free fall study

As mentioned in the previous subsection, if no counter force is applied, the acceleration is

constant during a stroke, which is comparable to the free fall of a body subjected to gravity.

The effect is thus observed by dropping a loaded coil from a 5 mm height (Figure 5.11 (a)).

As no external force is applied, the velocity is proportional to gravity:

v(t ) = g · t + v0 (5.4)
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(a) Measurement setup
with loaded coil
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(b) Back emf during a free fall of the loaded coil

Figure 5.11 – Back emf measurement principle

In Figure 5.11 (b), representing a free fall, the back emf increases linearly during the fall, except

for small disturbances at the beginning and just before the impact due to imperfect drops

and parasitic wire forces. As expected, the measured voltage is proportional to the velocity,

obtained by derivation of the position measured with an external position sensor (Figure 5.12).
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Figure 5.12 – Velocity vs back emf during a free fall

Figure 5.13 shows a zoom of the instrumentation amplifier output, alias the back emf produced

by a free fall and summarizes the principle of the sensing method. In addition to the two back

emf measurements responsible for the calculation of the acceleration, a trigger is introduced

at the very beginning to notify the fall. The program runs until detecting a back emf value

that rises above the threshold (e0). From there, a stroke is detected and acceleration can be

measured. The second measurement e1 is taken a short while after the detection in order to

avoid start disturbances. The third value e2 is finally recorded. Knowing the time between
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both measurements (t2 − t1), the acceleration a can be calculated:

a = Δv

Δt
= v2 − v1

t2 − t1
= 1

K
· e2 −e1

t2 − t1
(5.5)

With the values of a and t0, the key fall can be interpolated with:

z(t ) = z0 − 1

2
a · (t − t0)2 (5.6)

A delay t2 appears before the interpolation can catch up with the real position. However, the

velocity at t0 is close to zero and hence the travelled distance is very limited (20 μm for 2 ms).

Unwanted oscillations visible on the back emf above 0.4 V are simply due to the low common

mode of the amplifier and do not disturb the measurements.
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Figure 5.13 – Zoom on back emf from instrumentation amplifier output

5.3.4 Results

• Computer post-interpolation

The back emf is at first processed with a computer to demonstrate the method accuracy.

Different delays Δt from 1 to 5 ms are tested between the measurements.

A comparison between the interpolated position and the data measured with a precision

CCD laser sensor shows that the curves match satisfactorily (Figure 5.14). Estimated

profiles converge when the delay increases and the absolute error does not exceed 0.1

mm (0.06 mm for the moving average) (Figure 5.15). The acceleration computation with

Δt = 1 ms is a little less reliable. It comes from a small back emf difference at low speed

which can be affected by the noise. It is thus important to choose a correct sampling
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Figure 5.14 – Position interpolated from back emf data with different Δt vs
position measured with a precision CCD laser sensor
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Figure 5.15 – Discrepancies between position measurement and interpola-
tion and corresponding moving average

period to get efficient results. As for repeatability, it can vary due to noise and drop

quality.

• Embedded real-time interpolation

The second phase consists in embedding the data processing within a microcontroller.

The back emf is converted using an analog to digital converter and the position output

is a PWM, low-pass filtered in order to get an analog value. Measurements are taken and

the acceleration is calculated at the fall start. Then, the position is real-time interpolated

and compared with the laser sensor data (Figure 5.16).

Interpolated and real positions are directly compared in Figure 5.17. Again, both profiles

fit relatively well. The maximum absolute error approaches 0.3 mm (below 0.2 mm for

the moving average, which represents 4 % of the full scale output).
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Figure 5.16 – Real time interpolated position from back emf data vs position
measured with a precision CCD laser sensor
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Figure 5.17 – Comparison between interpolated position and laser sensor
data

Discussion

The back emf method presented brings encouraging results [146]. The position of the mover

can now be estimated all along a downstroke with the hypothesis of constant acceleration. A

soft-landing control is thus made possible for electomagnetic actuators by slowing down the

fall of a mover before the impact. Unfortunately, several studies aimed to provide a lumped-

parameter model of the human fingertip showed that the way of typing and consequently

the mechanical parameters strongly vary from one stroke to another [147, 148]. The uneven

behavior of force and acceleration during a human stroke eliminates the chances for interpo-

lation methods to succeed in all the tasks aimed to be accomplished by multi-finger haptic

applications. A possibility would be to further this way by measuring both coil current and
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voltage so as to actively measure the position deduced from the back emf as done in [143].

However, the aim of the present work being the simplification of the global sensory-motor

system in order to integrate it in a network of actuators, this solution would not fit the ob-

jectives. Other principles will thus have to be studied in order to provide real-time position

information. The research towards a self-sensing solution with light hardware and software

requirements is thus transferred to a second method involving high frequency oscillations.

5.4 Oscillating RLC circuit

Plunging a coil in a ferromagnetic core has an influence on its own impedance, which further

influences the electric signals. In this section, focus is put on this variation of impedance to

implement a novel self-sensing method for position detection. Before looking at the electric

signals themselves, the electrical properties of the coil are analyzed so as to get a better

comprehension of the phenomenon.

5.4.1 Coil properties

A coil is commonly modeled with a resistor R in series with the inductor L (Figure 5.18). This

resistor represents the resistance of the wire itself and varies with the frequency due to high

frequency effects (e.g. skin and proximity effects). In addition, as the conductors are very close

to each other, electric charges can be accumulated within the winding. As a result, a capacitor

C is added to the model in parallel to the inductor and resistor. This capacitor is generally

omitted during control operations (PWM) as its role becomes only weighty at high frequency.

Figure 5.18 – Equivalent circuit of a wound coil

From a magnetic point of view, two main physical phenomena can influence the impedance

of a coil [140]. On one hand, the fact of approaching a coil toward a ferromagnetic material

increases its permeance, meaning that it becomes easier for the magnetic flux to flow due

to the high magnetic permeability of iron [149]. As the inductance of a coil L is directly

proportional to the permeance Λ (5.7), the former increases inversely to the distance with the
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ferromagnetic material.

L = Ψ

i
= N 2Λ (5.7)

with Ψ the total flux of the coil, i the current and N the number of turns.

On the other hand, an alternative current flowing in a coil generates a variable magnetic

flux. When this flux crosses another conducting material, eddy currents are induced in the

latter to counter the exciting magnetic field. As a result, the effect caused by eddy currents

acts conversely to the variable reluctance effect and decreases the coil inductance L. The

magnitude of both effects varies with the frequency and do not cancel each other as it will be

presented later.

A side effect of the eddy currents are the Joule losses caused in the conductor placed at

proximity [150]. These losses directly affect the real part of the coil impedance which is

nothing else but R . The closer to a conductor the coil is, the more eddy currents are generated

and the more the resistance increases. Both real and imaginary parts of the coil equivalent

model are thus affected by the presence of a ferromagnetic body.

The short-stroke actuators designed in chapter 4 theoretically match the requirements pre-

sented above for the variation of impedance. Indeed, the coil is plunged inside a ferromagnetic

core, which changes its inductance and resistance with the position. In order to confirm the

possibility of using this physical principle for self-sensing, a frequency analysis of a prototype

of cylindrical actuator is run. Figures 5.19 and 5.20 present the characteristics of inductance

and respectively resistance of the coil along a frequency sweep for the two extreme positions

of the coil (0 - 5 mm). Regarding the inductance, one remarks that below 20 kHz (barely visible

on the graph) its value increases while the coil penetrates the core due to the increasing per-

meance as explained earlier. However higher in the frequency range, the eddy currents effect

takes precedence on the permeability and the inductance decreases with the position. Above

800 kHz, a resonance phenomenon inverses the tendency again and the parasitic capacitor

component becomes so preponderant that the equivalent circuit is capacitive (negative value

of inductance).

As for the resistance, it increases when the coil is pushed inside the ferromagnetic core as

explained by the eddy currents theory. However, beyond 400 kHz the tendency is inversed and

the resonance peak strongly decreases with the position. The behavior of the coil impedance

at very high frequency is mainly influenced by resonance phenomena which are yet partially

unknown. Hence, it is preferable to stay below this resonance for a better understanding.

By looking at Figures 5.19 and 5.20, it comes out that there is a frequency f0 (400 kHz here)

where the inductance decreases of almost 40 % while the resistance stays constant. At this

point, both effects are clearly separated and the impedance variation is only due to a single
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Figure 5.19 – Frequency characteristic of the inductance of a cylindrical short-stroke actuator
coil at two extreme positions
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Figure 5.20 – Frequency characteristic of the resistance of a cylindrical short-stroke actuator
coil at two extreme positions

parameter. The main challenge remains now to take advantage of the variation of inductance

to measure the position. The idea is to passively generate oscillations at the frequency afore-

mentioned and observe the effect on intrinsic electric signals. However, before analyzing the

proper circuit of the actuator, a general review on oscillating circuits is presented.
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(a) RLC circuit
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(b) Simulation of voltage oscillation of a precharged capacitor after
switch closing (C = 500 pF, UC 0 = 5 V, R = 10 Ω and L = 600 - 1400 μH)

Figure 5.21 – Oscillating RLC circuit behavior

5.4.2 Oscillating RLC circuit

Kirchhoff's second law applied to a RLC circuit (Figure 5.21 (a)) is reduced to a second order

differential equation as follows:

ï +2λi̇ + 1

ω2
0

i = 0 (5.8)

with λ = R/2L the attenuation describing the envelope of the oscillations and ω0 = 1/
�

LC the

resonance frequency (details in appendix B.2.1).

In physical circuits the resistor is always different from zero and dissipates energy, which results

in an attenuation of the oscillations. Three cases can appear depending on the damping factor

ζ defined as λ
ω0

. The system is called critically damped at ζ = 1 when the overshoot is damped

in a minimal time generating no oscillation at all. For values of ζ > 1, the first peak is lower but

takes more time to be cancelled. At the contrary, if ζ < 1, the system is underdamped and the

oscillations are gently attenuated following an exponential curve as shown in the simulations

presented in Figure 5.21 (b) in which the capacitor is precharged at 5 V.

Indeed, if λ<ω0 the solution presents exponentially decreasing oscillations given by:

i (t ) = Ae−λt si n(ωd t +ϕ) (5.9)

with A and ϕ constants determined by the boundary conditions and ωd the actual frequency
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of oscillation:

ωd =
√

ω2
0 −λ2 =ω0

√
1−ζ2 (5.10)

It is to note that the lower the damping, the closer to the resonance frequency ωd is.

As suggested in (5.9), the inductance of the circuit influences both amplitude and frequency

of the oscillation. The simulation presented in Figure 5.21 where L varies between 600 and

1400 μH confirms this statement.

With the aim of taking advantage of the variation of inductance observed during displace-

ments of the coil within the actuator, modifications have to be made on the drive electronics.

Theoretically, a coil is symbolized by a RLC circuit (Figure 5.18). However physically, the coil

only possesses two connections and so, no oscillation can be created within it. In order to

allow for an oscillation to be created, a second branch needs to be connected in parallel with

the coil.

Figure 5.22 – Drive circuit principle for actuator and electrical model of a coil

The idea developed in this subsection consists in taking advantage of the branch composed

of the freewheeling diode D responsible for the current extinction during off-phases of the

transistor. In the present configuration (Figure 5.22), the current supplied in the coil disappears

in the diode at the transistor extinction following a decreasing exponential. Used as is, the

circuit behaves as a RL circuit with a time constant τ = L
R . The circuit indeed works at the

pulse width modulation (PWM) frequency driving the transistor (generally 20 kHz) which is

too low to give importance to the effect of the tiny capacitor CC which can almost be neglected

(ZC = 1
jωCC

). However, the current is so slowly cancelled in the RL loop that no significant

difference can be observed. Two strategies are thus considered and simulated to reveal the

change in inductance (Figure 5.23). In order to simplify the measurements and avoid adding a

differential amplifier, voltage is measured between the transistor drain and the ground.
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(a) Additional resistor principle (b) Additional inductor principle

Figure 5.23 – Self-sensing measurement circuits for the simulation of the variable inductance
effect

RL circuit

The first possibility is to add a resistor in series with the free-wheeling diode to decrease the

time constant τ (Figure 5.23 (a)). To avoid perturbations generated by the transistor internal

capacitor, simulations are run with a current I10 set in the coil inductor at t=0 and the transistor

is removed. In addition, the free-wheeling diode is considered as ideal and thus negligible.

In this case, the current decreases more quickly which increases the voltage drop on the

inductor which is proportional to the current derivative. Thereby the voltage on the transistor

drain becomes measurable as shown in Figure 5.24, where a marked difference is observed

depending on the inductance value. Despite a demonstrated potential, the main drawback of

this solution is to narrow the effective control range of the PWM duty cycle. Indeed, the current

is quickly cancelled during the transistor off-phase which results in a low current in the coil

for the main part of the PWM range. A second drawback is that the measurement is strongly

influenced by the initial value of the current I10 which we would like to avoid monitoring.

RLC circuit

The second method investigated consists in creating an oscillating RLC circuit as introduced

in Figure 5.21. As the coil itself is modeled by a capacitor in parallel with an inductor, one

could add either an inductor or a capacitor in parallel with the coil to generate high frequency

oscillations at the transistor shutting.

Removing the resistor R of Figure 5.23 (a) and adding a capacitor in parallel with the coil

(but not in the diode branch) creates a RLC circuit. However, measurements on a test circuit

revealed that the on-phases of the transistor are perturbed by the capacitor which shifts the

impedance characteristic to the left and thus, does not allow the current creation in the coil

resulting in very low forces (see appendix B.2.2). Oscillations are nevertheless well and truly
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Figure 5.24 – Simulation of voltage and current decrease at the transistor shutting (CC = 500
pF, RC = 10 Ω, LC = 600 - 1400 μH and R = 50 Ω with I10 = 0.2 A)

present, which makes the method an eligible candidate for position sensing only, without

active control of the force. Unfortunately the goal of the present section is to find a self-sensing

method able to drive an actuator in closed-loop and not solely a new sensor.

The alternative option is to connect an inductor in the diode branch (represented by a R −L

circuit in Figure 5.23 (b)). Like for the previous RL circuit, the initial current I10 decreases

through the inductors (L + LC ) and resistors (R + RC ). However in this case, additional high

frequency oscillations are superimposed, initiated by the coil capacitor and relayed by both

inductors and notably the sensing element LC . The small current oscillations of CC are thus

transformed into significant voltage oscillations in the inductors (uL = L ·di /d t) and their

attenuation varies with the value of inductance. We have thus two superimposed circuits

working in two different frequency domains. In order to get a better understanding of the

circuit behavior, let us observe it in the frequency domain.

5.4.3 Simulation and numerical validation of the phenomenon

As presented in Figures 5.19 and 5.20, at a given position, the apparent values of RC and

LC strongly vary with the frequency due to resonance phenomena. Thus, a distinction has

to be made between the discharge of the coil current (RL circuit) and the generation of the

oscillations (RLC circuit), happening at much higher frequency. Indeed the current extinction

is synchronized with the PWM (generally 20-25 kHz) whereas the oscillations are generated ten

to twenty times faster depending on the components value. The apparent value of the elements

composing the circuit thus changes depending on the observed mode. Obviously, both

phenomena happen simultaneously and are interconnected, however decoupled simulations
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help explaining the functioning. In order to do so, the circuit of Figure 5.23 (b) is simulated

twice, once at the inductor current discharge with low frequency components and once during

oscillations initiated by the capacitor discharge with high frequency components (Table 5.1)2.

