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SUMMARY

On a tactile surface, providing vibrotactile feedback enhance the interaction. Doing
so in a localized fashion allows for a more natural multi-finger exploration of these
surfaces. While vibration propagation generally prevents this localization, in this
thesis we present technical solutions to spatially localize vibratory stimuli on contin-
uous mediums. Taking a different path from control-based approaches, we propose
three methods where each actuator provides a stimulus confined in its actuation
area. By adjusting the geometry of the propagation medium and the boundary con-
ditions, we show thatwaveguides exhibit a low frequency band gap that enable local-
ized vibrotactile stimulation onnarrow thin plates. Associated theory aswell as prac-
ticalmeasurements showed that applications forhaptics arepossible andaprototype
was then implemented. The extension of the method to wider surfaces was made
possible thanks to the use of periodic supports which also provided a low frequency
band-gap. A 2D prototype was designed and allowed the user, through different ex-
ploratory procedures, to find a vibrating target area and experience phantom sensa-
tions such as apparent movement and saltation. It was shown that the effect of the
finger on those geometrywas negligible for light and heavy touch. Seeking a full hap-
tic experience, we also wanted to provide, in addition to normal force modulation,
lateral force modulation through friction modulation. This was achieved thanks to
an interference phenomena appearing at specific ultrasonic frequencies, called non-
radiating frequencies, caused by the mechanical coupling of a piezoelectric actua-
tor on a plate. Non-radiating frequencies obtained through a semi-analytical model
showed results close to experimental ones. We then realized an array of triangular
shaped actuators that covers the entire interaction surface. By powering sets of trian-
gles to form hexagonal piezoelectric actuators, non-radiating frequencies were also
found and localized friction modulation was proven possible on an OLED screen,
thuspaving theway for the integrationof localizedhaptic functionson touch screens.
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RÉSUMÉ

Sur une surface tactile, fournir un retour vibrotactile améliore l’interaction. Le faire
de manière localisée permet une exploration multi-doigts plus naturelle de ces sur-
faces. Alors que la propagation des vibrations empêche généralement cette loca-
lisation, nous présentons dans cette thèse des solutions techniques pour localiser
spatialement les stimuli vibratoires sur des supports continus. En prenant une voie
différente des approches basées sur le contrôle, nous proposons trois méthodes où
chaque actionneur fournit un stimulus confiné dans sa zone d’actionnement. En
ajustant la géométrie du milieu de propagation et les conditions aux limites, nous
montrons que les guides d’ondes constituent des passe-hauts en fréquence permet-
tantune stimulationvibrotactile localisée surdesplaquesminces et étroites. La théo-
rie associée ainsi que les mesures pratiques ont montré que des applications pour
l’haptique sont possibles et un prototype a ensuite été mis en œuvre. L’extension de
la méthode à des surfaces plus larges a été rendue possible grâce à l’utilisation de
supports périodiques qui fournissent également des bandes interdites en fréquence.
Un prototype 2D a été conçu et a permis à l’utilisateur, à travers différentes procé-
dures exploratoires, de trouver une zone cible vibrante et d’expérimenter des sen-
sations fantômes telles que le mouvement apparent et la saltation. Il a été démon-
tré que l’effet du doigt sur ces géométries était négligeable pour un toucher léger et
lourd. A la recherche d’une expérience haptique complète, nous avons également
voulu fournir, en plus de la modulation de la force normale, une modulation de la
force latérale par la modulation de la friction. Ceci a été réalisé grâce à un phéno-
mène d’interférence apparaissant à des fréquences ultrasonores spécifiques, appe-
lées fréquences non-rayonnantes, provoquées par le couplage mécanique d’un ac-
tionneur piézoélectrique sur une plaque. Les fréquences non-rayonnantes obtenues
par un modèle semi-analytique ont montré des résultats proches des résultats ex-
périmentaux. Nous avons ensuite réalisé un réseau d’actionneurs de forme trian-
gulaire qui couvre toute la surface d’interaction. En alimentant des ensembles de
triangles pour former des actionneurs piézoélectriques hexagonaux, des fréquences
non-rayonnantes ont également été trouvées et la modulation localisée de la fric-
tion s’est avérée possible sur un écran OLED, ouvrant ainsi la voie à l’intégration de
fonctions haptiques localisées sur des écrans tactiles.
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1
GENERAL INTRODUCTION

I NTERACTING with nearby object, identifying their characteristics and body move-
ment in general are all enabled thanks to the haptic sense. It plays a central role

in our lives for the communication of our feelings and the construction of the con-
cept of self. In turn, it allows for the externalization of the human imagination in the
real world through the use of tools. Those tools built to help humans in their inter-
action with their environment were initially crude but got progressively optimized
with time following our senses in search of beauty and comfort. It is a fact that the
use of a poorlymade tool, such as a kitchen knifewith a defective handle, can quickly
become uncomfortable, annoying, and even dangerous to use.

As humans kept on evolving, they developed better tools to answer their needs.
Our tools nowadays are so advanced that we interact daily with environments that
are no longer real but virtual, through our smartphone for example. One of the main
technology which allow us to interact with the virtual world is the touch screen. Its
birth in the 60s/70s with E.A Johnson’s research and Sam Hurst’s patents, slow at
first, suddenly gained in popularity in 2007 with the release of the iPhone. Since
then, touch screenshavebecomean essential part of humanmachine interfaces: cell
phones, TVs, household appliances, ATMs... we are now more than ever likely to in-
teract with these kinds of surfaces that provide in most cases only visual or auditory
feedback. The appeal of tactile surfaces has spread very quickly as they are easily
integrated, reprogrammed, and use fewer mechanical components than its ances-
tor, the mechanical button. However, unlike mechanical buttons, touch screens do
not necessarily provide tactile feedback. Thus, we cannot confirm if our action was
registered by the device or recognize an option presented to us through touch alone
(which was possible with buttons by their shapes and mechanics). We then have to
rely on our eyesight and hearing to get these kind of feedback. As tactile dashboard

1
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2 1. GENERAL INTRODUCTION

in cars are becoming popular, we can assume that relying on eyesight and hearing
alone can be dangerous. We can imagine that a driver interacting with his tactile
dashboard would have a hard time keeping their focus on the road as most of the
feedback is visual. These new surfaces without tactile feedback moreover limit the
accessibility of visually impaired people to everyday interaction. Imagine a scenario
in your kitchen where you need to interact with the touch hob while closing your
eyes and the associated difficulty and potential danger. Providing haptic feedback is
therefore essential in developing secure and inclusive new tools.

The last decade saw a number of innovations to compensate for the lack of hap-
tic feedback in touchscreens. The typical example is the haptic feedback provided
by our smartphones. At first a simple vibration obtained through the rotation of an
eccentric mass (ERM vibration motor) for notifications purposes, vibration stimuli
were slowly refined thanks to the technological development of actuators such as
“linear resonant actuators” (LRA)which allowed for instance, throughmore complex
stimuli, the simulation of key-press actions. However, in these surfaces, an inherent
problem with the use of vibrations lies in their propagation. This observation reveals
two limits: a limit associated with the transmission of information in a passive con-
text of use (e.g. when receivingnotifications) and a limit associatedwith the dynamic
interaction with these surfaces (uni-touch) which conflicts with our natural interac-
tion (multi-touch).

Novel work is presented in this thesis to address the issue of vibration propaga-
tion. By localizing vibrations for haptic feedback, we seek to enrich the interaction
and haptic communication with tactile surfaces by evolving temporally modulated
vibratory stimuli to spatio-temporally modulated stimuli. In the following chapters,
we first reflect on the current state of the art then proceed by developing three meth-
ods to localize vibrations allowing for the creation of different haptic effects that can
broaden the use of tactile feedback to several fingers, large areas of the skin andmul-
tiple users.



2
MULTI-TOUCH SURFACE HAPTICS

A short discussion followed by a state of the art are proposed to set context around
multi-touch involvements, consequences andneeds in the design of future humanma-
chine interfaces involving touch-surfaces.

3
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2.1. INTRODUCTION

H APTIC senses includeall the elements involved in thehumanbody’smechanical
interaction with its environment. While auditory and visual cues are generally

favored during the design of user interfaces, there is a real conceptual difficultywhen
it comes to the nature of the stimulation as the skin is not a homogeneous organ from
a sensory point of view. For example, the feeling of a force can differ greatly depend-
ing on the region of the body. Thus, certain notions, such as force, do not really have
any meaning in haptics if we do not specify with great precision the conditions in
which they are applied (which also removes any generalization of the studied phe-
nomena). The design of devices and algorithms for the stimulation of sensory and
motor organs therefore requires a good knowledge of the biological aspects of the
haptic senses.

In this field of haptics, some researchers and industrials have been interested in
providing tactile feedback in interactive touch surfaces which gave birth to the field
of surface haptics. This emerging area of research aims to generate haptic effects on
physical surfaces suchas touch surfacesused inmobile phones, tablets, kiosks, infor-
mation displays, and the front panels of new generation home appliances and cars.
Following the IEEE Special Issue on Surface Haptics [1], related topics of interest of
this field are as follow:

• tactile rendering algorithms for displaying virtual shapes and textures on touch
surfaces;

• themechanics andneuroscience of contact between the humanfingerpad and
touch surfaces displaying haptic feedback; studies on surface haptics investi-
gating human perception, cognition, attention, new HCI paradigms, and user
interface design and experience (UIX);

• applications of surface haptics in consumer electronics, the automotive indus-
try, home appliances, designing aids for the visually impaired, online shop-
ping, gamingandentertainment, data visualization, education, tele-touch, and
art appreciation;

• and studies on the design and evaluation of various actuation technologies (vi-
brotactile, electro-adhesive, ultrasonic, electromagnetic, etc.) for displaying
haptic feedback through touch surfaces.