Table 5.1 – Parameters values for low and high frequency configurations of the RLC circuit
based on measurements

Parameter Low frequency High frequency

CC 500 pF 500 pF

RC 10 Ω 1 kΩ

LC 600 - 1400 μH 600 - 1400 μH

R 0.2 Ω 10 Ω

L 100 μH 100 μH

UC 0 0 V 5 V

I10 0.2 A 0 A

I20 -0.2 A 0 A

At the PWM frequency, the resistance of the circuit is low, close to DC conditions. After the

transistor shutting, the current exponentially decreases in the RL circuit with a slow time

constant τ avoiding to kill the current creating Laplace's force too quickly (Figure 5.25). The

duty cycle can thus be used efficiently on the entire range contrarily to the solution proposed

in the RL circuit subsection (Figure 5.23 (a)). For the comprehension, it is important to note

that only the initial current in the coil inductor I10 is simulated. In this configuration, the

influence of the coil capacitor, barely visible with tiny oscillations on i2, is negligible.

The oscillations finally appear in the high frequency configuration in which both coil and in-

ductor resistances increase (Figure 5.26). The initial current is here set to zero in the inductors

and only the capacitor is charged at UCC at t=0. The discharge of the latter in both inductive

branches generates important oscillations, whose attenuation and frequency vary with the

coil inductance. The small value of the coil capacitor CC allows it to be always charged at

UCC when the transistor shuts, improving the measurement repeatability. In this particular

case, the reintroduction of the free-wheeling diode omitted for the simulations (Figure 5.22)

would completely cancel the oscillations observed in Figure 5.26. However, as in reality it is

superimposed with the decreasing current presented in the low frequency configuration, the

direct current fluctuates but is always sufficient to keep the diode open. It is thus correct to

simulate the high frequency effect without the free-wheeling diode.

The advantage of the solution integrating an additional inductance is that the position mea-

2For more clearness, only the resistor values R and RC are adapted.
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Figure 5.25 – Simulation of low frequency current decrease at transistor shutting (CC = 500 pF,
RC = 10 Ω, LC = 600 - 1400 μH, R = 0.2 Ω and L = 100 μH with I10 = 0.2 A)
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Figure 5.26 – Simulation of high frequency oscillations at transistor shutting (CC = 500 pF, RC

= 1 kΩ, LC = 600 - 1400 μH, R = 10 Ω and L = 100 μH with UC 0 = 5 V and I10 = I20

= 0 A)

surement hardly influences the force creation and vice versa. On one hand, the current

generated by the oscillations in the coil is so small that it does not influence the force, espe-

cially not for haptic applications (see i1 in Figure 5.26). On the other hand, the decrease of

the current after transistor shutting only sees a tiny change in resistance attributed to the

wire-wound inductor keeping thus a stable DC current in the coil for the creation of the force.
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In order to confirm the simulations presented above and improve their understanding, an

analytical model of the RLC circuit is established. Kirchhoff's second law applied to the circuit

of Figure 5.23 (b) allows writing the third order differential equation below formulated as a

function of i2 (details in appendix B.2.3):

i2(RC +R)+ i̇2(RC RCC +LC +L)+ ï2(RC L+RLC )CC + ...
i2LC LCC = 0 (5.11)

A numerical resolution of the differential equation (5.11) using Matlab produces the same

results as for the current decrease simulation (Figure 5.25) as shown in Figure 5.27.
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Figure 5.27 – Numerical resolution of low frequency current decrease at transistor shutting
(CC = 500 pF, RC = 10 Ω, LC = 600 - 1400 μH, R = 0.2 Ω and L = 100 μH with I10 =
0.2 A)

Then, in order to analyze the influence of the capacitor at high frequency, a second formulation

of the system is established as a function of the coil voltage (appendix B.2.3). The system is

solved in Matlab and once again, the results of Figure 5.28 correspond to the simulations of the

circuit at high frequency (Figure 5.26). Tiny discrepancies are however visible on the phase of

the drain voltage at 25 μs, probably attributed to differences in software numerical resolution.

In the case of an electromagnetic actuator, the three parameters RC , LC and CC potentially vary

with the position. What is interesting with the present method is that the capacitor variation

only influences the frequency (see (5.8)) and not the attenuation. Measuring the difference in

frequency would indeed cause problems as multiple parameters, namely LC and CC , influence

it. Ideally, it would be important to measure the attenuation at the frequency f0 mentioned

in Figures 5.19 and 5.20 where the resistance stays constant and solely the inductance varies

with the position.
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Figure 5.28 – Numerical resolution of high frequency oscillations at transistor shutting (CC =
500 pF, RC = 1 kΩ, LC = 600 - 1400 μH, R = 10 Ω and L = 100 μH with UC 0 = 5 V
and I10 = I20 = 0 A)

5.4.4 Frequency adaptation

In order to be dependent on the variation of inductance only, it is decided to target the f0

frequency to generate the oscillations on the transistor drain. As stated in (5.8), the pulsation

ω0 can be decreased by increasing either the inductance or the capacitance of the circuit. One

step is already done with the addition of the second inductor L. However, in order to avoid

adding a too large inductor that would be bulky and bury the variation of the coil inductance,

there is the possibility of slightly increasing the circuit capacitance by connecting a small

capacitor in parallel with the coil. Of course, this capacitor should remain as small as possible

to avoid disturbing the creation of the current responsible for Laplace's force (as in Figure

B.6, appendix B.2.2). The advantage is that the capacitor does not influence the attenuation

(λ = R/2L). In addition, attention should be paid to the choice of the transistor, the output

capacitor of which influences the circuit behavior. A trade-off thus has to be made between

the capacitor, the inductor and the transistor to get the most of the measurements.

Figures 5.29 and 5.30 show the influence of the additional capacitor which shifts the inductance

and resistance characteristics to the left and decreases the resonance effect on the latter. This

artefact can thus be used to fine-tune the frequency of the oscillations and the sensibility of

the attenuation.

5.4.5 Measurement method

Now that the presence of the oscillation phenomenon is known, a method has to be found

to measure it. A first possibility would be to concentrate on a single oscillation and measure
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Figure 5.29 – Influence on the coil inductance caused by an additional capacitor in parallel
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Figure 5.30 – Influence on the coil resistance caused by an additional capacitor in parallel

its magnitude at a given time within the PWM period (e.g. Figure B.5). In that case, the main

drawback is that the oscillation frequency is so high that an ultra-fine resolution of the clock

is required to get a reasonable measurement range for the position. An option to sidestep

the problem would be to decrease the frequency of the oscillation in order to have only one

oscillation per PWM period and thus be able to easily measure the drain voltage at a given

time (Figure 5.31). However, as already mentioned earlier, when the oscillation frequency

approaches the PWM frequency, the effect of the resonance on the impedance is important,
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preventing the creation of the current responsible for the force. In that case, the advantage of

the independence between high and low frequency circuits is lost.
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Figure 5.31 – Drain voltage characteristic with a 33 nF capacitor in parallel with the coil

The preferred solution is to measure the attenuation λ represented by the envelope of the high

frequency oscillations. In order to do so, a filter circuit is implemented to create an image

of the attenuation (Figure 5.32). The oscillations being isometric around UCC (Figure 5.28),

the signal is at first limited at this value by a Zener diode allowing the envelop to be revealed.

A RC low-pass filter is then applied giving an output ul p in 1− e−λ. A simple comparator is

finally used as a microcontroller input to stop a counter. The value of the position is given by

the time between the transistor extinction and the interrupt triggered by the magnitude of

the drain voltage envelope. It is to note that a follower circuit is added at the beginning of the

signal processing to avoid disturbing the sensing RLC circuit.

Figure 5.32 – Self-sensing measurement principle

Figure 5.33 shows the drain voltage obtained in the simulation of Figure 5.26 at different stages

of the filter until getting the final ucomp used to trigger the microcontroller external interrupt.

The variation of inductance results in a 5 μs delay representative of the coil position. As for

the design of the low-pass filter, it is a trade-off between a significant difference in time (high

cutoff frequency) and the cancelling of the residual oscillations (low cutoff frequency).
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Figure 5.33 – Drain voltage after voltage limiter uli m (5.1 V), low-pass filter ul p (12 kHz) and
comparator ucomp (4.5 V)

5.4.6 Results

All the elements of the induced high frequency oscillations method developed in the previous

subsection are assembled and applied to a circuit driving a cylindrical short-stroke actuator

designed in chapter 4. The measured values of the components used in the circuit are sum-

marized in Table 5.2. The signal processing principle introduced in Figure 5.32 requires two

operational amplifiers, a Zener diode and a RC filter. The circuit is quite basic, however the first

operational amplifier used as a follower needs to be fast enough to avoid perturbing the drain

voltage ud . Always with the aim of reducing the hardware requirements for multi-finger haptic

applications, a trick is found to group the three first blocks (i.e. follower, limiter and low-pass

filter) in a single electronic component. The integration of a slow low-cost operational ampli-

fier as follower at the beginning of the chain avoids adding the two following blocks. Indeed, as

the amplifier is supplied at UCC (5 V), the part of the oscillations rising above that value are cut

similarly as if a limiting diode was used. Then, the fact that the operational amplifier output

swing starts decreasing from 5 kHz due to a restrained bandwidth (see appendix B.2.3, Figure

B.7), the low-pass filter can be omitted. Moreover, the second operational amplifier used

as final comparator doubles the low-pass filter effect brought by the narrow bandwidth. In

conclusion, a single LM358 package containing two operational amplifiers is used to provide a

unique time-based signal to the microcontroller for the position detection.

The initial oscillating drain voltage is thus transformed in a simple logic signal to trigger the

microcontroller interrupt as presented in Figure 5.34. A first remark has to be made on the

first voltage peak observed on ud . Indeed, at the transistor shutting, the abrupt change in the
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Table 5.2 – Measured values of the components used in the final test bench

CC RC LC (down - up) R L C

52 pF 14 Ω 438 - 645 μH 0.7 Ω 100 μH 390 pF

current derivative bursts the voltage measured at the drain (uL = L di
d t ). In order to protect the

input of the follower circuit, a Zener diode is added in parallel with the transistor, between the

drain and the ground. Its value is chosen as high as the operational amplifier allows, quickly

killing the voltage peak and avoiding disturbing the high frequency oscillations. The second

remark concerns the rise and fall times of the comparator output ucomp . The introduction of a

faster operational amplifier would make its edges vertical, however as the interrupt is triggered

at a fixed voltage, ucomp slope does not disturb the functioning. The measurable value Δt

appears at the fall of ucomp , between the curves corresponding to the extreme positions of the

actuator (red and pink).
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Figure 5.34 – Drain voltage measurements ud and the corresponding signals triggering the
microcontroller external interrupt ucomp for high and low positions of the coil

Dynamic position measurements are performed on the cylindrical actuator using a precise

laser sensor for reference. The self-sensing algorithm converts the time difference Δt , reaching

2.8 μs (Figure B.8), in an output PWM duty cycle which, once low-pass filtered, gives the

position in volts. As shown in Figure 5.35, the fit between the laser sensor (black trace) and the

self-sensing (grey trace) is good. However, a closer look allows distinguishing slight differences

between both traces.

Indeed, the plot of the self-sensing values versus the laser position presents a non-linearity of

the response (Figure 5.36). The characteristic can clearly be separated into an upper linear part

(interpolated in red) and a lower quadratic part (interpolated in yellow). That discontinuity

can be attributed to the geometry of the actuator. In the higher part, the coil plunges within
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Figure 5.35 – Dynamic measurements of the coil position with a reference laser sensor (black)
and the self-sensing algorithm output (grey) supplied with a PWM duty cycle of
50 %
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Figure 5.36 – Detailed comparison between self-sensing and laser sensor values during dy-
namic displacements of the coil (PWM 50 %). The profile can be split in two
parts, modeled with a quadratic polynomial for the lower part (yellow) and a
linear function for the upper part (red).

the iron housing and surrounds the magnet. As the magnetic permeability of the magnet is

very low (comparable to air), approaching a coil does not change its inductance contrarily to

approaching a ferromagnetic material. The effect of the magnet is thus limited to the eddy

currents phenomenon (which is weak in the actuator walls). However, in the 3 last millimeters

of the stroke, the coil penetrates both an external iron housing and an internal iron core in

the form of a little bump inserted below the magnet for force linearization purpose. The

permeance effect is thus reinforced. In addition, the closer to the bottom the coil is, the more

important the eddy currents are, which increases even more the quadratic component of the
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profile. As for the little gap between both curves responsible for errors up to half a millimeter,

it comes from a residual oscillation affecting the follower circuit output due to the imperfect

low-pass filter created by the operational amplifier (Figure 5.37).
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Figure 5.37 – Residual oscillations on the drain voltage for high positions (red)

The goal of the self-sensing method presented in this section being the integration in a closed-

loop control, it is necessary to study its behavior over the power supply range. A discrete sweep

of the PWM duty cycle is run and the interrupt time Δt is measured relatively to the lowest

position offset measured at the beginning of each dynamic phase (Figure 5.38).
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Figure 5.38 – Influence of the PWM duty cycle on the position detection during dynamic
displacements of the coil (a moving average filter is used for a better clearness)

As predicted by the theoretical analysis of the circuit at low and high frequency, the influence

of the current level barely influences the attenuation. The maximum discrepancy indeed

does not generally exceed 0.2 mm and could be decreased using a digital offset. Figure 5.38

only presents the curves for duty cycles between 20 and 60 %. The reason is that the method,
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used as is, is limited in its range between 18 and 67 %. The upper limit is set by the time the

oscillation takes to be sufficiently damped for an efficient measurement through the low-pass

filter. This limit could be increased by accelerating the signal damping but with the drawback

of losing resolution on the position. As for the lower limit, it is defined by the operational

amplifier rise and fall times, which could be easily improved by increasing the operational

amplifier performance. However, as the first 10 to 20 % of the supplied energy is generally

used to counter the gravity acting on the actuator, an enhancement this way is not necessary.

An additional tiny linear offset is directly attributed to the width of the first voltage peak ud

(Figure 5.39). The difference is only of five counter increments per 10 % step (0.17 μs) on the

whole range between 20 and 70 % and can be corrected by introducing a software offset.
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Figure 5.39 – Values of the counter at the lowest actuator position (sensor offset) for different
duty cycles

In conclusion, a first strategy to use the presented self-sensing method in a closed-loop control

consists in limiting the useful range of the PWM to ∼ 70 % if the application tolerates it. If not,

a second strategy proposes to decrease the frequency of position measurements. Indeed, a

position update rate of 1 kHz is sufficient to guarantee a smooth feeling to the user. It is thus

possible to use one period over twenty to measure the position at a fixed duty cycle (e.g. 50 %)

and still profit of the entire force range.

5.4.7 Improvements and design for self-sensing

Regarding the possible improvements for the self-sensing method using induced high fre-

quency oscillations, three main axes can be considered depending on the final application

specifications.

• In the case where hardware modifications have to be avoided, a software linearization of

the position characteristic appears as a must. Indeed, with the help of the calibration of
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Figure 5.36, the position profile generated by the self-sensing algorithm can be entered

as a look-up table within the microcontroller improving thus the sensing resolution.

With neither additional electronic components nor modifications on the actuator, this

solution represents the one minimizing the cost.

• The electronics introduced in Figure 5.32 can also be enhanced by introducing faster

operational amplifiers capable of accurately following the high frequency oscillations.

Coupled with a proper low-pass filter, either passive or active, the amplifiers allow

for a widening of the measurement range within the PWM duty cycle. In addition,

a tunable low-pass filter allows cancelling potential residual oscillations observed in

Figure 5.37, improving thus the output linearity. In that case, the improvement of the

sensing electronics goes with an increase of the cost and bulk that needs to be justified

by the requirements of the application, but can be easily operated if needed.

• Finally, an improvement of the sensitivity and linearity of the position detection can

be obtained by directly modifying the actuator geometry. The principle, called design

for self-sensing, consists in thinking about the impedance variations of the coil during

its travel, already at the actuator design stage. Reducing the wire section, for example,

increases the three elements of the coil equivalent model. As for the thickness and

position of the ferromagnetic material surrounding the coil, it plays a major role in the

variation of impedance. However, conflicts can appear between the linearization of

the force and the impedance characteristic. It is notably the case with the cylindrical

actuator used for the dynamic measurements of Figure 5.35 where the iron bump

added below the magnet for force linearization purpose generates a non-linearity of the

position characteristic (Figure 5.36). A trade-off thus has to be made depending on the

application requirements.