This thesis subject “Confinement of Vibration for Localized Surface Haptics” is in
line with this last topic and proposes new methods to provide localized haptic feed-
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Figure 2.1: Exploratory procedures by Klatzky and Lederman [3] redrawn from Hannaford and Oka-
mura [4].

back by confining vibrations to their area of origin. This subject of haptic feedback
localization on touch surfaces is fairly new asmost technologies involving vibrations
are subjected to vibration propagation which limits applications to a single finger
interaction. Thus localizing vibrations could lead to multi-touch/multi-user haptic
applications in human machine interfaces.

2.1.1.MULTI-TOUCH INTERACTION
Our natural interaction with the surrounding objects does not only involve the use
of one finger but all the mechanisms of the hand. Through different procedures, the
hand is able todetermine thephysical properties of amaterial. Wecan identify explo-
ration procedures (EPs) which usage depends on the property we wish to determine
[2, 3]. Among all the possible movements, we can observe that some dominate (Fig-
ure 2.1): static contact for thermal properties, unilateral support for weight, envel-
opment for size, and especially regarding surface exploration: contour tracking for
shape, lateral sliding for texture and indentation for rigidity. Those exploration pro-
cedures are optimized to make full use of our sensory system to extract the desired
information.

It then seems that limiting the use of haptic feedback to a single finger hinders the
user. It reduces the possibilities of interaction and restricts the amount and richness
of tactile information that can be conveyed. Leading therefore to reducedhaptic per-
formance. This observation though logic at first glance, is yet to be properly proven
as no tactile device providing full multi-touch haptic feedback exists.

However, studies can be found in the literature trying to determine if using more
fingers improves performance on other kind of apparatus like tactile maps (printed
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maps designed to be read by touch for blind and partially sighted users). Unfortu-
nately, observations on this topic are diverging. For Overvliet et al. [5], using more
fingers do not necessarily reduce search times in haptic search of a target. Using
more fingers seems to add commutation time between each finger on the targeted
area. Also, Catala et al. [6] experimented with a user wearing a glove equipped with
vibration actuators. The user had to scan a tactile surface with virtual targets blindly
with one and two fingers (same hand and different hands). The actuator attached
to the finger was activated when the finger was passing over a virtual target. The re-
sults indicated that the use of one finger in one hand is more efficient than the use of
two fingers in one or two hands in the studied task. Also, users demonstrated greater
confidence, shorter exploration time, more correct answers, and greater speed of ex-
ploration with one finger.

On the other hand, other articles show that the use of several hands and fingers
improve haptic performances [7, 8]. In particular, Morash et al. [7] prove that a range
of perceptual tasks are better performed with two hands and more fingers and pro-
vided benefits are task-specific. For example, search is always enhanced by more
fingers, but line-following is best performed with two index fingers. In Metzger et al.
[8] case, they associate different role for each finger during multi-touch exploration
(index and middle finger are suggested to be specialized for fine analysis). They then
argue that haptic target search involves a two-phase search and analysis process sim-
ilar to vision: peripheral detection and foveation for high-resolution processing.

All those results about multi-touch performances seem to point that the need
for multi-touch haptic feedback is task specific. However those results are also a
bit limited in our case since they do not involve localized vibration on a continuous
medium. Multi-touch interaction is complex and still containsmany conceptual dif-
ficulties and misunderstandings that could be alleviated provided the conception of
innovative devices.

2.1.2.MULTI-TOUCH STIMULATION
Adding to the previous section, even if we localize haptic feedback both in space and
time for the creation of more complex and precise interactions, the use of spatially
distributed stimuli also brings a new set of interrogations. Indeed, our sensory sys-
tem, despite its fine tuning and its multi-functionality, remains subjected to tactile
illusions and masking phenomena. For instance, if we take two discrete points of
stimulation we can observe different perceptual effects depending on how the actu-
ation is made.
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Figure 2.2: Phantom sensations. (a) apparent movement. (b) funneling illusion. (c) saltation.

For example, when two vibration are overlapping in time they can be perceived
as a single moving stimuli (Figure 2.2.a). This effect is known as apparent motion.
Extensive research have been made to understand and control variables implying
such illusion. It was shown that the stimuli duration and the time between onsets of
subsequent actuations (SOA) can allowus to produce robust apparent tactilemotion
[9]. A another effect is the funneling illusion which generates a midway phantom
sensation between two equal stimuli when they are presented simultaneously but
separately at adjacent locations on the skin. The location of the funneled sensation
can be modified by adjusting intensities of the two stimuli (producing a sensation
that moves along the skin between the two actuators is also possible)(Figure 2.2.b)
[10–13]. A related illusion is saltation, which is similar to the funneling illusion, but
instead of modulating the amplitude it modulates the inter-stimulus time interval
(Figure 2.2.c) [14].

An other observation when stimulating two areas of the skin is that one stimulus
can be masked by an other. For instance, amasking effect was observed by Kim et al.
[15]when stimulating twofingerswith different amplitudes of vibration, the stronger
one perceptually masks the other if there is a minimum of 20 dB difference between
the two. Adding to this, we can also find a gating effect which corresponds to a reduc-
tion in the ability to perceive tactile stimuli during movement [16, 17]. Once again,
multi-touch interactions is complex and is yet to be fully understood.

In any case, our interaction with a surface, whether it is single-touch or multi-
touch, creates normal and tangential forces which amplitudes varies depending on
the task to be carried. The idea behind surface haptics is to modulate those forces to
create a stimulation to the finger. In our case we seek to modulate those forces using
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Figure 2.3: Classification of Basdogan et al. [21] of the current technologies for surface haptics dis-
plays based on the stimulation direction and method. Methods developed in this thesis are part of
the highlighted elements.

vibrations.

2.2. SURFACE HAPTICS TECHNOLOGIES

T AXONOMIES have been proposed by Srinivasan and Basdogan [18], Grant et al.
[19], Bluteau [20, chapter 2] and many others to classify haptic technologies.

Surface haptics is a special case that focuses primarily on the tactile aspects of hap-
tics. We will follow a recent review by Basdogan et al. [21] to situate our thesis in cur-
rent researches on surface haptics. As highlighted on Figure 2.3, we will here focus
on normal vibration and friction modulation.

2.2.1.NORMAL FORCE MODULATION
Concerning normal vibration, a simple actuator applied to a surface can be enough
tomodulate normal forces and allow vibrotactile stimulation (which refers to the use
of frequency inside the range of tactile perception going from 10 to 1000Hz [22]). For
example by sending vibrationsmodulated in time, amplitude and frequency, one can
simulate clicks and reproduce to a certain extent force-displacement curves associ-
ated with real buttons [23, 24]. Vibrotactile stimulation can be noticed with both
static and moving fingers.

Bymultiplying the number of actuators, differentmethods can be applied to pro-
vide striking effects. As we discussed before, the creation of phantom sensations by
saltation, funneling or apparent movement can be used to give, from a sensory point
of view, spatial tactile feedback. On the other hand, providing “physically” localized
stimulation on a touch screen is not trivial.

FREQUENCY/AMPLITUDE OPTIMIZATION SCHEME
By measuring the frequency behavior of a surface subjected to several actuators at a
discrete number of points, it is possible to construct a transfer function map (from
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Figure 2.4: Normal force modulation techniques based on a frequency response function matrix. The
transfer matrix H is obtained by the ratio of the Fourier transforms of the measured signals 𝑠(𝑡) and
sent signals 𝑒(𝑡) (of lengths𝑁 ) by the actuator 𝑞 at position 𝑝. (a) Emgin et al. [25] find the working
frequency through H which maximize the amplitude at the desired position. (b) Pantera and Hudin
[26] find the signals v(𝑡) to be sent to the actuators to obtain thedesired stimuli at thedesiredpositions
by realizingan inverseFourier transformof thedotproductbetween thepseudo-inverseof the transfer
matrixH+ with the Fourier transform of desired stimuli signalsD. (c) Hudin et al. [27] find the signals
v(𝑡) to be sent to the actuators to obtain focalization at the desired position by reversing the impulsion
response h(𝑇 −𝑡) of the plate (obtained by inverse Fourier transform of the transfer matrix).

actuator supply voltage to plate displacement) that can then be used to provide lo-
calized haptic feedback. Emgin et al. [25] (Figure 2.4(a)) used this frequency map to
identify frequencies which present a maximum amplitude at each measured points.
By exciting the surface at the adapted frequency during interaction, a localized hap-
tic effect can be generated at and around the point of interest. They also try to maxi-
mize obtained amplitude at the said point while minimizing every other region. This
technique uses different frequencies in the tactile sensitivity range (10 to 1000Hz) to
assure localized feedback throughout the screen.

INVERSE FILTERING
Introduced by Hudin and Panëels [28] and developed by Pantera and Hudin [26, 29]
the inverse filtering technique (Figure 2.4(b)) uses the frequencymap as amatrix and
apply an inverse filtermethod in order tomanage a certain number of control points
at desired frequencies, amplitudes and phase. While Emgin et al. [25] try to optimize
the whole plate displacement and have to use different frequencies to assure local-
ization, Pantera and Hudin [29] technique only assures a number of control points,
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typically corresponding to the number of fingers in contact with the surface. The in-
verse method is particularly interesting as it allow full control at each control points
over the amplitude, frequency and phase thus allowing the delivery of rich stimuli.
But, it cannot yet provide localized stimuli if the whole hand is resting on the surface
as the frequencies in the tactile range implies large wavelengths thus transmitting
energy throughout the plate.

TIME-REVERSAL WAVE FOCUSING
Themethod of time-reversal wave focusing consists in focusingwaves in one ormore
points of space through an array of actuator (Figure 2.4(c)). This technique is widely
studied in biomedical engineering and find applications for example in brain ther-
apy [30–32]. Researchers such as Bai and Tsai [33], Wöckel et al. [34][35] and Hudin
et al. [27][36, 37] reapplied this technique to focus bending waves in a thin plate by
means of actuators placed on its periphery. This method is a two step process as it
first requires the recording, through the actuator array of the out-of-plane displace-
ments produced by flexural waves resulting from an impulsive source. Then, those
recorded signals corresponding to impulse responses are time-reversed and used as
driving voltage for re-emission [27]. Hudin et al. [27] achieved localized displace-
ments reaching 7 𝜇m on a spot diameter of 5.2 mm (smaller than typical finger di-
ameter). Even though the bandwidth used to achieve their impulsive focusing goes
from 20 to 70 kHz, a haptic effect can be felt as the focal point produce such a strong
acceleration that it eject the finger pulp from the plate [27, 37]. This technique can be
extended to several fingers and can possibly (depending on wave scattering) provide
localized stimuli in the case of a hand placed entirely on the device.

MODAL SUPERIMPOSITION
Enferad et al. [38, 39] used modal superimposition to produce an arbitrary vibration
fieldbasedon control in themodal space. They experimented thismethodonabeam
covered with piezoelectric actuators which displayed encouraging results with the
obtainment of a desired velocity field. Authors offered a psychophysical evaluation
proving that users could differentiate and localize the stimulationwith twofingers on
the setup, therefore confirming its possible use in multi-touch applications. Enferad
et al. [39] consider that the difficulty of this technique resides in the number ofmode
required which increases the number of uncertainties and could lead to problems
regarding power-consumption and control.

OTHERS
Another promising solution is the creationof vibrations, basedon a localized electric
field producing an electrostrictive deformation of an relaxor ferroelectric polymer
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Figure 2.5: Balance of time-averaged pressure during (a) electrostatic charge displacement (b) ultra-
sonic vibrations. (Inspired from [42])

film, during the application of normal pressure of a finger [40]. We can also cite the
work of Papetti et al. [41]which relies on attenuation to providemulti-point localized
vibrotactile feedback by using a dense honeycomb-distributed array of piezoelectric
actuator discs integrated in a multi-layered structure.

2.2.2. FRICTION MODULATION
Lateral forces can be indirectly produced bymodulating the friction between the fin-
ger and the surface. Todo so,methodsusing electrostatic forces andultrasonicwaves
have been extensively researched.

ELECTROSTATIC FORCES
Theeffect of electrostatic forceswasprovedbyMallinckrodt et al. [43]. whoperceived
different sensation while moving a finger over a metal surface subjected to an alter-
nating voltage and coveredwith a thin insulating layer. This effect was explained by a
displacement of charges due to the formation of a capacitor between the metal sur-
face and the insulating layer (Figure 2.5.a). As a tangential displacement of the finger
on the electrode is subject to a resultant force of friction, the relative movement of
the finger is necessary for the effect to take place. This force depends: on the nor-
mal force applied by the user; on the electrostatic force (depending on the applied
voltage, the thickness of the insulator and the area of the finger contact); and on the
dynamic friction coefficient. The modulation of the friction then creates perceptible
sensations.

In 2010, Bau et al. [44] proposed the first electrostatic touch screen integrated
into a visual display. Using a projector installed behind a glass plate, the visual image
was projected onto a diffusion plane and tactile stimuli were modulated according
to the visual information. They thus allow the user to feel virtual elements through
touch. Radivojevic et al. [45] also proposed a display combining a visual display of a
mobile device and an electrostatic touch screen. These electrostatic devices require
high supply voltages and are sensitive to skin and air humidity. Despite the amount
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of research on the subject, the exact mechanism leading to an increase in tangen-
tial frictional forces is still not known completely and extensive studies can be found
especially regarding the fingerpulp contact area during electro-vibration [46].

ULTRASONIC WAVES
Theuseofultrasonic vibrationsallows for thecreationofultrasonic lubrication. When
a finger slides on a high frequency vibrating plate, a bouncingmotion of the skin and
the existence of a squeeze film creates an over-pressure of air that partially supports
the normal load and releases some asperities of the skin from contact (Figure 2.5.b)
[42]. Those two mechanisms are at play in friction reduction [47, 48].

For the creation of ultrasonicwaves, piezoelectric actuators are glued to a surface
and poweredwith a sine signal at a plate resonance above 20 kHz (carrier frequency).
Therefore, the entire plate moves and limit the user interaction to one finger. To by-
pass this limitation, Katumu and Gorlewicz [49] and Ghenna et al. [50, 51], Ghenna
[52] superimposed two vibration mode and managed to give different tactile stim-
uli to two fingers at different position. Also, as resonance are used in order to extract
maximumamplitude fromtheplate, thefingerpulp introduces complicationsduring
interactiondue to its highly non-linear naturewhich researchers tried to compensate
through closed-loop control [53–55].

As lateral forces applied on the finger pulp during tactile exploration of a sur-
face constitute important cues for the identification of asperities, their modulation
(with a low-frequency signal inside the vibrotactile sensitivity range) allow the simu-
lation of material properties such as texture [53, 56]. A number of devices (as well as
start-ups Figure 2.6) based on this effect have been created. For example, the STIM-
TAC by Amberg et al. [57] or the T-PaD by Winfield et al. [58] which led later to the
“PaD series” with the ShiverPaD [59] (adding lateral low-frequency vibrations), the
ActivePaD [60] (using an impedance controlled planar mechanism), the LateralPaD
[61] (adding lateral high-frequency vibrations).

It is important to specify that ultrasonic lubrication can only exist for a moving
finger and that detectionof friction-modulated textures is limitedby vibrotactile sen-
sitivity [62] (10 to 1000Hz [22]). Also, the amplitude needed to provide a haptic feed-
back is potentially depending on the carrier frequency. Giraud et al. [63] showed by
comparing a 66 kHz and 225 kHz carrier frequency that the latter needed 10 times
less amplitude than the former to produce the same perceived sensation.

Moreover, some recent studies showed that across a broad frequency range, grat-
ings induced by normal displacement of a touch surface and those induced by lateral
force modulation are perceived as being equivalent in intensity when the magnitude
of velocity at the fingertip matches [64]. Grigorii et al. [64] argue that there is a lot of
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Figure 2.6: Left: Startup Hap2U using modal-based friction modulation to provide in-game haptic
feedbackona smartphone-like demonstrator. Right: StartupTanvasusing electrostatic-based friction
modulation to simulate texture to a user’s finger (Josh Miller/CNET).

similarity between the two actuation types (normal and lateral) and that they tend to
improve with increasing frequency. They explain their results by referring to percep-
tion being a blend of direction-sensitive kinesthetic sensing and tactile sensing at the
lower frequencies which transition to primarily spatially and direction-insensitive
tactile sensing at the higher frequencies. They thus stress the need for both type of
actuation (normal and lateral forces modulation) to provide enhanced haptic inter-
faces.

There are also techniques that differ from control approaches. One can men-
tion Hudin [65] who used an interference phenomenon to create a localized friction
modulation in the area covered by a piezoelectric actuator (Chapter 5 furthers this
technique). More recently, Daunizeau et al. [66] used periodical resonant structures
known as phononic crystals as boundaries to create a meta-materials with two dis-
tinct region with a waveguide form (of size 32×140mm2). Their structure created a
frequency band-gap at a desired frequency leading to the localization of ultrasonic
standing waves in the excited waveguide region.

2.3. THESIS’S POSITION IN THE STATE OF THE ART

A S observed in last section, there are a lot of techniques to provide haptic feed-
back depending on the desired application requirements. Few of them allowed

for the localization of stimuli by mainly relying on learning phases (of the plate fre-
quency behavior) and/or wave propagation (control approach).