5.5 Summary

The diversity of potential applications in multi-finger haptics makes it difficult to provide a

universal solution for the detection of the position. As introduced in section 3.3, the main

properties required are a limited volume, a low cost of integration (including sensor and

electronics), avoiding parasitic forces and rapidity. Despite building a general framework,

these basic requirements leave a certain liberty to the developer. In order to guide him

towards a solution that corresponds to the needs for a given application, four methods for

position sensing are proposed, all distinct regarding their hardware and performance. They

are classified according to their degree of hardware abstraction.

The first method can be characterized as standalone in a sense that its functioning is com-

pletely independent from any actuator and can be quickly adapted to different applications. It

proposes to use a single optical barrier to measure the position and discriminate the direction

of movement. The idea is to play with different levels of transparency of a ruler to increment

or decrement the position. The advantage of this solution is to allow the user to simply design
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the desired ruler with any drawing software and print it on a transparency film depending

on his needs. Contrarily to traditional optical quadrature encoders, this method allows dis-

criminating the direction of displacement with only one photointerrupter thanks to a ruler

pattern alternating three levels of transparency. The method does not pretend to exhibit a

high resolution but should be rather used as a tool for the fast prototyping of low-cost optical

sensors in the research environment.

A first step in the merging between the actuator and the sensor is reached with the so-called

hybrid sensing. Indeed, this method proposes to take advantage of physical quantities intrin-

sically present within or around the mechanical structure to detect the position of the mobile

unit. In the case of the electromagnetic short-stroke actuators presented in the previous

chapter, the magnetic flux density naturally appears as an eligible candidate. The trick is to

place a miniature linear Hall sensor, interdependent with the coil, to measure the magnetic

leakage of the actuator magnet. As the magnetic flux density decreases with the distance to the

actuator, the output of the Hall sensor is proportional to the coil position. The repetitiveness

and compact size of the method is however affected by the need for a calibration to counter a

slight non-linearity of the position characteristic.

Finally, a total abstraction of the physical position sensor is reached with two self-sensing

methods. In this case, the actuator becomes the sensor and the position information is directly

extracted from intrinsic physical quantities of the coil such as current or voltage. The first

method proposes to interpolate the position of the coil during a stroke using the back emf.

Indeed, when a conductor moves within a magnetic flux, an induced voltage is created. In the

case of an electromagnetic short-stroke actuator, the back emf is directly proportional to the

coil velocity. Two back emf measurements made at the beginning of a fall allow calculating

the acceleration and then interpolating the position. The method, used as is, necessitates

a constant acceleration to produce a correct estimation of the position. It is by example

possible to interpolate the free fall of a load subjected to gravity in order to generate a soft-

landing. However, the human finger behavior during touch-typing operations is uneven and

a constant acceleration cannot be guaranteed in all cases. Solutions exist to sidestep the

problem, for instance by measuring both current and voltage, increasing thus the complexity

of the position detection setup. However, the position detection for multi-finger haptic devices

requires opting for a simplification of both hardware and software to allow for an efficient

control of networks of actuators. For this reason, a new approach is investigated.

The last technique suggests taking advantage of the variation of the coil impedance when the

latter plunges in the ferromagnetic core of the actuator. The principle lies in the generation of

high frequency oscillations at the transistor shutting. Adding a wire-wound inductor in the

free-wheeling diode branch in parallel with the coil creates a new circuit that works differently

depending on the observed frequency domain. On one hand, at the PWM frequency, the

current present in the coil at the transistor shutting only sees a little change in inductance due

to the additional inductor and slowly decreases during the off-phase following an exponential.

On the other hand, the fact that the coil conductors are close to each other can be modeled by a
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small capacitor that charges when the transistor is on. At the transistor shutting, the discharge

of this capacitor creates a RLC circuit oscillating at high frequency. The position information

is then extracted from the damping of these oscillations that are proportional to the coil

impedance. The advantage of this method is that the high frequency oscillations induced for

the position detection are independent from the main supply current and so, barely influence

the creation of the force. In addition, the modifications brought to the electronics are weak

and low-cost variants are possible. Finally, a single microcontroller input only is needed

and the algorithm is extremely light, which matches with the course of action towards the

simplifications required by multi-finger haptic applications.

The originality of the two self-sensing methods presented resides in the fact that they can

be applied to short-stroke actuators with non-repetitive inductance characteristics which

has rarely been treated in literature up to know. In addition, required hardware and software

resources have been reduced to the minimum, always with the aim of being able to drive as

many actuators as possible. The proposed methods thus go against the current trend requiring

always more complexity, which is clearly incompatible with multi-finger haptic devices.
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Introduced in chapter 3, the different parts constituting a multi-finger haptic device were

largely discussed in chapters 4 and 5. First, the design methodology for electromagnetic

actuators resulted in the optimization of miniature short-stroke actuators and vibrotactile

buttons. Then, in order to measure the position of these linear actuators, several measurement

techniques were presented, by reassigning existing sensors or developing innovative self-

sensing methods. The present chapter naturally follows these results and takes advantage of

some of these tools to design multi-finger haptic applications. Control, communication and

software user interface aspects being specific to each system, they will be outlined together
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with each application. Two devices are presented hereinafter: the Haptic Keyboard and the

VibKey Pad.

In collaboration with Logitech Europe SA, a fully programmable force feedback keyboard is

developed allowing the user to freely change the touch sensation provided in response to

finger strokes. Mainly for research purpose, this keyboard is aimed to help understand and

improve the typing comfort. Then, in order to fill in the lack of physical acknowledgement

generated by the tactile buttons integrated in more and more consumer electronic devices, a

small vibrator is used to improve the user's experience. Embedded in a four buttons remote,

each vibrotactile button is able to provide tactile and auditory feedbacks to acknowledge finger

contact.

6.1 Haptic Keyboard

The appearance of the first personal computers in the mid-seventies marked a turn in the data

processing world and, more broadly speaking, in the people's daily life. In everyone's mind,

the term "PC" includes not only the computer itself, but also peripherals like the screen, the

mouse and the keyboard. It is in fact the latter that will represent the center of attention of the

present section. The keyboard, which appeared way before the computer if one considers its

ancestor, the writing machine, went through generations without significant change.

In the present application, it is proposed to improve the typing experience of the user by

designing a novel haptic keyboard with the aim of providing an adaptable force feedback in

response to human strokes. In order to make it possible, small linear actuators introduced in

chapter 4 are fitted under each key in order to replace the rubber domes and scissors currently

used in the keyboards of the market. The user will thus be able to tune the force feedback

of the keys according to his wishes, whether he prefers hard of soft keys, smooth or rough

sensation or even a buckling spring-like feeling.

Developing a device with as many actuators represents a real challenge from both hardware

and software points of view. The next subsections thus provide an overview of the main

features constituting the haptic keyboard, namely actuation, control and communication

directly following from the general introduction given in chapter 3. Finally, two prototypes

are fabricated: the Haptic Pad and the Haptic Keyboard integrating respectively 16 and 64

programmable keys. Moreover, in order to improve user-friendliness, a graphic interface is

developed allowing the user to define his own force profiles and upload them in the keyboard.

6.1.1 Actuator

Adaptations for manufacture

With its 64 programmable keys, the Haptic Keyboard is an excellent example for which the

actuators have to be designed with an eye towards a simplification of the fabrication process.
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As introduced in subsection 4.6.1, the cylindrical actuator goes this way with a simplified

manufacturing compared to the square actuator. Moreover, its optimization showed that

the specifications given in Table 4.1 and corresponding to those of a haptic keyboard key are

fulfilled (Tables 4.15 and 4.16).

A well-known drawback of electrodynamic systems is the connection. Indeed, the moving

coil needs to be connected to the power supply and in addition of being bulky, repeated

movements can lead to break the wires in the worst case scenario. In the keyboard example,

connecting all the keys could rapidly become a nightmare. This is the reason why it is decided

to turn the actuator upside-down, passing from an electrodynamic to an electromagnetic

configuration (Figure 6.1). All coils are fixed on the main board, avoiding the presence of

intertwined wires moving relatively to each other. The density of the array thus increases and

all the electronics can be mounted on a single board.

Figure 6.1 – Electromagnetic actuators array with the coils fixed on the main board

The main difference between both configurations is the moving inertia. Electrodynamic

actuators were initially chosen because of their excellent dynamics made possible thanks to

the lightweight of the coil. The electromagnetic configuration displacing the mass of the iron

housing plus the magnet is thus slower. However, in the present case of miniature actuators,

the additional weight is limited and the dynamics still guarantees to be faster than the human

finger (see appendix C.1.1).

For the integration of the actuators inside the keyboard, the idea is to take benefit from the

excellent guideway provided by existing Logitech keyboards. The choice fell on the MX™

5500 keyboard for the Haptic Pad and on the MX™ 3200 for the Haptic Keyboard1, both

guaranteeing a key travel of 4.4 mm. This travel represents one of the largest on the market,

which allows for the implementation of various touch sensations. The second advantage is

that the bottom of each key is pierced with a slot (Figure 6.2), allowing the moving part of the

1A QWERTY layout was required for the Haptic Keyboard for testing purpose in the USA.
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actuator to be simply plugged in using a small plastic adapter (Figure 6.3).

Figure 6.2 – Guideway of MX™ 5500 keys Figure 6.3 – Key adapters with
and without slit

Finally, an O-ring is glued on the actuator moving part to damp the shock of the key hitting

the bottom case (Figure 6.4) and the coils are inserted inside the actuators before being fixed

to the main electronic board for aligning reasons (Figure 6.5).

Figure 6.4 – O-rings mounted on actuators Figure 6.5 – Preparation for the gluing of
the coils

6.1.2 Control

The control strategy adopted for the Haptic Keyboard is summarized in Figure 6.6. The right

hand side shows the closed-loop control for a single actuator and the left hand side represents

the block control strategy.
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Figure 6.6 – Block control strategy and closed-loop principle for a single key

Position detection

Linear Hall sensors [151] are chosen to monitor the position of the keys. As introduced in

subsection 5.1.2, their small size, repeatability and straightforward data processing make

them ideal for the realization of a force feedback keyboard. Moreover, the new upside-down

configuration of the actuators allows them to be simply soldered on a single electronic board,

in the center of each coil (Figure 6.7).

In order to reduce the overall power consumption, springs can be placed around the sensors.

Their role is to carry the own weight of the actuators moving part ensuring thus a high position

of the keys even when the keyboard is not powered (Figure 6.8). Indeed, maintaining the 64

keys of the Haptic Keyboard high without springs would necessitate 4.2 A under 5 V (21 W)

just for the support (65 mA per key).

Figure 6.7 – Detailed view of the Hall sen-
sors

Figure 6.8 – Sensors insulation and sup-
porting springs
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Single key control

Optimizing the control efficiency of a multitude of actuators necessitates decreasing the num-

ber of computations. If the memory is sufficient, look-up tables are an excellent alternative

for rapid executions. In the present case, the specifications require a resolution of 0.1 mm

according to the human sensitivity, meaning that a vector of 45 elements is necessary to

characterize the force along the 4.4 mm of the keyboard travel.

Two look-up tables are used to control an actuator, one for the position and one for the

force (Figure 6.9). First, the value measured by the sensor in Volts is converted into digital

data. Then, the position information is obtained with the element of the first look-up table

corresponding to the digital value of the sensor. As the sensor output is not linear, this first

vector contains more elements than the second to guarantee the minimal resolution. Finally,

the PWM duty cycle controlling the magnitude of the force is the element of the second

look-up table corresponding to the position information of the first table.

Figure 6.9 – DSP control principle for a single key

The vector containing the position information is hardware-dependent and thus implemented

during the calibration process. In order to cancel mechanical and assembly discrepancies

between actuators, each key is supposed to have its own look-up table. At the contrary, all

keys connected to a microcontroller can follow the same force profile, created by the user

according to his needs.

Array control

Independently controlling the 64 actuators composing the Haptic Keyboard represents a real

challenge. The strategy introduced in section 3.4 consisting in putting multiple microcon-

trollers in parallel is implemented. Each microcontroller controls eight keys distinguishable by

their color in Figure 6.10. This configuration presents the advantage of allowing the grouping

of keys depending on their role. For instance, the keys standing for functions like Ctrl, Alt and

Space can be implemented with a force profile distinct from the one controlling normal letters

with still one force profile per DSP. Or, clusters of keys can be formed according to the finger

that hit them more often so as to evenly allocate tasks between microcontrollers.
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Figure 6.10 – Distribution of the groups of keys

The DSP chosen for the Haptic Keyboard is a Piccolo F28027 from Texas Instruments [152].

Running at 60 MHz, it possesses 8 PWM channels and 13 analog to digital converter channels

(ADC) for position measurement. In addition, they are sold in a relatively small package (10 x

10 mm2) which facilitates their integration.

6.1.3 Communication

As mentioned in section 3.5, a bidirectional communication is required between the keyboard

and the computer so as to be able to modify the touch sensation anytime. Regarding the phys-

ical connection between the keyboard and the PC, the microcontrollers used do not possess

a direct USB port for communication. A serial universal asynchronous receiver transmitter

(UART) is used instead and connected to a FT232R chip from Future Technology Devices

International Ltd. [153] that emulates a virtual ComPort via the USB port to communicate

with the PC (Figure 6.11).

Figure 6.11 – Communication between keyboard and computer

Towards computer

In this direction, the initial role of the keyboard must be kept. The characters hit by the user are

thus transmitted to the computer via USB. The major improvement is here the possibility of

defining the position of the key at which the character is sent. Indeed, as the position of each
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key is continuously measured, the threshold at which a stroke is considered as completed can

be modified depending on the user wishes. Once the threshold is reached, the corresponding

microcontroller sends the ASCII code corresponding to the key.

The presence of several microcontrollers in parallel requires a priority management that

remains to be addressed. While typing, a single character needs to be sent at a time. Thus,

in order to avoid adding an additional master DSP in the keyboard to deal with the collision

issue, a passive priority selector is implemented (Figure 6.12). A cascade of OR gates gives

the voice to who wants to speak avoiding short circuits. It is clear that two simultaneous hits

would lead to the transmission of erroneous characters. However, this represents an error of

the user and the character displayed by traditional keyboards in that case is wrong half the

time. The priority selector will thus be used as presented.

Figure 6.12 – Passive priority selector composed of a cascade of OR gates for the characters
transmission

Towards keyboard

Concerning the force control of the keyboard, it could be done without communication with

the computer. Indeed, the position measured by the sensor is directly converted inside the

microcontroller and the force profile is also stocked inside so as to increase reactivity. However,

it has been decided to give the opportunity to the user to change the force characteristic

anytime he wants. A means of conveying the elements of a force vector is thus implemented.

In addition to the transmission of the force profile, the user can select the microcontroller

he wants to program. The advantage, already presented in section 6.1.2, allows for groups of

keys to be characterized by a distinct force profile. To do so, the remaining control output

signals of the RS232 emulated by the FTDI chip, namely Data Terminal Ready (DTR) and
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Request To Send (RTS), are used to actively select the microcontroller to be programmed. In a

first stage, a binary ripples counter counts the number of DTR pulses corresponding to the

microcontroller to be programmed and converts them into a binary signal (Figure 6.13). Three

bits are sufficient for eight microcontrollers. Then, these bits control a multiplexer that guides

the data (Tx master) toward the desired microcontroller (Rx slave 0-7). Finally, RTS plays the

role of reset in the end of the communication.