The work described in this thesis takes the opposite direction and propose three
methods of wave localization through geometrical means. With those techniques
each transducer of a dense matrix of actuators modulates the forces through vibra-
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tions over a limited area of a continuous surface.
Chapter 3andchapter 4 introduce techniques relyingon thepropagationmedium

geometry to localize vibrotactile stimuli (10 to 1000 Hz). While chapter 5 harnesses
an interference phenomenon resulting from the geometry of piezoelectric actuators
to create a localized ultrasonic lubrication effect.
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NOMENCLATURE
ABBREVIATIONS

Abbreviation Definition
ERM Eccentric Rotating Mass
EPs Exploration Procedures
FRF Frequency Response Function
FFT Fast Fourier Transform
DFT Discrete Fourier Transform
HCI Human-Computer Interaction
IF Inverse Filtering
iFFT Inverse Fast Fourier Transform
LRA Linear Resonant Actuator
SOA Stimulus Onset Asynchrony
UIX User Interaction and Experience

SYMBOLS

Symbol Definition Unit
𝐴 Amplitude V or 𝜇m
𝑓 Frequency Hz
𝑁 Number of samples ∼
𝑄 Number of actuators ∼
𝑃 Number of measured positions ∼
𝑞 Actuator index ∼
𝑝 Position index ∼
𝑡 Time s
𝑒(𝑡) Signal sent for acquisition V
𝐸(𝜔) Fourier transform of 𝑒(𝑡) V
𝑠(𝑡) Signal measured m
𝑆(𝜔) Fourier transform of 𝑠(𝑡) m
d Desired signals matrix in time space m
D Fourier Transform of d m
H Transfer matrix m/V
H+ Pseudo-Inverse of the transfer matrix m/V
h(𝑇 −𝑡) Temporally inverted impulsion response m/V
v(𝑡) Signals to be sent to actuators V
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3
VIBROTACTILE STIMULATION

CONFINEMENT IN WAVEGUIDES

On a touch surface, providing a local vibrotactile feedback enables multi-user and
multi-touch interactions. While the vibration propagation usually impedes this local-
ization,we show in this chapter that narrow strip-shapedplates constitutewaveguides
inwhich bendingwaves below a cut-off frequency do not propagate. We provide a the-
oretical explanation of the phenomenon and experimental validations. We thus show
that vibrations up to a few kilohertz are well confined on top of the actuated area with
vibration amplitude over one micrometer. The principle was validated with piezo-
electric actuators of various shapes, a linear resonant actuator (LRA) and an eccentric
rotating mass vibration motor (ERM). Investigation of the effect of a fingertip load on
the system through theory and experimentation was conducted and revealed that al-
mostnoattenuationwasbrought by thefingertipwhenusing low frequency evanescent
waves. Finally, a perceptual validation was conducted and showed dynamic stimuli
with a large frequency spectrum could be felt and distinguished.

Parts of this chapter have been published in A. B. Dhiab et C. Hudin, « Confinement of Vibrotactile
Stimuli in Narrow Plates: Principle and Effect of Finger Loading », IEEE Transactions on Haptics, vol.
13, no 3, p. 471‑482, juill. 2020, doi: 10.1109/TOH.2020.2986727.
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3.1. INTRODUCTION

V IBRATIONSwithin the tactile sensitivity range of frequency (10 to 1000Hz [1]) are
used to convey information, but also, when correlated with finger motion and

force, to simulate clicks [2, 3], bumps, texture [4, 5] or compliance [6, 7]. Wave prop-
agation and reverberation effects usually lead to a uniform distribution of vibration
energy across the surface. Actuators, acting as local sources of vibration, produce a
global and uniform stimulation. Providing different feedback at different positions is
then only achievable for single finger exploration through a temporal variation cor-
related to the finger position [8]. This approach however raises two issues. Firstly,
the whole contact area experiences the same vibration thus making it impossible to
display, for a static finger, variations at a scale smaller than finger size. Secondly,
is the impossibility to provide distinct feedback to multiple fingers. The vibrotactile
feedback provided on standard interactive surfaces is therefore irrelevant for multi-
touch or multi-user interactions. Those two issues can be solved by localizing the
vibration, that is by ensuring that vibration produced at a chosen position cannot be
felt at another. The aim of the presented work is to introduce a method for localizing
those vibrations on a thin narrow plate.

Existing approaches for localized haptics can be sorted into two types: on one
hand, wavefield shaping approaches like Time Reversal [9–11], Inverse Filter [12–
14], Modal Superimposition [15, 16] or Airborn Ultrasound [17] use signal process-
ing and control strategies to create high amplitude vibrations at specific positions
while maintaining low level vibration at others. On the other hand, confinement ap-
proaches like non-radiating frequencies [18], patterned or damped surfaces [19, 20]
and tapered membranes [21] prevent, to some extent, vibrations from propagating.
The work presented here is of the second type as it relies on the geometry of the
propagation surface to confine vibrations within the actuated area, and does not in-
volve any specific signal processing. This approach, however, differs from the non-
radiating approach in three ways. First, it allows for the localization of low frequen-
cies (below a few kilohertz) while non-radiating frequencies are ultrasonic frequen-
cies well-suited for friction modulation only [22]. Second, the non-propagating be-
havior is observed over the whole bandwidth from DC to the cut-off frequency and
not at specific discrete frequencies. Finally, the vibration confinement results from
the surface geometry and boundary conditions and not from the actuator geometry.
As a consequence, the method presented in this chapter works for piezoelectric ac-
tuators of different shapes and also for electromagnetic vibration motors, as it will
be shown in the experimental validation. This method is however limited to narrow
plates. It is therefore not well-suited for screens but is very effective for 1D tactile
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interfaces like slidebars or single row keyboards.

In this chapter, we first derive a mathematical model explaining how localization
can be obtained. Then, we prove experimentally that vibrotactile stimuli can be con-
fined above actuated areas. As the purpose of this system is to deliver multi-touch
haptic feedbacks, we studied the effect of the finger on stimuli amplitudes and con-
ducted a short perceptual validation on a group of 5 people to confirm that stimuli
could be felt and distinguished.

3.2. PRINCIPLE

I N this section, we explain how non-propagative vibrations can be obtained at low
frequenciesusing thegeometricpropertiesof awaveguide. Awaveguide is amedium

where the wave propagation is bounded in two directions of space and free in the
third [23, Chapter 24]. They find applications in different fields of wave physics [24].
Electromagnetic waveguides are used as filters in radiocommunication. Single and
multimodefiberoptics relyonpropagationmodes to convey information [25]. Acous-
tic waveguides are used to design horns and high frequency electronic filters [26]. In
our case the propagation medium is a thin narrow plate with finite thickness and
width but with an arbitrary length. The propagation of waves in a waveguide can
be described in terms of propagation modes. Each of these modes is defined by its
cross section profile, wave velocity and cut-off frequency [27, p. 201]. While in most
waveguides the zero order propagation mode with a cut-off frequency equal to 0Hz
exist, we show that in the case of a narrow plate simply supported or clamped on its
longer sides that the zero order mode has a null amplitude and therefore does not
contribute to the propagation. As a result, bending waves cannot propagate in such
guide below the cut-off frequency of the first propagation mode. We derive the ex-
pression of this frequency and show that in practical cases it can be greater than the
frequency bandwidth of tactile stimuli.

3.2.1. THEORY

HOMOGENEOUS SOLUTION

The equation governing the transverse motion u of an isotropic homogeneous plate
of constant thickness ℎ is given as [28, p. 233]:

𝜌ℎ 𝜕2𝑢
𝜕𝑡2 +𝐷∇

4𝑢 = 0 (3.1)
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with rho the mass density, 𝐷 the bending stiffness and ∇4 the biharmonic operator.
Under Kirchhoff thin plate assumptions,𝐷 can be expressed as [28, p. 233]:

𝐷 = 𝐸ℎ3

12(1−𝜈2) (3.2)

where 𝐸 and 𝜈 are the Young’s modulus and Poisson’s ratio. Since we are consider-
ing an homogeneous system, with constant mechanical and dimensional properties
and constant boundary conditions, the solutions of (3.1) are invariant with respect
to space and time translation. As a consequencewe can separate variables andwrite:

𝑢(𝑥,𝑦,𝑡) =Ψ(𝑥)Φ(𝑦)Θ(𝑡) (3.3)

For harmonic behavior, the response can be written in exponential terms with :

Ψ(𝑥) = e𝑝𝑥

Φ(𝑦) = e𝑞𝑦

Θ(𝑡) = e𝑟𝑡

⎫⎪⎪
⎬
⎪⎪⎭

(3.4)

where 𝑝, 𝑞 and 𝑟 are quantities we search to define. Putting expressions from (3.4)
in (3.1) yields to the following dispersion relation:

𝑟2+ 𝐷
𝜌ℎ ⒧𝑝2+𝑞2⒭2 = 0 (3.5)

which leads to:
𝑟 = ±j

𝐷
𝜌ℎ ⒧𝑝2+𝑞2⒭ = ±j

𝐷
𝜌ℎ𝑘

2 =±j𝜔

with 𝜔 = 2𝜋𝑓 the circular frequency.
To findΦ(𝑦), we use the differential equation obtained by injecting (3.3) in (3.1):

Φ(4)+2ΦΦ
(2)
Φ(2)+𝜌ℎ𝐷

Θ
Θ

(2)
+ Ψ
Ψ

(4)
Φ= 0

then replaceΨ andΘ by (3.4):

Φ(4)+2𝑝2Φ(2)+𝜌ℎ𝐷 𝑟2+𝑝4Φ= 0 (3.6)
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Equation (3.6) is of fourth order and composed of even-order derivatives which gives
the following solution:

Φ(𝑦) = 𝐴1e𝑞1𝑦+𝐴2e−𝑞1𝑦+𝐴3e𝑞2𝑦+𝐴4e−𝑞2𝑦 (3.7)

The boundary conditions for a simply supported plate are defined as:

|

Φ(𝑦) = 0
𝜕2Φ(𝑦)
𝜕𝑦2 = 0 for 𝑦 = 0,𝑊 (3.8)

where𝑊 is the plate width.
Applying those boundary conditions (3.8) together with orthogonality properties of
modes ∫𝑊

0 Φ2
𝑛(𝑦) d𝑦 = 1, equation (3.7) reduces to:

Φ(𝑦) = 𝐴1 ⒧e𝑞1𝑦−e−𝑞1𝑦⒭ (3.9)

=± 2
𝑊 sin(𝑘𝑦𝑦) (3.10)

with:
𝑞1 = j𝑘𝑦 = j𝑛𝜋𝑊 (3.11)

where 𝑛 is an integer corresponding to the mode index.
ForΨ(𝑥)we use the dispersion relation (3.5) to extract 𝑥-related quantity 𝑝:

𝑝 =±

⎷−𝑞2±−𝜌ℎ𝐷 𝑟2

𝑝 =±𝑘2𝑦±𝑘2

𝑝1 =𝑘2𝑦+𝑘2, 𝑝2 =𝑘2𝑦−𝑘2 (3.12)

Leading us to :
Ψ(𝑥) = 𝛼+

𝑛e−𝑝1𝑥+𝛽+𝑛e−𝑝2𝑥 if 𝑥 > 0
Ψ(𝑥) = 𝛼−

𝑛e𝑝1𝑥+𝛽−𝑛e𝑝2𝑥 if 𝑥 < 0 (3.13)

We can see that the expression of 𝑝1 implies the production of evanescent waves re-
gardless of the frequency because the content of the square root is always positive.
Whereas 𝑝2 involves the production of evanescent waves or propagative waves de-
pending on the frequency because the content of the square root can be either posi-
tive or negative. If we rewrite 𝑝2 with circular frequency term, we have the following
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expression:

𝑝2 = ⒧𝜌ℎ𝐷 ⒭
1
4

√𝜔𝑛−𝜔 (3.14)

with:
𝜔𝑛 =

𝐷
𝜌ℎ 𝑘2𝑦 =

𝐷
𝜌ℎ ⒧𝑛𝜋𝑊 ⒭

2
(3.15)

In terms of frequency we thus have:

𝑓𝑛 =
𝜔𝑛
2𝜋 = 𝜋

4√3
ℎ
𝑊 2

𝐸
𝜌(1−𝜈2) 𝑛

2 (3.16)

Now, when the circular frequency verifies 𝜔 < 𝜔𝑛, only evanescent waves are pro-
duced and the exponential term is a decreasing exponential e𝛾𝑛 with a decay con-
stant:

𝛾𝑛 =−𝑝2 =−⒧𝜌ℎ𝐷 ⒭
1
4

√𝜔𝑛−𝜔 with 𝜔 <𝜔𝑛 (3.17)

The circular frequency 𝜔𝑛 is therefore a cut-off frequency that marks the transition
between propagative and evanescent behavior of the given mode index 𝑛.

The homogeneous solution of (3.1) for a semi-infinite plate with its longer edge
simply supported are therefore in the form:

𝑢(𝑥 > 0,𝑦,𝜔) = 2
𝑊 

𝑛
sin(𝑘𝑦𝑦)𝛼+

𝑛e−𝑝1𝑥+𝛽+𝑛e−𝑝2𝑥 (3.18)

𝑢(𝑥 < 0,𝑦,𝜔) = 2
𝑊 

𝑛
sin(𝑘𝑦𝑦)𝛼−

𝑛e𝑝1𝑥+𝛽−𝑛e𝑝2𝑥 (3.19)

In our case, we aim to produce a local vibration field around the excitation point.
Such a situation occurs when all modes are evanescent, that is for all frequencies
lower than the first cut-off frequency 𝑓1:

𝑓1 =
𝜋

4√3
ℎ
𝑊 2

𝐸
𝜌(1−𝜈2) (3.20)

We can see here that the cut-off frequency depends on the plate material properties
 𝐸

𝜌(1−𝜈2) and more importantly on its geometric characteristics𝑊 and ℎ.
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GREEN FUNCTION

The Green function 𝑔 is of the same form as the solutions found before:

𝑔(𝑥,𝑦,𝑡) = 𝐺 (𝑥,𝑦,𝜔)e−j𝜔𝑡 =
𝑛
Ψ(𝑥)Φ𝑛(𝑦)e−j𝜔𝑡 (3.21)

and is the solution of the wave equation in thin plates for a point force at (𝑥𝑠,𝑦𝑠), i.e:

−𝜌𝜔2𝐺(𝑥,𝑦,𝜔)+𝐷∇4𝐺(𝑥,𝑦,𝜔) = 𝛿(𝑥−𝑥𝑠)𝛿(𝑦−𝑦𝑠) (3.22)

Putting (3.22) in (3.21), multiplying by Φ𝑚 on both sides and integrating the expres-
sion on the width of the plate gives us:


𝑊

0
−𝜌𝜔2

𝑛
Ψ(𝑥)Φ𝑛(𝑦)+𝐷∇4

𝑛
Ψ(𝑥)Φ𝑛(𝑦)

×Φ𝑚(𝑦) d𝑦 =
𝑊

0
𝛿(𝑥−𝑥𝑠)𝛿(𝑦−𝑦𝑠)Φ𝑚(𝑦) d𝑦 (3.23)

The definition of the dirac function allows us to write:


𝑊

0
𝛿(𝑦−𝑦𝑠)Φ𝑚(𝑦) d𝑦 =Φ𝑚(𝑦𝑠) (3.24)

The right side of (3.23) becomes:


𝑊

0
𝛿(𝑥−𝑥𝑠)𝛿(𝑦−𝑦𝑠)Φ𝑚(𝑦) d𝑦 = 𝛿(𝑥−𝑥𝑠)Φ𝑚(𝑦𝑠) (3.25)

In addition, the orthogonality of the eigenmodes and their normalization leads to:


𝑊

0
Φ𝑛(𝑦)Φ𝑚(𝑦) d𝑦 = 𝛿(𝑛−𝑚)×

𝑊

0
Φ2
𝑛(𝑦) d𝑦 (3.26)

= 𝛿(𝑛−𝑚)

Thus the left side becomes:


𝑊

0
−𝜌𝜔2

𝑛
ΨΦ𝑛+𝐷∇4

𝑛
ΨΦ𝑛Φ𝑚 d𝑦 (3.27)

=−𝜌𝜔2
𝑛
Ψ𝛿(𝑛−𝑚)+𝐷

𝑊

0

𝑛
∇4 ΨΦ𝑛Φ𝑚(𝑦) d𝑦

=
𝑛
⒧𝐷 Ψ

(4)−2𝑘2𝑦Ψ(2)+⒧𝑘4𝑦−
𝜌
𝐷𝜔2⒭Ψ𝛿(𝑛−𝑚)⒭
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The dirac delta function gives 1 if 𝑛 = 𝑚 and 0 if 𝑛 ≠ 𝑚 thus giving the following
equation:

Ψ(4)−2𝑘2𝑦Ψ(2)+𝑘
4
𝑦−

𝜌
𝐷𝜔2

Ψ= 1
𝐷𝛿(𝑥−𝑥𝑠)Φ𝑚(𝑦𝑠) (3.28)

The solutions are of the previously found form :

Ψ(𝑥) = 𝛼+
𝑛e−𝑝1𝑥+𝛽+𝑛e−𝑝2𝑥 if 𝑥 > 0

Ψ(𝑥) = 𝛼−
𝑛e𝑝1𝑥+𝛽−𝑛e𝑝2𝑥 if 𝑥 < 0 (3.29)

The unknowns are therefore the terms 𝛼+
𝑛 , 𝛼−

𝑛 , 𝛽+𝑛 , 𝛽−𝑛 . At 𝑥 = 𝑥𝑠, the derivatives of
order 0, 1 and 2 are continuous but the presence of the right-hand term requires a
jump to the derivative of order 3. The conditions of continuity are therefore written:

Ψ(𝑥 = 𝑥−𝑠 ) =Ψ(𝑥 = 𝑥+𝑠 )
𝜕Ψ
𝜕𝑥 (𝑥 = 𝑥−𝑠 ) =

𝜕Ψ
𝜕𝑥 (𝑥 = 𝑥+𝑠 )

𝜕2Ψ
𝜕𝑥2 (𝑥 = 𝑥−𝑠 ) =

𝜕2Ψ
𝜕𝑥2 (𝑥 = 𝑥+𝑠 )

𝜕3Ψ
𝜕𝑥3 (𝑥 = 𝑥−𝑠 ) =

𝜕3Ψ
𝜕𝑥3 (𝑥 = 𝑥+𝑠 )+

1
𝐷Φ𝑚(𝑦𝑠)

Applying previous continuity conditions to (3.29), we obtain:

𝛼−
𝑛e𝑝1𝑥+𝛽−𝑛e𝑝2𝑥−𝛼+

𝑛e−𝑝1𝑥−𝛽+𝑛e−𝑝2𝑥 = 0
𝑝1𝛼−

𝑛e𝑝1𝑥+𝑝2𝛽−𝑛e𝑝2𝑥+𝑝1𝛼+
𝑛e−𝑝1𝑥+𝑝2𝛽+𝑛e−𝑝2𝑥 = 0

𝑝2
1𝛼−

𝑛e𝑝1𝑥+𝑝2
2𝛽−𝑛e𝑝2𝑥−𝑝2

1𝛼+
𝑛e−𝑝1𝑥−𝑝2

2𝛽+𝑛e−𝑝2𝑥 = 0
𝑝3
1𝛼−

𝑛e𝑝1𝑥+𝑝3
2𝛽−𝑛e𝑝2𝑥+𝑝3

1𝛼+
𝑛e−𝑝1𝑥+𝑝3

2𝛽+𝑛e−𝑝2𝑥 =Φ𝑚(𝑦𝑠)/𝐷

which translate to the following matrix form:

⎡
⎢⎢⎢⎢⎢
⎣

−1 −1 1 1
𝑝1 𝑝2 𝑝1 𝑝2
−𝑝2

1 −𝑝2
2 𝑝2

1 𝑝2
2

𝑝3
1 𝑝3

2 𝑝3
1 𝑝3

2

⎤
⎥⎥⎥⎥⎥
⎦

⎡
⎢⎢⎢⎢⎢
⎣

𝛼+

𝛽+
𝛼−

𝛽−

⎤
⎥⎥⎥⎥⎥
⎦

=

⎡
⎢⎢⎢⎢⎢
⎣

0
0
0

1
𝐷Φ𝑚(𝑦𝑠)