Figure 6.13 – Microcontroller selector for force profile upload

6.1.4 Prototypes

Haptic Pad

The first prototype integrating 16 programmable actuators is the Haptic Pad. Everything is

built around a single electronic board fixed on the bottom case (Figure 6.14). The board itself

integrates all the functions discussed in the previous subsections. At the foreground lay two

microcontrollers responsible for the control of eight actuators each. The right hand side is

dedicated to communication, including passive priority detector, microcontroller selector,

virtual ComPort emulator (FT232) and USB plug. Regarding the position detection, the Hall

sensors are visible on the top side of the board while the filters as well as the transistors are

placed on the back side. Finally, the self-supporting coils are directly glued on the board,

facing the keys of the top case. Optional springs are also visible on the picture but will be

removed for the Haptic Pad for a better usage flexibility.

The Haptic Pad is integrated under a MX™ 5500 keyboard from Logitech (Figure 6.15). The

idea is here to keep the main part of the keyboard unchanged so as to be able to compare the

touch sensation provided by the programmable keys with the existing rubber dome feeling

and still take advantage of the original wireless connection of the keyboard. The moving parts

of the actuators are thus plugged under the 16 keys of the numeric pad on the right hand side,

facing the electronic board holding the coils. Finally, a 5 V AC/DC converter is added under

the keyboard to power the actuators (see Figure C.1 in appendix C.1.2).
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Figure 6.14 – Haptic Pad electronic board

Figure 6.15 – The Haptic Pad and its user interface

Haptic Keyboard

The Haptic Keyboard is very similar to the Haptic Pad in its conception. Indeed, the latter is

designed in such a way that a block of eight keys can simply be repeated so as to get the desired

number of keys following the distribution of Figure 6.10. This modularity greatly facilitates the

design of the new electronic board.
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For the second prototype, only the top case of the MX™ 3200 is kept and 64 actuators are

plugged under the keys of the central pad (including the arrows) (Figure 6.16).

Figure 6.16 – Top case of the Haptic Keyboard with actuators plugged in

The coils are then inserted inside the actuators as in Figure 6.5. Some glue is delicately spread

on their base and the electronic board is pressed and locked against the top case. The obtained

bottom case is shown in Figure 6.17. The electronic board is screwed on a rigid aluminum

base and all the electronic components, except for the Hall sensors are located on the back

side of the board (see appendix C.1.2). The assembly represents a real mechanical challenge

to correctly align all the keys together and needs to be done with precaution.

Figure 6.17 – Assembled bottom case of the Haptic Keyboard

An additional function is added to the keyboard in order to make its use even more flexible. An

inclined plan mechanism allows the user to modify the depth of travel of the entire keyboard

(Figure 6.18). Two rotating knobs located on the sides are attached, using a cable, to inclined

plans supporting the pins connected to the bottom case. Turning the knobs slides the plans,

which raises the main board, decreasing thus the travel. The new travel is automatically

detected by the keyboard by taking measurements on pre-defined keys.
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Figure 6.18 – Haptic Keyboard front view with travel modification mechanism

Finally, both prototypes are capable of detecting if a key is pressed and provide a force feedback

to the user following a pre-defined profile.

6.1.5 Software user interface

In order to make the Haptic Keyboard more user-friendly, a software user interface (SWUI)

is developed. Its role is to offer a graphic interface representing a bridge between the user's

wishes and the keyboard. The two main tasks of the SWUI follow those presented in subsection

6.1.3, namely displaying the characters hit on the keyboard and, in the other way, uploading

force profiles to the different microcontrollers.

SWUI for Haptic Keyboard

The Haptic Keyboard graphic interface is shown in Figure 6.19 with its nine different parts.

1. The first part (1 in Figure 6.19) allows the user to connect the graphic interface to the

keyboard by opening a COM port. The port is selected among available ports and

connected by clicking on the button on the right hand side.

2. All eight microcontrollers of the keyboard can be independently selected to receive the

force profile displayed in the graph below. The group of keys controlled by the chosen

DSP is highlighted in the picture on the right. It is also possible to upload the force

vector in all microcontrollers in a row by ticking All before clicking the Send Force Profile

button.

3. The force versus position characteristic is plotted here. The maximum displacement is

limited to 4.4 mm corresponding to the travel of the keyboard adapted for the project.

A point is displayed every 0.2 mm to avoid overloading the graph, however a linear

interpolation increases the resolution to 0.1 mm. Each point can be adjusted by clicking

on it and dragging it along the vertical axis. The force is however limited to 1 N to match

the specifications.
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Figure 6.19 – Software User Interface for Haptic Keyboard

4. In the central part, the discrete values of the force vector face their corresponding

position. The possibility is left to the user to type the force magnitude directly in the box

which instantly modifies the profile on the left.

5. The SWUI offers the possibility to open existing force profiles stocked in .txt files with

Open File and save new profiles by clicking on Save as. . .. The modifications applied to

the opened profile can be saved by clicking on Save Profile.

6. Two additional features appearing under the form of check boxes allow modifying

the force profile. The first one called Constant force mode generates a constant force

feedback no matter the position. Like shown in Figure 6.20, all points, except those

above the maximum travel, are aligned with the point corresponding to the very bottom

position (0 mm). Only this value can now be modified or dragged.

7. The second mode that can be selected by the user is the Keyboard height modification

mode (Figure 6.21). If ticked, the position of the bottom case is continuously updated

and displayed on the right hand side. Decreasing the keys travel with the mechanism

of Figure 6.18 imposes an adaptation of the force profile. Indeed, if nothing is done,

the keyboard would react as if all the keys were pressed simultaneously, resulting in

excessive current consumption and thereby damaging the AC/DC converter. For this

reason, no current should be supplied in the keys when they are up. To avoid the
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problem, the points of the force profile above the maximum travel are automatically set

to zero.

8. A HyperTerminal window is appended to the right hand side of the SWUI. The characters

hit by the user as well as miscellaneous control information can thus be displayed in it.

9. Printing the text directly in the HyperTerminal window is very convenient for simple tests

but suffers from a lack of functionality when considering the entire keyboard. Indeed,

the HyperTerminal first role being the communication with, among other, peripherals

via serial port (COMx), many control keys are not implemented. Notably Ctrl, Alt,

Windows and the four arrow keys have no effect when pressed in the HyperTerminal

interface. This does not really reflect normal typing conditions and so, the possibility

is offered to open a Notepad window. As the characters typed on the Haptic Keyboard

are transmitted to the computer through a virtual serial port, they are interpreted and

translated into Windows® commands by the software interface to be displayed on the

Notepad. This additional hidden function also overcomes the issue of the multiple roles

of the keys (e.g. with Shift and Caps Lock).

Figure 6.20 – Constant force mode Figure 6.21 – Keyboard height modifica-
tion mode

SWUI for Haptic Pad

A similar user interface is finally implemented for the Haptic Pad (Figure 6.22).

As the springs supporting the weight of the actuators are removed in the Haptic Pad for more

flexibility, a small offset current needs to be supplied in the coils to fulfill this role. A new

feature thus allows inserting a manual offset that shifts the force profile up.

In addition to the Notepad window, the user can directly open and work with the calculator

thanks to a dedicated button.
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Figure 6.22 – Software User Interface for Haptic Pad

6.2 VibKey Pad

Buttons are the simplest and most used devices for a user to interact with a machine, whether

it is a washing machine, a lamp or a computer. On most of these devices, the user gets a

physical validation that his action has been transmitted to the system, for example with a

displacement, a click or a sound. However, more and more, tactile surfaces tend to replace

mechanical switches, especially in today's home electronics (mp3 players, alarm clocks, . . . ).

Since the user does not get any physical feedback, it can sometimes be difficult for him to

know if he correctly pressed the button or not. It is even truer for blind people. This annoying

situation can even become dangerous in a car when the driver wants to set the position of the

heating located on the central console. The aim of the present application is thus to design a

new kind of actuator capable of playing the role of a standard tactile sensor coupled with a

physical feedback in the form of a localized vibration (Figure 6.23).

The vibrotactile button designed in subsection 4.6.4 represents the central part of the device

(Figure 6.24). A vibration is generated by the alternating displacements of the moving part

composed of a ring magnet and its iron base, and is transmitted to the thin board on which a

flat coil is printed. As for the coil, it is also be used as a capacitive touch sensor to detect the

contact with a fingertip.
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Figure 6.23 – Touch feedback [154] Figure 6.24 – Prototype of a vibrotactile button
(VibKey)

6.2.1 Capacitive touch sensor

The change in capacitance of a conducting surface induced by a contact or proximity with

another conducting material inspired numerous works [155–157] and led to all kinds of sensors.

Indeed, capacitive sensors, whose main advantage is their low-cost, have a wide variety of

uses such as the measurement of pressure [158], liquid level [159], position [160], humidity

[161], etc . . . . Among them, the capacitive touch sensor slowly tends to replace the traditional

mechanical switch in a wide range of consumer products.

When a fingertip approaches a conductive surface supplied with a constant voltage, it acts as

a virtual ground. Indeed, the human finger is filled with conductive electrolytes and covered

by the skin which plays the role of a dielectric [162]. As a result, the conductive plate behaves

as a capacitor with charges being accumulated on both sides of the contact area (Figure 6.25).

+++++
-- --

Figure 6.25 – Capacitive effect on fingertip
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The important variation in capacitance provoked by the presence of the finger can be observed

by measuring the time constant τ describing the charge of a capacitor in a RC circuit:

τ= RC (6.1)

The simple circuit of Figure 6.26 allows measuring the time between the switch opening and

the time when the capacitor voltage Uc reaches a reference value [163]. The contact with a

finger at that time generates large differences in the rise time as shown in the measurements

made on a printed coil (Figure 6.27). Then, the switch closes and the charges accumulated in

the sensing device disappear in the ground (Uc = 0) and so on.

R

Uc

Figure 6.26 – Charge circuit principle of a ca-
pacitive touch surface
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The coil, printed on a thin electronic board is aimed to play the role of sensing area. Its size

thus has to be determined in accordance with physiological data of the human fingertip in

order to be more efficient. When pressing on his finger, a person deforms the fingertip pulp

which spreads on the surface until becoming stable for forces above 6 N [147]. Beyond, the

fingertip behaves as a stiff member. According to two studies from Westling and Johansson

[11] and Fujita and Ohmori [164], the maximum contact area converges slightly above 200

mm2 on hard materials. This value, corresponding to a radius of 8 mm will be taken as the

reference for the size of the coil.

6.2.2 Vibrator

From the actuation point of view, the goal is to maximize the sensitivity to high frequency

vibrations. The conclusion of subsection 2.2.4 mentions that the best efficiency is obtained for

frequencies between 250 and 300 Hz applied to a surface approaching 300 mm2. Actually, in

the case of a fingertip, there is no need to be larger than the contact area but it is preferable to

cover it entirely so as to take advantage of the spatial integration of the Pacinian corpuscles

[28]. The external radius of 8 mm for the coil, corresponding to the average size of a human
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fingertip contact area, is thus confirmed.

Then, to take benefit of the outer magnetic fringes of the ring magnet for the force creation,

it is chosen in the market with a radius of 6 mm as explained in the actuator design and the

winding direction of the turns is inverted above the magnet (4.6.4).

Regarding the actuator optimization, the sensitivity to vibrations is usually given in decibels

corresponding to the displacement of the skin (Figure 2.8). However, as the skin displacement

is related to the force applied by the finger [11], it was decided to optimize the force provided by

the actuator. As Westling and Johansson showed in their study on grasping [11], a force of 0.5

N already compresses the pulp of more than 1 mm. The 0.1 N resulting from the optimization

process of subsection 4.6.4 are thus sufficient to reach the minimal sensitivity threshold of 15

nm given in Figure 2.8 at 300 Hz. A prototype of the vibrotactile button is shown in Figure 6.24.

6.2.3 Control

The main objective of the present application is to combine the features of a tactile sensor

and a linear vibrator using a single actuator. Similarly, the control hardware is required to

fulfill both actions. It is realized by integrating the sensing electronics of Figure 6.26 within

a H-bridge generally used for the bidirectional control of DC actuators and motors (Figure

6.28). During the sensing phase, the two top transistors of the H-bridge stay open and both

low transistors commute simultaneously between open and closed states. It the closed state,

the coil is connected to the ground and its capacitance is emptied, but when the transistors

are open, the coil is totally isolated by the transistors and slowly charges through the 330 kΩ

resistor. It is thus possible to measure the voltage rise time directly on the coil. This signal is

used to drive an additional transistor that triggers an external interrupt of the microcontroller.

330k

Udc

10k

Interrupt

Figure 6.28 – Control circuit for the vibrotactile button

The block diagram of Figure 6.29 details the execution of the program. During the sensing

158



6.2. VibKey Pad

mode, the sequence presented above is repeated until detecting the presence of a finger.

In case of contact, the control switches to the actuation mode during which the diagonal

transistors alternate between ON and OFF states for a short period of time giving thus a

physical acknowledgement to the user. Then, the presence of the finger is checked again by

entering the sensing mode and so on.

 Actuation mode Sensing mode

Low-transistors ON

Low-transistors OFF

Charge of capacitor

Presence of finger ?

odd = i = even

i = period ?YESNO

YES

NO

i++

Figure 6.29 – Block diagram detailing the execution of the vibrotactile button program

DC motors and actuators are usually driven with two-state pulse width modulation signals

similar to the one applied to a single vibrotactile button and shown in Figure 6.30 (a). However,

at the frequency of 300 Hz optimizing the human sensitivity to vibrations, the presence

of numerous odd harmonics, revealed by the discrete Fourier transform of Figure 6.30 (b)

generates audible noise. Depending on the application, this noise can be useful to provide an

additional feedback to the user. The VibKey Pad is thus able to combine up to three feedbacks,

namely tactile, audible and visual (LEDs) depending on the user's wishes.
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Figure 6.30 – Simple square control

If undesired, it is possible to get rid of the noise generated by the harmonics of the square

signal by implementing an enhanced sinusoidal control (Figure 6.31). The spectral analysis

shows that only the fundamental frequency stays, generating a very weak sound at 300 Hz.
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It sounds like the noise characteristic of old communication devices and does not disturb

the utilization. To illustrate this difference, measurements made on a speaker successively

supplied with a square and a sinusoidal signal presented a difference of 15 dB. The sound

provided by the square signal is thus 32 times louder than the one generated by the sinus.
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Figure 6.31 – Enhanced sinusoidal control

It is to note that the fundamental frequency of the square signal is about 30 % higher than for

the sinus, resulting in a more important feeling of the vibration by the user.

6.2.4 Prototypes

Two prototypes, called VibKey Pads, are finally built based on the same electronics (Figures

6.32 and 6.34). Both take the form of a remote control integrating four vibrotactile buttons

reacting to the contact with a finger. Figure 6.33 shows the back side of the first prototype

in which the moving masses are visible on the left hand side and the electronics on the right

hand side. In addition to the microcontroller and the four integrated H-bridges, a FT232R chip

from Future Technology Devices International Ltd. is used to emulate a virtual serial port on

the computer. The VibKey Pad is thus powered through a mini-USB cable and communicates

with serial commands. Finally, four LEDs are located in the center of the pad to provide a

visual feedback to the user.

Figure 6.32 – Rigid VibKey Pad prototype Figure 6.33 – Back side of the VibKey Pad
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The coils are printed on a 0.1 mm thick board allowing for a direct transmission of the vibra-

tions to the fingertip. Contrarily to existing devices like smartphones where an off-centered

mass fixed to a DC motor (Figure 2.18) generates a vibration that propagates in the entire rigid

structure, the vibration is here localized under the finger. An indirect advantage is that the

board can be mounted on flexible supports allowing for the design of bendable devices. The

second prototype of the VibKey Pad shown in Figure 6.34 is precisely stick on a foam layer that

can be easily deformed and still provide a haptic feedback to the user.