⎤
⎥⎥⎥⎥⎥
⎦

(3.30)
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which is reversed to find the values of the coefficients 𝛼+
𝑛 , 𝛼−

𝑛 , 𝛽+𝑛 , 𝛽−𝑛 :

𝛼+ =𝛼− =− Φ𝑚(𝑦𝑠)
2𝐷(𝑝2

2 −𝑝2
1 )𝑝1

= Φ𝑚(𝑦𝑠)
4𝐷𝑘2𝑘2𝑦+𝑘2

(3.31)

𝛽+ = 𝛽− = Φ𝑚(𝑦𝑠)
2𝐷(𝑝2

2 −𝑝2
1 )𝑝2

= −Φ𝑚(𝑦𝑠)
4𝐷𝑘2𝑘2𝑦−𝑘2

(3.32)

knowingΦ𝑛 from the previous section as:

Φ𝑛(𝑦) = ± 2
𝑊 sin(𝑘𝑦𝑦), with 𝑘𝑦 =𝑛𝜋/𝑊 (3.33)

the Green’s function is therefore written:

𝐺(𝑥,𝑦,𝜔) = 1
2𝑊 

𝑛

sin(𝑘𝑦𝑦)sin(𝑘𝑦𝑦𝑠)
𝐷𝑘2 e−𝑝1|𝑥−𝑥𝑠|

𝑝1
− e−𝑝2|𝑥−𝑥𝑠|

𝑝2


with 𝑘𝑦 =
𝑛𝜋
𝑊 , 𝑘2 =𝜌ℎ

𝐷 𝜔, 𝑝1 =𝑘2𝑦+𝑘2, 𝑝2 =𝑘2𝑦−𝑘2. (3.34)

3.2.2. CUT-OFF FREQUENCY 𝑓1 AND BOUNDARY CONDITIONS

Theory showed an analytic solution for a plate with infinite length on the x-axis and
simply supported boundary conditions on the y-axis at 𝑦 = 0 and 𝑦 = 𝑊 . Different
boundary conditions do not provide a full analytic solution of the out of plane dis-
placement of the plate but we can still estimate 𝑘𝑦1 leading to the value of the first
cut-off frequency 𝑓1. Based on [29][Chapter 4], we extract frequency equations for
different couples of boundary conditions which gives us Table 3.1 (the letters: S, C
and F refer respectively to Simply Supported, Clamped and Free boundary condi-
tions).

Taking a plate of thickness ℎ = 0.4 mm and aluminum properties (𝜈 = 0.346,
𝐸 = 69 GPa, 𝜌 = 2700 kg/m3), we can plot cut-off frequencies relative to the width
of the plate (Figure 3.1). We can see that for a value of𝑊 , the C-C conditions provide
a higher cut-off frequency than S-S conditions. This difference will later be seen with
the values obtained experimentally (Section 3.3). Figure 3.1 also shows us that the
cut-off frequency decreases with the plate width, which implies an important char-
acteristic of our method: the plate must be narrow for the low-frequency band-gap
to exist.
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Boundary
Conditions 𝑘𝑦1

S - S 𝜋/𝑊
C - C 𝛼1/𝑊

with tan(𝛼𝑛/2)+ tanh(𝛼𝑛/2) = 0
F - F 0
C - F 𝛼0/𝑊

with cos(𝛼𝑛)cosh(𝛼𝑛)+1 = 0
C - S 𝛼1/(2𝑊 )

with tan(𝛼𝑛/2)− tanh(𝛼𝑛/2) = 0
F - S 0

Table 3.1: Expression of 𝑘𝑦1 depending on boundary conditions.

Figure 3.1: Cut-off frequency value depending on the width of the plate and the boundary conditions.
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Figure 3.2: Numerical solutions of equation (3.34) in the frequency domain at the excitation point
(𝑥𝑠 = 100mm, 𝑦𝑠 = 3𝑊/7) (light pink) and at a point 30mm away on the x-axis (dark blue). Frequen-
cies from 0 to 1.6 kHz are said to be non-propagative. At these frequencies, amplitudes at the center
of the actuator are theoretically higher than elsewhere on the plate. After the first cut-off frequency
𝑓1, modes begin to propagate.

3.2.3. EQUATION SIMULATION
Taking equation (3.34) with a plate of width𝑊 = 25mm, thickness ℎ = 0.4mm and
aluminum properties (𝜈 = 0.346, 𝐸 = 69 GPa, 𝜌 = 2700 kg/m3) and an excitation
point at (𝑥𝑠 = 100mm,𝑦𝑠 = 3𝑊/7) gives us the frequency response function in Fig-
ure 3.2. Theactivationof thefirstmodeat1.6 kHz leaves aband-gap from0 to1.6 kHz.
In other words, the geometry of the waveguide implies only evanescent waves until
the 1.6 kHz cut-off frequency. Those evanescent waves, which amplitudes decrease
exponentially with the source distance, can be used to give a localized vibrotactile
feedback in the actuated region of the surface. After that cut-off frequency, modes
begin to spread and the localized effect is lost.

3.3. EXPERIMENTAL VALIDATION
3.3.1.MEASUREMENT PROCESS
The following experiments aim to verify the previous theory on an aluminum plate
clamped on its longer sides to a rigid frame and submitted to different actuator exci-
tations. Allmeasurementswere assuredbyaDoppler vibrometerOFV-505/OFV-5000
mounted on a motorized 3 axis platform.

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-505.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-5000_datasheet.pdf
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Figure 3.3: Experimental setup. Top: A piezoelectric actuator is glued to the bottom side of an alu-
minum plate. The laser vibrometer measures the surfaces out of plane displacement. Bottom: plate
dimensions and actuator position.

3.3.2. SINGLE PIEZOELECTRIC ACTUATOR
In order to validate the theory introduced in Section 3.2, an aluminum plate with
a piezoelectric actuator glued to the center of its bottom side was prepared (Fig-
ure 3.3). The actuator (muRata 7BB-20-3), of circular geometry, is composed of two
parts: a plate of diameter 20 mm and a thickness of 0.1 mm; and a piezoelectric
transducer of diameter 12.8 mm and a thickness of 0.11 mm. When bounded, this
actuator produces radial forces that are equivalent to compression forces and bend-
ing moments which give birth to longitudinal compression waves and transverse
flexural waves [30, Chapter 10]. The simply supported conditions being quite dif-
ficult to achieve, the plate, measuring 200 × 30 × 0.4 mm3, was rather clamped on
its longer sides to a rigid frame via epoxy resin (DP490 Scotch-Weld) and left free
on both ends. The 2.5mm clamping width on each side produced an effective plate
width of 25mm. This leads to several differences compared to the simply supported
case. With clamped conditions: the shape of the deformation along the y-axis of the
plate changes; the amplitude of vibration is less important; and the cut-off frequency
is higher. The actuator was driven by an analog signal sent with an NI-USB-6363 ac-
quisition card and amplified (Elbatech T-500 series).

FREQUENCY RESPONSE FUNCTION (FRF)
We measured the frequency response function or FRF (ratio of the displacement at a
givenpoint to the voltage applied to an actuator in the frequencydomain) by sending
an exponential sweep signal of 2 V amplitude going from 1Hz to 100 kHz sampled at
200 kHz. Figure 3.4 shows the the averaged FRF inside and outside the actuated area.
The FRFs are normalized by the amplitude at 250Hz at the center of the actuator. At

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/7BB-20-3.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/3M_DP490_FTFR0220.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/main/usb-6363.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/T-500.pdf
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Figure 3.4: Averaged measured frequency response function (FRF)𝐻𝑑𝐵 = 20 log10 |𝐻| inside and out-
side the activated actuator. The frequencies between 0 and 3.1 kHz are non-propagative. Within this
range, amplitudes at the center of the actuator are about 30 dB larger than elsewhere on the plate.

low frequency, these amplitudes exhibit a frequency evolution very similar to those
obtainedwith the analyticmodel in Section 3.2.3. A low frequency band-gap appears
in the FRF between DC and 3.2 kHz (value of the same order as what was found in
Figure 3.1 for C-C boundaries). In this range, the displacement at the center of the
actuator is about 30 dB higher in average than at any points outside the actuator.

SINE SIGNAL
To check the actual confinement of vibration and amplitudes in play in the frequency
band-gap, we submitted the plate to a 250 Hz harmonic excitation of 100 V ampli-
tude (200 V peak-to-peak). Figure 3.5 show the resulting plate displacement. The
chosen frequency is below the cut-off frequency, as such, a localized effect corre-
sponding to the non-propagation of modes can be seen. Some points of interest can
be highlighted. On Figure 3.5, we can discern three areas: the inner surface of the
actuator, the outer area near the edge of the actuator, and the rest. Before the cut-off
frequency, the spatial deformation inside the actuator depends exclusively on its ge-
ometry and nature. The exponentially decreasing shape found in the outer area near
the edge of the actuator corresponds to the non-propagative behavior of the plate
before its first cut-off frequency.

BUTTON SIGNAL
Thefirst part of a click signal (pushingphase)basedon [31]was implemented to show
the robustness of this method to dynamic signals. Figure 3.6.a recreates each phase
within a button pushing interaction and contains the following in order: a grain sig-
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Figure 3.5: Quadraticmean of themeasured displacement across the plate (200×25×0.4mm3) under
a 250 Hz harmonic excitation of 100 V amplitude. The area above the piezoelectric actuator has an
amplitude of 4.6 𝜇m whereas the rest of the plate stays at a negligible amplitude.

nal emulating compliance; a jump feedback occurring when a sudden displacement
of the finger occurs; and a bottom-out feedbackwhich simulates the end point of the
button press operation.

Figure3.6.b shows thequadraticmeanof the resulting signal throughout theplate.
The energy distribution is confined to the activated area. Indeed, as long as the fre-
quency content of the signal iswithin the band-gap, dynamic signals canbe confined
and can provide a localized custom interaction. We can also observe in Figure 3.6.a
the high fidelity and responsiveness provided by the piezoelectric actuator reaching
a normalized correlation of 97 %.

The following sectionsaim toverify that thenon-propagativebehaviorof theplate
is still relevant when we use multiple actuators and different types of actuators.

3.3.3. SIMULTANEOUS PIEZOELECTRIC ACTUATORS
This section demonstrates, the possibility to produce multiple located vibrations at
the same time thanks to multiple actuators.

On the sameprototype as before, we added another actuator, identical to the pre-
vious one (muRata 7BB-20-3), arbitrarily placed around 7 cm away from the first ac-
tuator. We then drove both actuators with the same amplitude at a frequency inside

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/7BB-20-3.pdf
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Figure 3.6: (a) Button pushing signal sent to the piezoelectric actuator (red solid line) and obtained
displacement at its center (light green dashed line). Instantaneous response with high fidelity to the
desired signal is obtained. (b) Quadraticmean of themeasured out of plane displacement of the plate
under the button pushing signal.

the tactile sensitivity range [1]. Since the low frequency band-gap spreads over sev-
eral kHz, different frequency within this band were tested. We chose a burst signal
of 100 V amplitude and of frequency 250 Hz with 6 cycles for both actuator in one
case and also tested driving one of the two with a burst signal of 500 Hz frequency,
12 cycles and 100 V amplitude. The vibration field was measured over the plate by
steps of 2mm.

Figure 3.7 shows the localized effect for both cases wherewe can observe two dis-
tinct deformations above each actuated area. We can also notice that there is a dif-
ference of amplitude between localized areas even thought we sent the same voltage
amplitude. As this difference occurs for both frequency used (500 Hz and 250 Hz),
we assume that it is caused by differences in the bonding quality of the piezoelec-
tric actuators (a little difference in the thickness of the bounding layer can result in
important behavior differences [32, 33]). We can assume that in the case of perfectly
bondedactuators, thedisplacementwouldbe the same inboth areas andamplitudes
over 4 𝜇m (2 𝜇m rms) would be achievable. The obtained amplitudes are enough for
tactile perception [1] (Section 3.5 also provide validation for this claim).

As a result, one can also imagine covering the plate with an array of piezoelectric
actuators to obtain an interface allowing multiple localized haptic feedback. Adding
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Figure 3.7: Quadratic mean of the measured displacement across the plate under two simultaneous
burst signals at different frequency [250Hz / 500Hz (solid line)] and same frequency [250Hz / 250Hz
(dashed line)] with an amplitude of ±100 V. Both vibration sources are localized while the rest of the
plate stays at rest.

actuatorswould result in increased local stiffness to theplate, thus increasing the cut-
off frequency value of the plate and decreasing the decay constant of the evanescent
waves.

3.3.4.OTHER CONFIGURATIONS
In this section, we prove that the actuator geometry or the nature of the vibration
source gives a localized effect as long as the excitation frequency is within the band-
gap provided by the waveguide. We added to the previous setup three actuators:
a square piezoelectric actuator (SMPL7W8T02412WL Steminc) with same working
principle as the muRata actuators), a linear resonant actuator (LRA Model C10-100
Precision Microdrives TM) and an eccentric rotating mass vibration motor (ERM
Model 306-109 Precision Microdrives TM). A representation of the modified setup
and the actuators positions and dimension are presented on Figure 3.8.

The actuators were placed on the middle axis of the plate in order to get higher
vibration amplitudes. The square piezoelectric actuator, of effective dimension 7×
7×0.2mm3, was gluedwith cyanoacrylate andpoweredwith a 6 cycles burst signal of
frequency 250Hz at 100V amplitude. The LRAwas also fixed thanks to cyanoacrylate
glue (rather than its self adhesive sheet backing) and driven with a 175Hz harmonic
signal of 2 V amplitude (manufacturer’s values). Finally, the ERM vibration motor

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/main/SMPL7W8T02412WL%20Steminc.PNG
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/C10-100-datasheet-005-d3.3-id8116.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/C10-100-datasheet-005-d3.3-id8116.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/306-109-datasheet-003-d4.4-id6388.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/306-109-datasheet-003-d4.4-id6388.pdf
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Figure 3.8: Upgraded experimental setup. Top: Three actuators are added to the bottom side of the
previously used aluminum plate. The laser vibrometer measures the surface’s out of plane displace-
ment. Bottom: plate dimensions and actuator positions.

was first fixed to an intermediate plastic part then glued with cyanoacrylate to the
plate. Itwas poweredwith a constant 2Vamplitude resulting in a frequency of 160Hz
(frequency found post-measurement with an FFT of the obtained displacement in
Figure 3.11). A summary is provided in Table 3.2.

Actuator Contact geometry Frequency Signal Voltage
□ Piezo 7×7mm2 250Hz Burst (6 cycles / Hann window) 100 V

LRA ⌀10mm 175Hz Sine 2 V
ERM 10×6mm2 ~160Hz Constant 2 V

Table 3.2: Configurations acquisition specification.

For each actuator, we measured the displacement across the plate which are rep-
resented in Figure 3.9, 3.10 and 3.11.

SQUARE PIEZOELECTRIC ACTUATOR.
As with circular piezoelectric actuators, we observe the confinement of vibrations
above the actuated area. It is interesting to notice the shape of the plate deforma-
tion. The actuator geometry gave a seemingly thinner form to the out plane dis-
placement which could lead to a different feedback to the finger [1]. Also even if
the y-dimension of the actuator is small compared to the width, the entire width of
the plate is activated. This is to be expected because in equation (3.34) of Section
3.2, the y-component is modulated by a sine function. The rms amplitude is reduced
compared to previous actuators (circular piezoelectric ⌀12.8 mm) as the size of the
actuator is smaller.
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Figure 3.9: Quadraticmean of themeasured displacement across the plate excited by a squared piezo-
electric actuator (100 V/250 Hz) with a 7× 7 mm2 contact geometry. Vibrations are localized in the
actuator region and reach a maximum RMS amplitude of 0.75 𝜇m at the center of the actuator.

LINEAR RESONANT ACTUATOR (LRA).
The vibrations localization produced by the LRA is not as striking as with piezoelec-
tric actuators. Although localization can be noticed, a rigid body motion is occur-
ring throughout the plate (light green dashed line). The entire structure (waveguide
+ robot frame) is vibratingbecause of the inertia involvedby theLRA (which is greater
than the one involved by piezoelectric actuators).

ECCENTRIC ROTATING MASS VIBRATION MOTOR (ERM).
Like the LRA, the ERM rely on inertia to create vibrations. Thus Figure 3.11 also dis-
plays a rigid bodymotion but nonetheless present vibration localization. The out-of-
plane displacement shows a deformation quite different from those obtained previ-
ously. Unlike the LRA or piezo actuators, the ERM does not produce a vibration only
normal to the surface. Moreover, the ERM being in some way cantilevered with the
intermediate part, the transmission of forces must involve additional torques on the
plate leading to this peculiar deformation.

3.4. FINGER INTERACTION

I N most applications implying the use of vibration, the finger brings an added me-
chanical loading impedance to the plate which can reduce the amplitude of the
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Figure 3.10: Quadratic mean of the measured displacement across the plate excited by a LRA
(2 V/175Hz) with a contact geometry consisting of a 10mm diameter disk. The plate presents a rigid
body motion implied by the structure vibration represented by the dashed line. Yet the localization
effect is still present and shows a maximum RMS amplitude of 0.4 𝜇m at the center of the actuator.
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Figure 3.11: Quadratic mean of the measured displacement across the plate excited by an ERM with
a contact geometry consisting of a 10×6mm2 rectangle. The plate presents a rigid body motion im-
plied by the structure vibration which represented with a dashed line. Yet the localization effect is still
present and shows a maximum rms amplitude of over 4 𝜇m in average.
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stimuli. In this section, we show theoretically and experimentally that the attenua-
tion in the tactile frequency range (0 to 1 kHz [34]) brought by the finger depends on
the first cut-off frequency and is negligible in our system.