Figure 6.34 – Flexible VibKey Pad prototype
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7.1 Context

The omnipresence of advanced communication devices in today's society is aimed at bringing

the people closer and enlarging their network. However, despite an exponential increase in the

number of interlocutors and the quantity of information, the richness of interactions decreases.

The computer and its numerous applications using the internet is a very representative

example. Indeed, most of the communications pass through the keyboard and the screen
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and suffer from a serious lack of reality from the point of view of the human being. Thus,

the emotional dimension essentially brought by nonverbal signals is completely skipped,

sometimes leading to misunderstandings. Following the design of multi-finger haptic devices

addressed in the present thesis, the introduction of kinesthetic information in human-machine

interactions is investigated.

Naturally, the human being adapts some of his behaviors depending on his mood. The most

visible sign of emotion being observed on the face of the person, other nonverbal cues also

appear to convey emotions. Several studies already demonstrated that the emotions felt by

the user are translated physically. In particular, Park and al. [165] studied the direct relation

between the frustration induced by an experiment on the computer and the pressure applied

by the user on the touch pad. Emotions and haptics are thus psychophysiologically linked.

The idea is now to reply to these physical inputs and to close what Höök calls the affective loop

[166]. The proper affective loop implies that the system replies to emotional signs with visual,

auditory or haptic feedbacks.

The affective pen developed by Alonso et al. [167] goes this way and proposes to influence

the user's stress during handwriting operations using a haptic feedback. In humans, the

stress manifests itself through the manipulation of objects and particularly rock and roll

movements which are directly sensed by the affective pen. The pen then responds to these

bodily expressions by adding friction in the rotation of the pen tip (roll) and displacing its

center of mass (rock) in order to create a relaxing experience. The principle of affective loop is

also used to improve the performance during tutoring tasks [168] and in medical applications

in which emotions are directly extracted from speech processing [169]. The haptic sensation is

until here generated as a response to user's actions. It can also be voluntarily provided by the

machine to induce an emotion or a reaction of the user. All the processes involving emotions

during computer operations are gathered under the term of affective computing [170].

Numerous studies on the human brain showed that the simultaneous presentation of multi-

sensory signals allows for lower threshold, faster and more accurate detection [171–173]. This

statement thus encourages even more the introduction of the haptic feedback in computer

peripherals. A recent research conducted jointly between the Queen's University of Kingston,

Ontario and the Carnegie Mellon University demonstrated the possibility of haptically discrim-

inating facial expressions of emotion (FEEs) only by touching live faces [174] or by touching

faces reconstituted using 2D raised-lines [175] with a performance well above chance. Vision

alone is however still more reliable, reaching accuracies between 60 and 100 % for the six basic

FEEs widely used in research, namely anger, fear, happiness, sadness, disgust and surprise.

Following these results, Bonnet et al. [176] improved the visual recognition of emotions on

virtual faces by adding a kinesthetic feedback generated by the Novint Falcon (Figure 2.11 (a)).

During the experiment, the user had to consider the emotional haptic feedback as coming

from another person. Concerning the force feedbacks themselves, slow stimuli with impor-

tant amplitudes as well as fast stimuli with very low vertical amplitudes were considered as

positive. At the contrary, slow stimuli oriented horizontally toward the user were considered
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as negative. During the emotions recognition phase, not all feedbacks were beneficial but

some like swinging (for joy), pulling (for fear), pushing (for disgust) and agitation (for anger)

were indicating an improvement in the identification of facial expressions, showing thus the

importance of the cues selection. In the end, 95 % of the participants declared preferring the

multimodal configuration.

Following the same idea, the introduction of haptic feedbacks in computer peripherals pro-

vides an additional nonverbal communication to enrich online interactions. Researchers

from the Tokyo Institute of Technology [177] succeeded in conveying emotions and therefore

influencing subject's feelings during online negotiations even between people from different

cultures (Japanese and Chinese) using the Phantom Omni (Figure 2.11 (b)). During the study,

75 % of the participants admitted having a tendency to fit into the other negotiator's mind.

Besides the trading side of the internet, instant messaging (IM) becomes more and more

important for the new generations. IM takes the form of chatting platforms where people

exchange short messages often including intimate information. All attempts to fill in the lack

of emotional content usually contained in nonverbal communication were enthusiastically

received by the users, opening the way for the introduction of haptic feedback. Indeed, audio

or visual extensions such as earcons [178] and emoticons (� �) are well accepted and largely

used in IM. As touch is a powerful support for emotional content, Rovers and van Essen

[179, 180] introduced the term of hapticon defined as "small force and vibration patterns that

can be used to communicate emotions and feelings". Using either eccentric masses on DC

motors (Figure 2.18) or force feedback joysticks (Figure 2.10 (b)), haptic patterns are designed

in order to convey emotions (e.g. Figure 7.1). When the users were asked to design their own

hapticons with a specific design tool, they showed difficulties to generate intended feelings

and strongly used the library of samples. In other words, the transition between an emotion

and its corresponding tactile feeling is not an easy task and requires training. Even the relation

between a force profile and its corresponding sensation is not obvious and comes in the course

of time.

:(

:D

:)

;-)

regular smile

big smile

sad face

wink 

(k) kiss

:$ embarassed

Icon Emoticon Meaning Hapticon

Figure 7.1 – Some emoticons and proposed hapticons [179]

With the aim of providing always more efficient haptic feedbacks, some research teams have
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developed their own devices to enrich social interactions. For instance, Neviarouskaya et

al. [181] directly extract emotions from short messages by interpreting their content and

translate them into haptic feedbacks. Their system called iFeel_IM! interfaces the 3D virtual

world Second Life (secondlife.com) and integrates different kinds of haptic devices specifically

developed to provide well-targeted feedbacks. The HaptiHug, for example, simulates a hugging

by tensing a belt placed around the user's chest using a couple of motors (Figure 7.2). Likewise,

a virtual heart beat is generated by a flat speaker transmitting vibrations to the chest (Figure

7.3).

Human body

Pressure 

Soft Hand

Direction of belt tensionPressure

Couple of motors

Pressure

Direction of
belt tension

Soft Hand

Motor 
holder

Figure 7.2 – The wearable HaptiHug imi-
tates a realistic hugging [181]

Heart-shaped 
Speaker Case Flat Speaker  

Figure 7.3 – The HaptiHeart simulates
different heartbeat patterns

Despite encouraging results, the iFeel_IM! system is bulky and can represent an obstacle for

occasional users. For that reason, other groups are developing compact devices aimed at

conveying emotions via new tactile languages. Benali-Khoujda et al. [182] designed a novel

vibrotactile interface composed of a 8 x 8 matrix of micro electromagnetic actuators (Figure

7.4) able to generate different tactile patterns (waves, line sweeps, shutter, etc . . . ) in order to

communicate emotional information. The difficulty is again to match tactile sensations with

emotions. While feelings like urgency, stress, pain and affection were relatively well recognized,

relaxation, for instance, was perceived as unpleasant by the subject. In this case, the noise

generated by the tactile display is suspected to influence the user's opinion.

Figure 7.4 – VITAL vibrotactile interface [183]
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Salminen et al. [184] pursue a similar objective with a friction based fingertip stimulator.

The haptic information is created by the rotation of a cylinder under the user's finger by

varying its direction of rotation, continuity and burst length. A total of 12 different stimuli

were presented pair by pair and the user had to determine whether they were different or

not. The overall error for this exercise was 13 % (for a total of 11 x 528 pairs). The second

part consisted in rating the 12 stimuli following four emotional criteria namely pleasantness,

arousal, approachability and dominance so as to show that even simple haptic stimulations

can convey emotional information. The results presented the rotation style (discontinuous or

continuous i.e. with or without still phases between direction switchings) as predominant. In

the end, they suggest using continuous stimuli, perceived as more arousing and dominating,

instead of discontinuous stimuli which are too pleasant and approachable to efficiently draw

the user's attention.

7.2 Objectives

The main objective pursued in this chapter is the conveyance of kinesthetic information

through human fingers using linear short-stroke actuators. The idea is to take advantage of

the Haptic Pad presented in chapter 6 and "hijack" it in order to haptically communicate with

the user, similarly to what Rovers and van Essen did with hapticons [179, 180]. The initial aim

of a force feedback keyboard is to improve the user's comfort by modifying the keys make

force. However, the stroke of a finger during typing operations is short and so is the time

needed to press down a key. The maximum bandwidth with which the human finger demands

the force input signals to be presented for meaningful perception is 30 Hz according to Table

2.3. With an average down stroke time approaching 10 ms [114], the typist's finger acts as

a mechanical low-pass filter. Therefore, all the irregularities that could physically happen

along the key travel are absorbed by the fingertip pulp and ignored by the sensory system.

The only difference eventually felt by the user concerns the total energy overcome during the

stroke. Indeed, the Pacinian corpuscles responsible for the detection of vibrations are capable

of temporal integration [28, 78] allowing discriminating the overall force level. With these

considerations, one notices that most of the kinesthetic information contained in the force

profile is lost during normal typing due to the human hand physiology. A slower utilization of

such kind of haptic devices is thus recommended to make the most of it.

Elaborated force profiles are thus implemented within the Haptic Pad and the user is asked

to identify them by slowly pressing on the keys. In case of success, it would open the way

for a new tactile communication language. Then, similarly as in the study of Bonnet et al.

[176], we will try to influence the emotional processing of participants by providing haptic

clues. For this part of the experiment conducted in collaboration with the University Service of

Child and Adolescent Psychiatry in Lausanne (SUPEA - CHUV1), the performance in emotions

recognition is aimed to be improved by introducing additional sensory signals complementing

the visual perception. In their research, the psychologists from the SUPEA deal with the

1Service Universitaire de Psychiatrie de l’Enfant et de l’Adolescent du Centre Hospitalier Universitaire Vaudois
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appearance of psychiatric disorders affecting children and adolescents between 0 and 18

years old and focus a part of their work on psychosis mainly affecting young people (13-18

years old). The contact with reality of psychotic adolescents is disturbed and they present

symptoms going from difficulties to concentrate and follow a conversation up to hallucinations

[185]. Their emotional behavior is also modified as reflected in a recent review of literature

reporting that patients with schizophrenia demonstrate impairment in emotion expression,

and recognition in facial domains [186]. Furthermore, the duration of schizophrenia is related

to the deficits in emotion recognition as chronic patients suffering from negative symptoms

are more impaired than less chronic patients [187–189], indicating the importance to intervene

early in the time-course of schizophrenia. These disorders are thus not a fatality and they can,

in some cases, be treated if rapidly detected. With the future aim of improving the emotional

processing of psychotic adolescents, a first pilot experiment on healthy subjects is conducted

to measure the effect of additional tactile information in the emotional processing.

7.3 Method

7.3.1 Participants and apparatus

Seventeen experimentally naive participants (7 females, 10 males) took part in the study (mean

age 29 years, range 24-39 years). Three of them were left-handed and fourteen were right-

handed. The participants belong to two distinct groups: nine PhD students from different

laboratories with various engineering backgrounds and eight psychologists. The experiment,

split in two main parts, uses the Haptic Pad presented in subsection 6.1.4.

7.3.2 Procedure and experimental design

Identification part

During the first part, the user is asked to identify eight different force profiles (Figure 7.5)

implemented on the keys 1 to 8 of the numeric pad without looking at the profiles. The goal of

this initial part is to familiarize the participant with the haptic feedback and determine his

ability to identify and express the distinctive features of each profile. This habituation part

is important in a sense that the human being is not used to experiment such kind of short-

stroke force feedbacks and possesses different fingertip sensibilities. While some people are

immediately able to recognize and differentiate the profiles, others need more time to catch

the details. This effect has already been highlighted by Poupyrev and Maruyama [79] while

introducing a vibrating feedback in a PDA touch screen using piezoelectric elements. Some

time is thus given at the beginning of the experiment to freely touch all the keys and compare

them before starting the test. As mentioned earlier, the user would not feel anything during

normal typing operations due to the limited bandwidth of the human fingertip sensitivity. It

is thus explained that for this exercise, the Haptic Pad does not have to be considered as a

keyboard, but more as a tool to communicate tactile information. As a result, the user is asked
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to slowly and smoothly press on the keys, several times if needed, to be able to efficiently

perceive the force profiles. A control of the finger is necessary during the entire stroke to avoid

missing tactile features.

Figure 7.5 – Force profiles implemented on keys 1-8 of the Haptic Pad for identification

When the participant is ready, he receives a sheet of paper with eight blank graphs. His first task

consists in drawing the force profiles corresponding to what he feels. In accordance with the

conclusions of the work of Rovers and van Essen on hapticons [179, 180], it is expected to be

very difficult for the participants to correctly translate touch sensations. In order to anticipate

the problem, the participant is also asked to express, with words, a physical correspondence for

each key. In addition, two examples of force profile are shown and explained to the participant

(without saying that they correspond to implemented profiles) to guide them during the

drawing phase (#6, #7 and #3 for the group of psychologists). A ranking of the five more

memorable and differentiable keys is finally established by the subject. In a second step, the

eight force profiles of Figure 7.5 are mixed up and presented to the participant, his task being

to assign each profile to a single key.

It is to note that the eight force profiles constituting the basis of the experiment result from

a pretest made by an undergraduate student and a PhD student who were confronted to

sixteen initial profiles. Their excellent results in the drawing task (12/16 and 13/16) and in the

matching part (14/16) were encouraging.

Effect on emotional processing

Once the user is comfortable with the haptic feedback, starts the second part of the experiment

related to the emotional processing. During this phase, faces showing four different emotions

namely happiness, sadness, anger and fear are displayed on the computer and the participant

is asked to select as fast and correctly as possible the emotion corresponding to what he sees.

Ten different faces, each presenting the four emotions (e.g. Figure 7.6) are integrated in the

experiment coded with the E-prime software from Psychology Software Tools Inc.
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(a) Happiness (b) Sadness (c) Anger (d) Fear

Figure 7.6 – Example of faces displayed during the emotional experiment2

The answers are given on the four keys of the Haptic Pad covered with an emoticon sticker on

top, symbolizing an emotion (Figure 7.7). In addition to the answer, the program measures

the time between the apparition of the face and the hit.

Figure 7.7 – Haptic Pad setup for the recognition of
emotions

Figure 7.8 – Correspondence be-
tween emotions, vi-
sual and haptic clues

The emotions recognition block is repeated four times for a total of 160 trials. For each

additional block, one or several clues are provided to the participant with the purpose of

improving his performance both in rapidity and efficiency (Figure 7.9). During the second

execution, a visual clue briefly appears on the screen (1 s) before the apparition of the face

presenting the emotion. The user is told that the visual clue might help him finding the

emotion but it is not mentioned how it could be helpful. By experience, we know that the

expression of certain emotions manifest itself on specific parts of the face. The visual clue is

thus aimed to focus the participant's attention on this specific part of the face. Indeed, the

mouth often takes the shape of an upside-down U on sad faces, angry people frown their

2To avoid integrating cultural aspects, only white models were displayed during the experiment. However, for
copyright reasons, only a few models are available for publication.
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eyebrows and scared people are distinguishable by wide open eyes. Happiness being the most

obvious emotion [175], the nose, located in the middle of the face, is assigned to it by default.

The visual clues corresponding to the four emotions are presented in the central column of

Figure 7.8.

The third execution integrates a tactile clue in the beginning of each trial. Four different clues

are selected out of the identification part and associated to the emotions (Figure 7.8). The

haptic information is conveyed through key number 3 (Figure 7.7) on which the participant is

asked to press slowly. This time, a single hit is allowed. The participant then chooses one of

the four force profiles by pressing on the key with the corresponding profile (v, b, n or m). The

rest of the trial is similar to the previous execution with the presentation of the visual clue, the

face and finally the answer.

In the last part, only the tactile clue, related to the following emotion, is presented before

the apparition of the face. Finally, it has to be noted that before each part, a short training

presenting four faces is done by the participant to avoid surprises.

Figure 7.9 – Block diagram presenting the four parts of the experiment: 1. without clue, 2.
visual clue, 3. visuo-tactile clues and 4. tactile clue only (• = start)

7.4 Results

7.4.1 Identification part

The first indicators showing the general level of identification of haptic sensations are the

words translating the users' feelings. A summary of the expressions used by the participants

to describe the profiles is given in Table 7.1. The large peaks of key 1 are generally well

distinguished through words like "clicks and stairs" and are assimilated to a roughness of the

guideway. A resembling roughness is reported for key 8, however as its amplitude is lower,

some people do not perceive the irregularities and describe it as "continuous". The three

profiles (#3, #5 and #6) mimicking different clicks are relatively well sensed. The bottom

click of key 5 reminds sensations of usual mechanical switches like "press stud, mouse and

remote control button". Keys 3 and 6 are closer to each other and assimilated to computer

keys. However, key 6 is correctly perceived as more "round" while key 3 is clearly harder to
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overcome. Key 7 is probably one of the most distinguishable but also the most difficult to

describe. Indeed, the threshold is sometimes well recognized and described as a "cork on

water" but participants also sensed "vibrations". These vibrations come from the abrupt rise

of the force profile which, coupled to the finger elasticity, generates oscillations around the

central position and noise, reported as "disturbing" by the users. Finally, keys 2 and 4 are

described as "soft, smooth, constant and pleasant". As for their difference, key 2 is clearly

tagged as a "spring" whereas key 4 appears as "constant" even non-existent.

Table 7.1 – Summarized results of the descriptive part of the force profiles identification

#1 #2 #3 #4

Grip, stick-slip,
clicks, rough, stairs

spring, soft,
constant, smooth

computer key,
click, obstacle to
overcome, stuck

key

constant, smooth,
nothing, pleasant

#5 #6 #7 #8

Press stud, end
click (mouse),

remote control
button, not

pushing in entirely

round click,
standard key,

keyboard, light
click

threshold, large
stiffness in the end,

cork on water,
vibration,
disturbing

scraper, friction,
continuous, rough,

rack rail

Besides the descriptive part, the participants were asked to draw what they feel on a blank

chart. Three qualitative criteria, namely intensity, shape and position, are set to quantify the

score allocated to each subject. The average result for the 17 participants of the experiment is

5.32/8 (66.5 %) (Figure 7.10). Understanding a force profile being easier for the participants

with an engineering background, a distinction will be done between both groups when rel-

evant. Subjects 1-9 will thus be referred to as engineers or group 1 and subjects 10-17 to as

psychologists or group 2. As expected, it is significantly easier for group 1 to link a haptic feeling

with a force profile (79.2 %) compared to group 2 (52.3 %) (t(15) = 3.92, p ≤ .001)3.

3Repeated measures ANOVA [190] are run on the data with the Statistical Package for the Social Sciences (SPSS)
to determine whether or not the improvements are significant.
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Figure 7.10 – Percentage of correct profiles
drawing per participant
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Figure 7.11 – Percentage of correct draw-
ing of each profile for the dis-
tinct groups (all, engineers
and psychologists)

The results presented in detail for each profile (Figure 7.11) show that half of them are drawn

correctly over 80 % and three quarters of them over 67 %. A 2 x 8 ANOVA integrating the group

effect highlights the existence of differences between the profiles (F(7, 105) = 6.96, p ≤ .001).

This discrepancy can notably be attributed to the difficulty of the participants in drawing

rough profiles which differ significantly from all other profiles in pairwise comparisons (#1

and #8 are different from #2, #3, #4, #6 and #7, p ≤ .01, and from #5, p ≤ .05). The discrepancies

between both groups (F(1, 15) = 15.42, p ≤ .001) are clearly visible on profiles such as the

spring (#2) for which engineers have a useful background but are almost null for the clicks

(#3, #6) and constant (#4) profiles. Despite the variation in performance observed between

both groups, the interaction between group and profile effects is not significant (F(7, 105) =

1.51, p ≥ .10) meaning that the engineers and the psychologists globally present difficulties in

identifying the same profiles.

In a second stage, the force profiles of Figure 7.5 are presented in disorder to the participant

who is required to match each key with its corresponding profile. The average result is 4.82/8

(60.3 %) for the 17 subjects. Again, the difference between both groups is significant: 77.8 % for

group 1 (1-9) and 40.6 % for group 2 (10-17) (t(15) = 3.38, p ≤ .01), visible on Figure 7.12 and

showing a necessary learning and habituation to the haptic feedback. In order to demonstrate

the influence of learning, the matching phase is repeated a second time, either directly after

the experiment or several weeks later, with the participants of group 1 who did not obtained

8/8. The second series of results represented with dots in Figure 7.12 shows an improvement

of 21.4 % (to 94.4 %) for the selected group (t(8) = 3.02, p ≤ .05).

A glance at the results detailed for each profile (Figure 7.13) shows two main differences

with the drawing part. Firstly, elaborated profiles such as the sawtooth profiles (#1 and #8),

the details of which were hardly interpretable, are more efficiently identified (#1 and #8 are

only different from #5 and #6, p ≤ .05). Secondly, the profiles corresponding to variations

of the click (#3, #5 and #6) are often mixed up due to their similarity (p ≥ .30). Globally, the

difference between the profiles is significant (F(7, 105) = 3.41, p ≤ .01) but again, the interaction

group-profile is not (F(7, 105) = 1.10, p ≥ .30).
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Figure 7.13 – Percentage of correct match-
ing of each profile for the dis-
tinct groups (all, engineers
and psychologists)

Finally, the ranking of the five more memorable keys shown in Figure 7.14 places profiles #2,

#3, #4 and #7 in the lead. A second ranking taking the order given by the subject into account

by adding weights to the profiles (5 for the first, 4 for the second and so on) confirms this list

but places #7 slightly behind.
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Figure 7.14 – Results of the ranking of the
five more memorable touch
sensations

0

5

10

15

20

25

1 2 3 4 5 6 7 8W
ei

gh
te

d 
ra

nk
in

g 
[%

] 

Profile number 

Figure 7.15 – Weighted ranking of the five
more memorable touch sen-
sations

7.4.2 Effect on emotional processing

Fifteen people participated in the second part of the experiment on emotional processing,

eight from group 1 and seven from group 2. The accuracy with which the emotions are recog-

nized and the response time represent the two measurements taken during the experiment.

A difference between the engineers and the psychologists appeared to be significant for the

accuracy measures (t(13) = 3.25, p ≤ .01) but not for the response time. However, a closer look

emotion per emotion revealed that the only emotion to present a significant difference in

accuracy is fear (t(13) = 2.34, p ≤ .05). The group will thus be considered as a covariable in this

particular case only (accuracy - fear) and will be ignored for the rest of the results.

The accuracy of emotions recognition averaged on the four conditions, namely without clue,

with visual, tactile and visuo-tactile clues, is summarized in Table 7.2. All four emotions are

identified with high accuracies exceeding 80 %, anger being the lowest with 80.0 % and as ex-
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pected [175], happiness being the most obvious with 97.4 %. Contrarily to the first experiment,

group 2 achieved better results, probably due to the fact that they are regularly confronted to

emotional processes in their work.

Table 7.2 – Overall accuracy of emotions recognition averaged on the four conditions [%]

Sample Fear Anger Happiness Sadness Total

All 84.7 80.0 97.4 88.0 87.5

Group 1 77.5 75.0 96.3 86.3 83.8

Group 2 92.9 85.7 98.6 90.0 91.8

The effect of the addition of different clues before the presentation of the emotion is illustrated

in Figures 7.16 and 7.17. The average accuracy for the four emotions shows a slight improve-

ment for all three conditions compared to the reference with "no clue" (Figure 7.16). However,

the overall accuracy is so high for the healthy pilot sample that the enhancement is inevitably

limited and thus, not statistically significant. A detailed look, emotion by emotion (Figure

7.17), shows that the visual clue improves the identification in every case (values in Table 7.3),

which results in a narrower standard error compared to tactile and visuo-tactile clues (bars

in Figure 7.16). As for the tactile clue, it helps for some emotions like sadness but does not

for anger. It is to note that the sawtooth profile ("peaks") attributed to anger was not ranked

among the top memorable sensations in Figures 7.14 and 7.15. Indeed, the better the force

profile was ranked by the participants, the more important is the improvement in emotions

recognition. Finally, both visual and tactile clues presented together do not seem to sum the

effects of individual clues. At the contrary, the diversity of information to be processed by the

human brain seems to penalize the accuracy when both clues are individually beneficial (e.g.

happiness and sadness).
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Figure 7.17 – Detail per emotion
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Table 7.3 – Detailed accuracy of emotions recognition during the four conditions [%] and
corresponding improvements relatively to the first condition

Condition Fear Anger Happiness Sadness Total

No clue 84.7 80.0 97.3 88.0 87.5

Visual 92.0 82.0 99.3 93.3 90.0

Gain [%] 8.6 2.5 2.1 6.0 2.9

Tactile 86.7 80.0 98.7 94.0 89.8

Gain [%] 2.4 0.0 1.4 6.8 2.6

Both 92.7 80.7 97.3 88.7 89.8

Gain [%] 9.4 0.9 0.0 0.8 2.6

Regarding the response time, the introduction of visual and tactile clues, individually pre-

sented, results in a significant improvement in both cases (Figure 7.18). Indeed, the visual

clue significantly decreases the response time compared to the reference (12.2 %, p = .017)

and the tactile clue even more (25.8 %, p = .000). The enhancement brought by the haptic

information is even significant compared to all other conditions (to visual: 15.5 %, p = .003

and to visuo-tactile: 22.7 %, p = .000). A detailed view per emotion confirms the improvement

in all cases (Figure 7.19, values in Table 7.4). Again, happiness is identified the most rapidly

and anger is globally the slowest, even if the curves are close to each other. Similarly as for

the accuracy, the "peaks" profile is related to the lowest improvement (i.e. anger) and the

magnitude of the improvement is directly related to the ranking of Figures 7.14 and 7.15. The

feeling that several clues stimulating different senses simultaneously are counterproductive is

confirmed for the reaction time by the last condition mixing both visual and tactile clues.
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Figure 7.18 – Average response time dur-
ing the four conditions with
standard error bars
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Figure 7.19 – Detail per emotion

By isolating the experiment with the tactile clue only, it comes out that the ranking of the

relative improvements observed in both accuracy (Table 7.3) and response time (Table 7.4)

176



7.4. Results

Table 7.4 – Detailed response times during the four conditions [ms] and corresponding im-
provements relatively to the first condition

Condition Fear Anger Happiness Sadness Total

No clue 1531.0 1438.1 1028.6 1499.7 1359.8

Visual 1323.8 1344.3 884.6 1267.8 1193.5

Gain [%] 13.5 6.5 14.0 15.5 12.2

p .064 .354 .001 .011 .017

Tactile 1150.2 1204.9 814.3 996.5 1008.4

Gain [%] 24.9 16.2 20.8 33.6 25.8

p .004 .118 .001 .001 .000

Both 1427.3 1509.4 1007.0 1370.0 1305.1

Gain [%] 6.8 -5.0 2.1 8.6 4.0

p .301 .501 .752 .218 .413

places sadness first, followed by fear, happiness and finally anger. The ranking of the cor-

responding force profiles, namely "constant", "click", "spring" and "peaks", tallies with the

results obtained during the initial identification part where profiles #4, #3 and #2 (respectively

"constant", "click" and "spring") obtained better drawings (Figure 7.11) and rankings (Figures

7.14 and 7.15) than profile #1 ("peaks").

For a better understanding of the relative variation of the improvement from one emotion

to the other, a brief analysis of the accuracy of force profiles recognition during the two last

executions of the emotional experiment (tactile and visuo-tactile conditions) is presented.

Each emotion being associated to a dedicated force profile (Figure 7.8), the differences in

haptic identification further influence the quality of the emotional processing. The accuracy

of emotions recognition (Table 7.2) is left aside and only the accuracy in force profile detection

is considered. Table 7.5 shows the results for both tactile and visuo-tactile conditions. The

average of both conditions presents the "spring", "constant" and "click" profiles as well

identified with results higher than 80 %. The "peaks" profile is once again misinterpreted.

The detailed answers obtained each time one of the four force profiles is presented to the

participant are shown in Figure 7.20. They help understand the different levels of improvement

obtained in the emotions recognition with tactile clue (Tables 7.3 and 7.4). Indeed, the most

important improvement relatively to the "no clue" condition is attributed to sadness associated

to the "constant" profile (Figure 7.20 (c)) which is globally well identified (85.3 %) despite a

slight confusion with the "spring" profile (8.0 %) due to the absence of irregularities along the

travel. Similarly, the "spring" profile (b) is clearly discriminated (92.0 %), however the natural
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Table 7.5 – Overall accuracy of force profiles recognition under different conditions [%]

Condition Click Spring Constant Peaks Total

Ass. emotion Fear Happiness Sadness Anger

Tactile 82.0 92.0 85.3 64.6 81.0

Both 80.0 76.0 80.6 66.7 75.8

Mean 81.0 84.0 83.0 65.7 78.4

facility to identify happiness makes it difficult to importantly improve the performance for

this emotion. The confusion is however more present for the two last profiles. Indeed, in 18.0

% of the cases, the participant answered "peaks" instead of "click" (a). As they are allowed

to press only once on the key, some people might think they have missed some peaks and

answer with caution. The effect is even more obvious for the last profile (d), where 35.5 % of

the subjects confused the "peaks" and the "click" profiles (p ≥ .10).
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Figure 7.20 – Detail of the answers given for the four different haptic clues during the tactile
part

This effect matches with the bad results obtained by the former during the identification

experiment (Figures 7.11 and 7.13) and explains that the lowest improvements are obtained

with the corresponding emotion (i.e. anger in Tables 7.3 and 7.4). It can be explained by the

fact that if the person does not control his finger in position, it is charged in force to overcome
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the first obstacle and directly transforms the potential energy into kinetic energy and thus

masks the following peaks, similarly as a car would do on bumps. For this last profile, one

finally remarks the important difference between groups 1 and 2, already present in Figures

7.11 and 7.13, which can be explained by fact that the engineers were more aware of the

necessity of slowly displacing one's finger all along the stroke to feel all the details.

Similarly, the detail of the answers given during the visuo-tactile part is visible in appendix D

(Figure D.1).

7.5 Discussion

The results obtained during the pilot experiment presented in this chapter show an increase

of the participants' performance during emotional processing tasks attributed to the introduc-

tion of additional haptic and visual clues, individually presented. The response time is notably

significantly shortened confirming thus the idea introduced by Salminen et al. [184] that

even simple haptic stimuli can convey emotional content. The present study strengthens the

fact that the visual recognition of emotions can be improved using a haptic feedback, which

has also been supported by Bonnet et al. [176] in their research using large 3D movements.

Following our study, a simplification of the haptic feedback can thus be considered. The use

of multi-finger haptic devices integrating miniature short-stroke actuators actually allows

conveying haptic information opening the way for affective computing operations.

In the case of the present pilot study involving healthy subjects, the accuracy of emotions

recognition is not significantly improved with the introduction of sensory clues4, contrarily to

the response time. However, the positive tendency notably appearing with visual and some

tactile clues could become significant when working with psychotic youths who suffer from

difficulties in identifying visual emotions. Indeed, significantly increasing accuracies reaching

90 % or more is difficult but could become conceivable when starting with lower initial scores,

like it should probably be the case for the final target sample.

The improvements observed in the recognition of visual emotions are notably attributed to

the efficient identification and discrimination of various haptic stimuli in the form of unidirec-

tional force profiles generated by linear actuators. The accuracy, well above chance, with which

up to eight different force profiles were identified during descriptive, drawing and matching

parts is really encouraging and pushes towards an enlargement of the panel of stimuli. The

force feedback hapticons developed could then be integrated in online conversations so as to

enrich the interactions with nonverbal communication, going thus together with the popular

trend of social networking and instant messaging.

Since the human being is not used to such kind of haptic feedback [180] and all people are not

equally sensitive, a period of adaptation is necessary to feel the subtleties of each stimulus. The

results of the identification part indeed presented large discrepancies between participants,

4Except for fear F(3, 39) = 4.36, p ≤ .01
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from 25 to 100 % for the drawing and from 12.5 to 100 % for the matching exercise. The

difference observed between the engineers (group 1: 79.2 % and 77.8 %) and the psychologists

(group 2: 52.3 % and 40.6 %) is very interesting and highlights the fact that initiated people are

more inclined to perceive and translate profile specificities. The importance of the learning

process is even more clearly brought to light by a second iteration of the matching part

completed by the subjects of group 1, directly in the end of the entire experiment or a few days

later. The promising improvement of 21.4 % of the percentage of correct answers can also

partly be due to the fact that the participants were more relaxed during the second iteration

which was not executed directly after the painful exercise of drawing which might have slightly

disturbed the results of the matching part. The last evidence of the rapid assimilation of the

different haptic stimuli is the accuracy of force profile identification obtained in the emotional

processing part. Except for the "peaks " profile which was hardly recognized by group 2, the

profiles were correctly identified at more than 80 % and the differences between both groups

almost disappeared.

All haptic stimuli were not equally recognized. The ranking by the participants of the eight

proposed profiles (Figures 7.14 and 7.15) indicates that very simple profiles possessing only

a single marked discontinuity (e.g. #3 and #7) or even no discontinuity at all (e.g. #2 and #4)

are more likely to be identified. At the contrary, sawtooth profiles consisting in a repetition

of irregularities and simulating different roughnesses (e.g. #1 and #8) are less memorable,

especially for people with no engineering background. Moreover, the degree with which a

profile is felt and identified directly influences the performance during the recognition of

visual emotions. Indeed, when ranking the relative improvements obtained with the tactile

clue in accuracy and response time (Tables 7.3 and 7.4), one remarks that the corresponding

force profiles ("constant", "click", "spring" and "peaks") are ordered in the same way as it

has been done during the first identification part (Figures 7.11 and 7.14). Thus, the better the

haptic information is assimilated, the better the emotional processing is.

Concerning the noise, as already experienced by Benali-Khoudja et al. with their tactile display

[182], the presence of parasitic sounds generated here by the actuator switching during elastic

oscillations of the finger around a position at which the force profile is abrupt (principally #7)

influences the user's judgment. 47 % of the participants answered positively to the question

"Does the noise represent an inconvenience? Would it be preferable to wear a hearing protector

headset?". In order to block this noise, Salminen et al. precisely run their experiments using a

hearing protector headset [184], however in the present case, once the desired force profiles

will be determined, efforts will be put to remove the noise by improving the control software.

Finally, it has to be noted that whereas visual and haptic clues are beneficial when individually

presented, they become inefficient if presented simultaneously. Providing more than a single

clue for the identification of emotions is counterproductive and seems to cancel the gain

generated by each individual clue. Indeed, increasing the number of clues increases the

number of cognitive processes involved which thus affects the performance. This statement

is consistent with the research of Baumeister et al. in which controlled cognitive processes
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are described as a limited resource [191–194]. According to their work, the different features

of self-regulation, or self-control, including emotions, cognition and behavior depend upon

the same resources and therefore, only a limited number of operations are allowed at a time.

Several experiments showed that the fact of subjecting people to an initial act of self-control,

notably involving an emotional activation, further impairs the performance during the second

act of control. For instance, Schmeichel et al. [195] reported reasoning and thinking issues

in subjects who were first asked to regulate their emotions when watching upsetting footage.

Following the same idea, Urben [196] demonstrated an impairment of arithmetic tasks results

in children after inducing frustration through unpredictable and unwanted delays imposed

between trials. In the experiment presented in the present chapter, the treatment of a single

clue, visual or haptic, does not involve a control process from the user and thus still allows for

an improvement of the performance. However, by giving two consecutive clues, we force the

participant to control the information and thus limit the resources available for the emotional

processing which has the effect of canceling the benefit brought by the clues individually

presented.

Outlook

The drawing part being notably very demanding for the subject's concentration, the proper

identification part will be separated from the emotional part for the next steps of the study.

Following the encouraging results brought by the first pilot experiment, the identification part

will be furthered with the aim of increasing the number of available haptic sensations. For

instance by comparing different profiles with different intensities in pairs and by asking the

participant to distinguish whether they are the same or different similarly as what Salminen

et al. did with the rotating fingertip stimulator [184]. The distinctive features of each force

profile will be listed so as to be able to give a general rule for the design of efficient short-stroke

force feedbacks. Then, with an eye towards the development of linear hapticons for instant

messaging and online chatting, the emotional content conveyed by the haptic sensations will

be studied for a direct utilization [176, 182, 184].

As for the advantage brought by tactile (and visual) clues during emotions recognition tasks,

the performance improvement observed on healthy subjects, notably on the response time, is

encouraging and will thus be repeated on a sample of psychotic adolescents. As mentioned

earlier, the improvement is expected to be even greater as the room for improvement increases

with the difficulty of these adolescents to discern emotions. Indeed, with the hypothesis of a

lower initial accuracy in emotions recognition, the contribution of tactile (and visual) clues is

expected to increase and hopefully become significant. Regarding the experiment itself, small

modifications will have to be brought. Firstly, the identification part will be replaced by a more

playful habituation phase in order to make the participant used to the force feedback without

being too boring. Then, based on the enhanced identification experiment, the four (or more)

more memorable force profiles will be chosen in order to maximize the chance of improvement

in emotions recognition. The emotional aspect conveyed by each force profile will also be
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taken into account to fit with the corresponding emotion. With these modifications, we hope

to be able to bring a little help to the psychotic adolescents to overcome their difficulties in

expressing and identifying emotions during social interactions.
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8
Conclusion and outlook

The present thesis addresses a multidisciplinary system approach for multi-finger haptic de-

vices which responds to an increasing demand for tactile comfort, non-verbal communication

and interactive manipulation of the digital information. The strength of this work is, above all,

to present a methodology that assembles a large set of technologies and proposes innovative

solutions in order to design fully integrated haptic devices destined to research as well as to

industry. In order to guide the designer towards adapted solutions, a detailed introduction on

the human hand physiology is provided in preamble. Following that, general considerations

on the different elements constituting a multi-finger haptic device are provided and several

innovative tools required for their development are presented. These tools, notably handling

the modeling and optimization of miniature short-stroke actuators as well as their position

detection, are intended to be used by future developers and are thus presented in a generic

manner in order to be easily adaptable to different kinds of applications. As for illustration

of the methodology, fully functional prototypes such as the Haptic Keyboard and the VibKey

Pad are designed and fabricated, giving an overview of the possibilities offered by multi-finger

haptic devices.

8.1 Main results and innovative contributions

Even if the methodology is presented as global, the scientific innovations actually making the

originality of the thesis are targeted on the optimization of miniature electromagnetic short-

stroke actuators as well as the development of innovative solutions for position detection. The

original contributions are summarized hereinafter:
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• An accurate modeling of miniature short-stroke electromagnetic actuators was made

possible thanks to the combination of 3D finite element modeling (FEM) and design of

experiments (DOE). The non-conventional behavior of magnetic flux lines in miniature

actuators with relatively large airgaps led us to avoid simplified analytical models and

use the reliable results of finite elements. The long computation times required by 3D

FEM are balanced by the use of selective DOE making the modeling methodology easily

adaptable, rapid and accurate.

• The parametrical model of the force provided by the modeling methodology was then

integrated in a full parametrical setup possessing a single user interface. After entering

the constraints defining the experimental domain, the program automatically runs

the modeling process and then optimizes the force generated by the actuator using

a conventional algorithm. The advantage of the parametrical optimization is that

complementary non-linear constraints can be added so as to become multi-physic.

• Several original position measurement techniques using existing sensors were devel-

oped including a low-cost custom single-photointerrupter sensor allowing for direction

discrimination for fast-prototyping and a hybrid sensing method using tiny Hall sensors

and taking advantage of the leaks of the main actuator magnet.

• Two innovative self-sensing methods successfully allowed measuring the position of

the mover of linear short-stroke actuators. The first solution estimates the position

of the coil by measuring the acceleration through the back emf. However, a constant

acceleration is required which strongly restrains the application scope. The second

solution allows for a real-time measurement of the position thanks to a passive oscillating

RLC circuit influenced by the variation of the coil impedance. All the solutions presented

are low-cost, compact and require few computation resources.

In addition to the purely mechatronic side of the thesis, the results obtained from an experi-

ment run by a sample of population pave the way for novel man-machine interactions:

• The encouraging results obtained during a force profiles identification phase lay the first

stones of a new tactile language. The experiment showed the benefit of habituation in

haptic feedback and demonstrated a clear discrimination capacity of the participants.

• The pilot experiment run in collaboration with the SUPEA - CHUV achieved in a sig-

nificant improvement of the subjects’ performance during emotions recognition tasks

attributed to tactile clues provided by the Haptic Pad. These results bring a serious hope

to help psychotic adolescents and learn from their disorders.

The scientific content of the thesis resulted in the publication of several papers presented in

international conferences and a magazine paper. Both self-sensing methods have notably

been presented in Tokyo (ICEMS 2009 [146]) and in Taiwan (AIM 2012 [197]). The modeling of
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a miniature short-stroke actuator for a haptic key (ECCE 09, San Jose [198] and IEEE Industry

Applications Magazine [199]) and the entire development of the Haptic Keyboard (ICEMS 2011,

Beijing [200]) retrace the major scientific contributions brought to the design of multi-finger

haptic devices.

8.2 Outlook

Labeled as "mechatronic", the present thesis covers a large scope and touches various do-

mains in order to be finally coherent with the design methodology for multi-finger haptic

devices. The advantage of multidisciplinarity however avoids having an in-depth vision of

every technological aspect, which leaves a door open to a series of further researches:

• Additional extensions could be brought to the full parametrical setup in order to provide

a complete multi-physic interface for the optimization of short-stroke electromagnetic

actuators. The idea would be to integrate secondary models, such as weight, tem-

perature or design for self-sensing in the form of non-linear constraints for the final

optimization.

• Besides the different electromagnetic actuators modeled in the present thesis, it would

be interesting to enlarge the scope and test the applicability of the methodology on alter-

native technologies such as the smart materials and particularly the magnetorheological

fluid actuator for haptic glove presented in Montréal (AIM 2010 [76]).

• Concerning the self-sensing, we recommend deepening the research on the induced

oscillations method so as to explore its limits in resolution and robustness. Indeed, the

promising results obtained with such an economical solution in terms of hardware and

software resources should definitely retain our attention for future applications.

• Regarding the use of multi-finger haptic devices, it seems important to continue seeking

after potential applications allowing for new developments. From our point of view, the

opportunities offered by on-line communication, gaming and assistance to the blind

fully justify an enlargement of the force profiles library started in the identification

phase of the psychological experiment. Proposing a new tactile language to computer

users will not be an easy task. It is the reason why appealing applications need to

be implemented first to inform the potential users about the possibilities offered by

multi-finger haptic applications.

• The use of the VibKey Pad could also be investigated for psychological studies in order

to determine the influence of different vibration patterns on the performance during

computer-related tasks. The interest would also be to see if the kinesthetic sense is more

helpful than the tactile sense or inversely.

• Finally, the encouraging results obtained with the sample of healthy participants during

the emotions recognition task of the psychological study confirms the hunch that haptics

185



Chapter 8. Conclusion and outlook

can help in specific cognitive operations. From these results should flow the decision of

starting a larger study on psychotic adolescents in order to determine if our expectations

for better results when working with emotionally impaired people can be confirmed.

In conclusion, it is clear that the methods presented all along the thesis, notably for the design

of actuators and the detection of the position, are likely to be used in various other domains

that are not mentioned here for coherence reasons, such as robotics, automotive, etc. . .
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A.1 Optimization tools

A.1.1 Design of experiments

Designs from literature

A non-exhaustive list of existing designs is presented hereinafter in order to help understand

the functioning of the design of experiments:

• Hadamard designs, known as Plackett & Burman designs in English literature, are two-

level matrices made of very few experiments whose role is to screen the main effects
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of a system. The very limited data set does not allow for an accurate description of

models with interactions. Proper Hadamard matrices only exist for number of runs

Ne that are multiples of 4 and can estimate up to Ne -1 factors. The second row of the

matrix, called generator, can be found in literature [201]. It is a combination of '+' and

'-' corresponding to 1 and -1. The Ne -2 following rows are circular permutations of the

generator. The first row is finally filled with '+'.

• The advantage brought by the full factorial design proposed by Fischer consists in

varying multiple factors simultaneously [120]. Two and three-level factorial designs

exist. Considering only the extremities of the experimental domain defines a two-level

design (Figure A.1 left). Middle points are added to obtain three levels (Figure A.1 right).

The total number of experiments is obtained by multiplying all levels together (2· 2 and

3· 3 respectively). Two levels will be used for the presentation of the design. The number

of experiments in this case is given by:

Ne = 2k (A.1)

with k the number of factors.

Figure A.1 – Two and three-level factorial designs for two factors x1 and x2

• The fractional design is an improvement of the factorial design in a sense that it avoids

an exponential expansion of the number of experiments with the number of factors.

Indeed, increasing the number of factors increases the number of interactions between

them. With two inputs, there is only one interaction x1x2, but three factors already give

four interactions x1x2, x1x3, x2x3 and x1x2x3 and so on. High levels of interaction can

often be neglected and leave space for new factors instead. In the full factorial design,

all parameters are estimated independently due to the property of orthogonality. In the

fractional case, adding extra factors generates interactions between parameters which

cancels this property. However, as soon as high level interactions can be neglected,

orthogonality can be considered again [201].
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• An equiradial design consists in placing all experimental points at a predefined distance

around the experimental domain center. A well-known equiradial design is the Doehlert

matrix, represented by a hexagon capable of covering the domain with translations

(Figure A.2). The advantage of such configuration is that the matrix of points can move

over the experimental domain, which makes it a candidate for optimization processes.

Figure A.2 – Doehlert hexagonal matrix for two factors x1 and x2

• Following the same idea, the composite design mixes a factorial design with a star

design (Figure A.3). Like for equiradial designs, all points of the star design are arranged

on a sphere of diameter α around the center. Experimental errors are detected by

repeating measurements on the central point. However, in the case of FEM, these

discrepancies are negligible and a single central simulation is sufficient.

Figure A.3 – Composite design for two factors x1 and x2

The list of standard designs presented above is not exhaustive but gives a good overview of

what can be found in literature. More information is available in the following references:

[120, 201–203].
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A.2 Actuators

A.2.1 Cylindrical actuator

The parameters value for the quadratic models with first order interactions are shown in Table

A.1 for 3 factors, in Table A.2 for 5 factors and in Table A.3 for 7 factors.

Table A.1 – Quadratic model of the cylindrical actuator with first order interactions for 3 factors

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33

1.24 0.00 -0.23 0.12 -0.13 -0.01 -0.04 -0.32 -0.03 -0.06

Table A.2 – Quadratic model of the cylindrical actuator with first order interactions for 5 factors

a0 a1 a2 a3 a4 a5 a12 a13 a14 a15 a23

1.22 -0.02 -0.22 0.12 0.03 0.06 -0.12 -0.01 0.02 -0.02 -0.03

a24 a25 a34 a35 a45 a11 a22 a33 a44 a55

-0.01 -0.01 0.01 -0.03 -0.01 -0.31 -0.01 -0.04 -0.05 -0.02

Table A.3 – Quadratic model of the cylindrical actuator with first order interactions for 7 factors

a0 a1 a2 a3 a4 a5 a6 a7 a12

1.21 -0.03 -0.21 0.10 0.02 0.05 0.05 0.05 -0.12

a13 a14 a15 a16 a17 a23 a24 a25 a26

-0.01 0.01 -0.03 0.00 -0.01 -0.03 -0.01 -0.01 -0.01

a27 a34 a35 a36 a37 a45 a46 a47 a56

-0.02 0.01 -0.03 -0.01 0.00 0.00 0.00 0.00 -0.01

a57 a67 a11 a22 a33 a44 a55 a66 a77

0.00 -0.01 -0.30 -0.01 -0.04 -0.05 -0.02 -0.01 -0.02

190



A.2. Actuators

A.2.2 Square actuator II

The parameters value for the quadratic models with first order interactions are shown in Table

A.4 for 5 factors and in Table A.5 for 7 factors.

Table A.4 – Quadratic model of the square actuator with first order interactions for 5 factors

a0 a1 a2 a3 a4 a5 a12 a13 a14 a15 a23

1.24 0.01 -0.25 0.11 0.05 0.05 -0.15 -0.01 0.04 -0.03 -0.04

a24 a25 a34 a35 a45 a11 a22 a33 a44 a55

-0.02 -0.01 0.01 -0.04 -0.01 -0.30 0.00 -0.03 -0.05 -0.01

Table A.5 – Quadratic model of the square actuator with first order interactions for 7 factors

a0 a1 a2 a3 a4 a5 a6 a7 a12

1.21 0.00 -0.24 0.11 0.04 0.05 0.06 0.05 -0.14

a13 a14 a15 a16 a17 a23 a24 a25 a26

0.00 0.03 -0.02 0.00 -0.01 -0.04 -0.02 -0.02 -0.02

a27 a34 a35 a36 a37 a45 a46 a47 a56

-0.02 0.01 -0.02 -0.02 0.00 0.01 0.01 0.00 -0.01

a57 a67 a11 a22 a33 a44 a55 a66 a77

0.00 -0.01 -0.28 0.00 -0.03 -0.05 -0.01 -0.01 -0.02

Star validation

The matrix for the star validation of the 5 factors model with a radius of 0.5 mm is presented in

Table A.6 for the square actuator.

Similarly, the star validation is applied to the 7 factors model with two different radii of 0.2 and

0.5 mm (Tables A.7 and A.8)
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Table A.6 – Dimensions [mm] and results of the star validation with a radius of 0.5 mm for the
square actuator with 5 factors

x1 x2 x3 x4 x5 F model [N] F FEM [N] Error with optimum [%]

4.49 0.8 6 3 2.11 1.638 1.620 4.48

5.49 0.8 6 3 2.11 1.638 1.690 0.37

4.99 1.3 6 3 2.11 1.377 1.421 16.25

4.99 0.8 5.5 3 2.11 1.635 1.645 3.04

4.99 0.8 6 2.5 2.11 1.658 1.695 0.11

4.99 0.8 6 3 1.61 1.669 1.672 1.44

4.99 0.8 6 3 2.61 1.669 1.715 -1.11

4.99 0.8 6 3 2.11 1.671 1.697 optimum

Table A.7 – Dimensions [mm] and results of the star validation with a radius of 0.2 mm for the
square actuator with 7 factors

x1 x2 x3 x4 x5 x6 x7 F model [N] F FEM [N] Error with opt. [%]

4.7 0.8 6 3 4 3 3 1.740 1.811 1.4

5.1 0.8 6 3 4 3 3 1.740 1.846 -0.5

4.9 1 6 3 4 3 3 1.617 1.715 6.6

4.9 0.8 5.8 3 4 3 3 1.738 1.820 0.91

4.9 0.8 6 2.8 4 3 3 1.743 1.836 0

4.9 0.8 6 3 3.8 3 3 1.744 1.828 0.49

4.9 0.8 6 3 4 2.8 3 1.737 1.823 0.74

4.9 0.8 6 3 4 3 2.8 1.740 1.827 0.53

4.9 0.8 6 3 4 3 3 1.745 1.837 optimum
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Table A.8 – Dimensions [mm] and results of the star validation with a radius of 0.5 mm for the
square actuator with 7 factors

x1 x2 x3 x4 x5 x6 x7 F model [N] F FEM [N] Error with opt. [%]

4.4 0.8 6 3 4 3 3 1.714 1.753 4.55

5.4 0.8 6 3 4 3 3 1.714 1.833 0.2

4.9 1.3 6 3 4 3 3 1.424 1.536 16.37

4.9 0.8 5.5 3 4 3 3 1.724 1.798 2.08

4.9 0.8 6 2.5 4 3 3 1.732 1.836 0.05

4.9 0.8 6 3 3.5 3 3 1.740 1.820 0.9

4.9 0.8 6 3 4 2.5 3 1.723 1.807 1.59

4.9 0.8 6 3 4 3 2.5 1.731 1.817 1.04

4.9 0.8 6 3 4 3 3 1.745 1.837 optimum
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A.2.3 Fixed magnet actuators

The parameters value for the quadratic models with first order interactions are shown in Table

A.9 for the cylindrical actuator and in Table A.10 for the square actuator.

Table A.9 – Quadratic model of the cylindrical actuator with first order interactions for the
fixed magnet configuration

a0 a1 a2 a3 a4 a5 a12 a13 a14 a15 a23

1.34 -0.25 0.06 0.02 0.06 0.08 0.01 0.00 -0.01 -0.03 0.01

a24 a25 a34 a35 a45 a11 a22 a33 a44 a55

0.00 0.00 -0.01 0.00 0.00 -0.13 -0.07 -0.01 0.00 -0.02

Table A.10 – Quadratic model of the square actuator with first order interactions for the fixed
magnet configuration

a0 a1 a2 a3 a4 a5 a12 a13 a14 a15 a23

1.34 -0.34 0.08 0.04 0.08 0.08 -0.02 -0.02 -0.02 -0.03 0.02

a24 a25 a34 a35 a45 a11 a22 a33 a44 a55

0.01 0.00 -0.01 0.00 -0.02 -0.01 -0.08 -0.01 -0.01 -0.02

Detailed views of both fixed magnet prototypes (RA5 - SQ5) are shown in Figures A.4 and A.5.

Figure A.4 – Cylindrical actuator parts Figure A.5 – Square actuator parts
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A.2.4 Vibrotactile button

The parameters value for the quadratic models I and II with first order interactions are shown

in Tables A.11 and A.11 for the vibrotactile button.

Table A.11 – Quadratic model I of the vibrator with interactions for 3 factors

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33

0.1007 1e-3 -2.61e-2 -2.1e-3 -2e-4 2e4 -2.8e-3 4e-4 -2.93e-2 -6.7e-3

Table A.12 – Quadratic model II of the vibrator with interactions for 3 factors

a0 a1 a2 a3 a12 a13 a23 a11 a22 a33

0.0958 1.7e-3 1.5e-3 -7e-4 2e-4 2e-4 -1e-3 -1.1e-3 6e-4 -3e-3
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B.1 Hybrid sensing method

B.1.1 Linear Hall sensors for position measurement

Application on the cylindrical actuator

The same FEM analysis as in Figure 5.5 is run on a cylindrical actuator (Figure B.1). FEM

computations on a 2D grid overhanging the actuator confirm that the flux density is vertical

above the center (Figure B.2).
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Figure B.1 – Flux density on a 2D grid over-
hanging a cylindrical actuator

Figure B.2 – Flux density vectors above the
actuator

Calibration and robustness: effect of the current on position measurement

A drawback observed with this position sensing method, where the sensor is placed directly

in the coil, is the slight variation of the output with the power supplied for force creation. A

small rotation of the curve is observed in Figure B.3. The increase of coil resistance due to iron

losses and the magnetic field created by the coil itself can explain this effect.
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Figure B.3 – Hall sensor output variation related to PWM duty cycle
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B.2 Self-sensing approach

B.2.1 Oscillating RLC circuit

Kirchhoff's second law applied to a RLC circuit (Figure 5.21 (a)) gives:

1

C

∫
i (t )d t +Ri (t )+L

di (t )

d t
= 0 (B.1)

Which becomes by derivation, a second order differential equation:

1

C
i (t )+R

di (t )

d t
+L

d 2i (t )

d t 2 = 0 (B.2)

that can be formulated as:

ï +2λi̇ + 1

ω2
0

i = 0 (B.3)

with λ = R
2L the attenuation describing the envelope of the oscillations and ω0 = 1�

LC
the

resonance frequency.

B.2.2 RLC circuit with parallel capacitor

These measurements were made in the framework of a semester project [204]. A capacitor

is connected in parallel with the actuator coil creating thus an oscillating circuit. A free-

wheeling diode and three Zener diodes are connected so as to kill the current and still allow for

oscillations to be created (Figure B.4). The measurements show a variation of both damping

and frequency with the position of the actuator (Figure B.5). However, as the current can

hardly establish within the coil due to the capacitor, it is only useful for position measurements

and cannot be used for an efficient force control.

The problem can be explained by the analysis of the total impedance. Indeed, when a large ca-

pacitor (relatively to the coil capacitor CC ) is connected in parallel with the coil, the impedance

characteristic is shifted to the left as presented in Figure B.6 (the actuator used here is the

same as for Figures 5.19 and 5.20). The resonance thus gets closer and closer to the PWM

frequency which avoids the current to be created. In this configuration, the capacitor needs to

be large in order to observe a significant variation of the oscillations. The method is thus an

excellent candidate for position detection only but does not allow generating a force feedback.
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Figure B.4 – Test circuit with parallel capacitor (R1 = 270 Ω, C = 417 pF, D1 = LN4147, D2 =
1N4740A, D3 = SB140, Transistor = BC337-25, U0 = 10 V, PWM = 20 kHz, 50 %, L(x)
represents the coil of the actuator)

(a) Oscillations observed at different positions of
the actuator

(b) Zoom

Figure B.5 – Measurements made on the circuit of Figure B.4 with a prototype of actuator
(Figure 4.45)

B.2.3 RLC circuit with parallel inductor

Kirchhoff's second law applied to the circuit of Figure 5.23 (b) allows writing the two following

loop equations:

RC i1 +LC
di1

d t
−Ri2 −L

di2

d t
= 0 (B.4)
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Figure B.6 – Effect on the capacitor impedance connected in parallel with the coil

UC 0 + 1

CC

∫
iC d t −Ri2 −L

di2

d t
= 0 (B.5)

Which becomes by derivation:

1

CC
iC −R

di2

d t
−L

d 2i2

d t 2 = 0 (B.6)

With the introduction of the equation of the currents:

iC =−i1 − i2 (B.7)

(B.6) becomes:

1

CC
(i1 + i2)+R

di2

d t
+L

d 2i2

d t 2 = 0 (B.8)

The system represented by (B.4) and (B.8) is simplified in a third order differential equation
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formulated as a function of i2:

i2(RC +R)+ i̇2(RC RCC +LC +L)+ ï2(RC L+RLC )CC + ...
i2LC LCC = 0 (B.9)

Then, in order to analyze the influence of the capacitor at high frequency, a second formulation

of the system is established as a function of the coil voltage:

iC =CC
duC

d t
(B.10)

uC = RC i1 +LC
di1

d t
(B.11)

uC = Ri2 +L
di2

d t
(B.12)

By introducing the equation of the currents (B.7), the system can be formulated as:

u̇C =− 1

CC
(i1 + i2) (B.13)

i̇1 = 1

LC
uC − RC

LC
i1 (B.14)

i̇2 = 1

L
uC − R

L
i2 (B.15)

With the initial conditions for the three unknown (uC (0), i1(0), i2(0)) = (UC 0, I10, I20).

Operational amplifier used for the measurements

Figure B.7 shows the output swing of the LM358 used for the measurement of the induced

high frequency oscillations.
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Large Signal Frequency Response

Figure B.7 – Output characteristic of the LM358 operational amplifier [205]

Output linearity

The variation of the induced oscillation damping representative of the position is measured

in Δt and presented in Figure B.8. The maximum difference between the high and the low

position of the coil obtained at the trigger of the external interrupt reaches 2.8 μs. It represents

84 steps for a travel of 5 mm giving a theoretical resolution of 60 μm.
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Figure B.8 – Measured time variationΔt versus position measured with an external laser sensor

The current extinction and the position measurement using high frequency oscillations are

theoretically independent. However, the necessity of protecting the follower circuit using a

limiting Zener diode disturbs the force characteristic (Figure B.9). Hopefully, the time needed

to cut the first voltage peak is so short that the current decrease is limited (Figure B.10) and

the force linearity is only slightly affected.
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Figure B.9 – Current versus duty cycle characteristic measured on the complete self-sensing
setup and its linear interpolation between 15 and 95 % (red)
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C.1 Haptic Pad and Haptic Keyboard

C.1.1 Actuator

Dynamics

A brief comparison is run on the cylindrical actuator manufactured for the Haptic Keyboard to

make sure the response of the electromagnetic version still satisfies dynamic specifications.

The average down stroke duration of normal typing operations measured by Rempel & al. is

9.1 ms for a 3.5 mm travel [114]. The acceleration of the actuator should at least correspond

to this value. A basic analysis based on Newton's second law of motion (C.1) allows for the

calculation of the time needed to travel the distance. According to the specifications, a force F

of 1 N is assumed to be produced by the actuator. It is the only force acting on it as gravity is
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supposed to be compensated.

F = m ·a (C.1)

Knowing the moving mass m, acceleration a can be determined. Velocity v and position z can

then be integrated as:

v(t ) = a · t +B (C.2)

z(t ) = a · t 2 +B · t +C (C.3)

with the initial conditions z(0) = 0 and v(0) = 0, time is given by:

t (z) =
√

z

a
(C.4)

The values obtained for both configurations are summarized in Table C.1.

Table C.1 – Dynamics of electrodynamic and electromagnetic configurations

Configuration m [g ] a [m/s2] a [G] t (5 mm) [ms] t (3.5 mm) [ms]

Electrodynamic 4.8 208.3 21.2 4.9 4.1

Electromagnetic 16 62.5 6.4 8.9 7.5

The time needed to reach a given position is increased by more than 80% by switching config-

uration. However, the comparison with Rempel & al. average measurement on a 3.5 mm travel

shows that the electromagnetic actuator is still 1.6 ms quicker (17.6%). Moreover, the role of

a force feedback key being to counter human force, it would be sufficient for the actuator to

follow the release of the finger. The average key release duration being 59.3 ms in accordance

with [114], the margin is largely sufficient to adopt the electromagnetic configuration.
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C.1.2 Prototypes

Haptic Pad

The top view of the complete electronics of the Haptic Pad is shown in Figure C.1.

Figure C.1 – Top view of the Haptic Pad electronic board

Haptic Keyboard

The major part of the electronics is hidden on the back side of the board (Figure C.2). The

communication block is concentrated on the top left-hand corner of the picture. The micro-

controllers are dispatched at the bottom in accordance with the groups distribution (Figure

C.3) and finally, facing the Hall sensors, transistors and low-pass filters for position mea-

surement are grouped under each key (Figure C.4). The space left between the clusters of

components will lean upon the bottom case.
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Figure C.2 – Back side of the Haptic Keyboard electronic board

Figure C.3 – Detailed view of the micro-
controllers

Figure C.4 – Driver circuits and position
sensor filters
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D.1 Results

D.1.1 Effect on emotional processing

Similarly as for the tactile clue (Figure 7.20), the answers given for the four tactile clues during

the visuo-tactile part give very good results for the "spring" and "constant" profiles, despite

a slightly more important confusion between them (13-14 %) probably attributed to the

additional processing brought by the visual information. Again, a more important confusion is

observed between the "click" and "peaks" profiles. The accuracy with which the force profile

is identified is directly related to the performance (Table 7.4).
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Figure D.1 – Detail of the answers given for the four different haptic clues during the visuo-
tactile part
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