3.4.1.MODEL

A harmonic force, 𝐹(𝑎,𝜔), applied normally to the plate at a point 𝑎 causes a dis-
placement𝑈(𝑎,𝜔) such that𝐹(𝑎,𝜔) = 𝑗𝜔𝑍𝑝(𝑎,𝜔)𝑈(𝑎,𝜔), where𝑍𝑝(𝑎,𝜔) is the plate
impedance at point𝑎. During interaction, if𝑍𝑓(𝜔) is an additional impedance due to
the finger, then the resulting attenuation 𝜇, ratio between the loaded displacement
𝑈 relative to the free displacement𝑈 , is:

𝜇 =
𝑈
𝑈 =

𝑍𝑝
𝑍𝑝+𝑍𝑓

(3.35)

In our case, the plate impedance is given by the inverse of the green function of our
semi-infinite model at point 𝑎(𝑥𝑎,𝑦𝑎):

𝑍𝑝semi-inf =
𝐹(𝑎,𝜔)
𝑉𝐹(𝑎,𝜔)

= 𝐹(𝑎,𝜔)
𝑗𝜔𝑈𝐹(𝑎,𝜔)

= 1
𝑗𝜔

1
𝐺 (𝑥𝑎,𝑦𝑎,𝜔)

= 2𝑊
𝑗𝜔 

𝑛

𝐷𝑘2
sin2(𝑘𝑦𝑦𝑎)

⎡
⎢
⎣

𝑘4𝑦−𝑘4

𝑘2𝑦−𝑘2−𝑘2𝑦+𝑘2

⎤
⎥
⎦

Wewill also see the impedance behavior of a finitemodel for a rectangular plate sim-
ply supported on all its edges. The following Green expression is obtained following
the same process used in Section 3.2.1:

𝐺(𝑥,𝑦,𝜔) = − 4
𝑊𝐿 

𝑛,𝑚

sin(𝑘𝑥𝑥)sin(𝑘𝑦𝑦)sin(𝑘𝑥𝑥𝑎)sin(𝑘𝑦𝑦𝑎)
𝐷 ⒧𝑘4−(𝑘2𝑥+𝑘2𝑦)2⒭

(3.36)

with 𝑘𝑥 =𝑛𝜋/𝐿 and 𝑘𝑦 =𝑚𝜋/𝑊 . We then have the finite model impedance :

𝑍𝑝finite =
𝐹(𝑎,𝜔)
𝑉𝐹(𝑎,𝜔)

= 𝐹(𝑎,𝜔)
𝑗𝜔𝑈𝐹(𝑎,𝜔)

= 1
𝑗𝜔

1
𝐺 (𝑥𝑎,𝑦𝑎,𝜔)

= −𝑊𝐿
4𝑗𝜔 

𝑛,𝑚

𝐷 ⒧𝑘4−(𝑘2𝑥+𝑘2𝑦)2⒭
sin(𝑘𝑥𝑥𝑎)2 sin(𝑘𝑦𝑦𝑎)2
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For thefinger impedancewe chose a lumpedelementmodel basedon [35] consisting
of a mass-spring-damper system:

𝑍𝑓 = 𝑏+𝑗 ⒧𝑚𝑓𝜔−
𝑘𝑓
𝜔 ⒭ (3.37)

where the viscosity 𝑏 = 1.4 N.s/m, the moving mass 𝑚𝑓 = 0.15 g, and the stiffness
𝑘𝑓 = 1000 N/m. Those quantities are averages of the experimental values found in
[35] for a normal force of 0.5N applied by the finger.

3.4.2. IMPLEMENTATION
Taking each impedance expression and the attenuation expression with a plate of
width 𝑊 = 25 mm, thickness ℎ = 0.4 mm and aluminum properties (𝜈 = 0.346,
𝐸 = 69GPa, 𝜌 = 2700 kg/m3) gives us the frequency response function in Figure 3.12.
In this figure, in the tactile sensitivity range, the plate impedance is more important
than the finger impedance leading to almost no attenuation due to the finger inter-
action. The finger’s impedance becomes larger than the plate impedance around the
cut-off frequency and the resonance of the plate. This simulation highlights an im-
portant point that should be kept in mind when designing the system: if the first
cut-off frequency of the system is to close to the tactile sensitivity range, attenuation
will affect the desired feedback.

3.4.3. EXPERIMENTAL VALIDATION
In order to check the accuracy of the previous model and confirm our assumptions,
we measured𝑈 and 𝑈 , the free and loaded displacements of the plate submitted to
a linear frequency sweep thanks to a laser vibrometer (Polytec OFV-505/OFV-5000).
Using thedevice of Section 3.3.2, the vibrometer laser beamwasdeflectedby amirror
and reflected back on the bottom side of the piezoelectric actuator. The mechanical
impedance of the fingertip varying with the pressing force [35, 36], we measured the
force thanks to two load cells (HBM S2M) placed under our system as depicted in
Figure 3.13.

We first measured the free displacement of the plate subjected to a linear sweep
signal of 10 V amplitude, 25 ms duration. We then repeated the same experiment
while a user pressed their finger onto the plate above the actuator area with a fin-
ger/plate angle around 30 degree during the full duration of the signal. This mea-
surement was reproduced with two different forces around 1.5 N and 7.5 N (greater
than usual interaction forces of 0.5N [35])

The experimental attenuation curve is represented in Figure 3.14. A first peak at-

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-505.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-5000_datasheet.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/9620-05-Transducer%20Section.pdf
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Figure 3.12: Theoretical attenuation curve 𝜇𝑑𝐵 = 20 log10 |𝜇| for semi-infinite plate (dotted line) and
finite plate (solid line). On the tactile sensitivity range there’s no attenuation due to the finger inter-
action. Mode activation causes a drop of the plate impedance implying important attenuation due to
the finger.

Figure 3.13: Setup for the measurement of the peak displacement attenuation in the center of the
actuated area due to finger contact. Thevibrometer laser beamwasdeflectedby amirror and reflected
back on the bottom side of the piezoelectric actuator. Two load cells measured the force exerted by
the finger.
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Figure 3.14: Experimental attenuation curve 𝜇dB = 20 log10 |𝜇| obtain by realizing the ratio between
loaded displacement 𝑈 and free displacement 𝑈 of the plate with different applied forces. As the
model predicted, there’s no attenuation due to the finger interaction on the tactile sensitivity range.

tenuation is attained around 3.2 kHzwhich corresponds to the first cut-off frequency
of our system. The force has an effect on the attenuation but here its effect seems
limited until 1 kHz. Before this frequency, the results show a low attenuation on
the tactile sensitivity range which reaches a maximum of 2 dB. Hence, user inter-
action implies almost no attenuation on the system under 1 kHz and therefore we
can say with confidence that amplitudes during interaction can be kept over 1 𝜇m as
shown in Section 3.3.2. This result is quite impressive because most touch surfaces
are simply too stiff to generate sufficient vibration amplitude without the benefit of
resonance. Strong attenuation implied by the drop of the impedance at those res-
onances are compensated with high amplitude provided at those same resonance.
Here non-propagative, or evanescent, waves do not lead to an impedance drop like
for the resonant case; meaning that the amplitude under the finger fully depends on
the actuator capability and the properties of the plate and not the finger interaction.
However, since we do not use resonance, we suspect a higher power consumption.
Nevertheless, we can interact with the surface without changing its behavior in the
tactile sensitivity range, which simplifies the possible control loops that could be im-
plemented on such device in the future.
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3.5. PERCEPTUAL VALIDATION

A perceptual evaluation was carried out to demonstrate the ability of the device
to produce noticeable and localized tactile feedback. This evaluation consisted

in a detection task to determine whether the stimulation, with a dynamic signal with
transitory and large frequency spectrum, could be felt only above the actuated area.

3.5.1. STIMULI, PARTICIPANTS, AND PROCEDURE
To demonstrate the wide band capability of our device, we used a one cycle burst
sine at 500 Hz. This low number of cycles yields an excitation with a −3 dB band-
width spreading from 200Hz to 700Hz. The amplitude was changed at every trial by
selecting it randomly among five uniformly distributed values ranging from 60 V to
200 V peak-to-peak which corresponds to a plate peak-to-peak displacement ampli-
tude ranging from 2.7 𝜇m to 9 𝜇m under the finger during the interaction (Section
3.4 justify that assumption). Five inexperienced volunteers, 1 female and 4 males,
aged 20 to 26 participated in the study. Participants had to place both index fingers
above each localized stimulation area 70mmapart as depicted in Figure 3.15. Partic-
ipants were asked to keep their fingers in contact with the surface during the whole
experiment except during the 5-min break in the middle of the experiment. 75 stim-
uli were randomly presented at each finger, for a total of 150 stimuli. In addition
to these 150, 5 catch trials consisting of exciting both fingers at the same time were
added. Each participant had to answer left, right, both, or nothing. They wore iso-
lating headphones playing pink noise during the duration of the task, and could not
hear the stimuli.

3.5.2. RESULTS AND DISCUSSION
The correct answer ratio to a stimulus was calculated for each participant and each
driving voltage amplitude. This ratio is, at a given stimuli amplitude, the ratio of the
number of detected stimuli over the number of presented stimuli. Figure 3.16 shows
the minimum, maximum and average ratio of correct answers over all participants.

As expected, the correct answer ratio increased with the driving voltage ampli-
tude. It reached up to 1 for several participants, indicating a high rate of correct an-
swer. Finally, 24 out of the 25 catch trials sent were noticed. The data also shows
that 82% of the wrong answers were non-responses, meaning that users did not feel
the stimulus. The remaining 18% are split between finger inversion errors (9%) and
“both” responseswhen only one fingerwas excited (9%). Theusers admitted they got
mixed up a few times because the task was repetitive. In addition, some responded
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Figure 3.15: Perceptual validation setup. Both index fingers were placed above actuated areas and
subjected to a series of stimuli consisting of a one cycle burst sine at 500Hz at different amplitudes
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Figure 3.16: Correct answer ratio over all participants for each amplitude value. The ratio increase
with the driving voltage amplitude. A high rate of correct answer (> 90%) is attained from 𝑉𝑝𝑝 = 95 V
(around 4 𝜇m peak-to-peak).
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“both” when they were not sure if they felt the stimulus.
If the same procedure was to be conducted on a device with a cut-off frequency

equal to 0, by changing the boundary conditions to F-F for instance, the whole plate
wouldmoveandweassume thatparticipantswouldnothavebeenable todistinguish
the stimuli between left or right. Also, the stimuli used in this evaluation consisting
in a 1 cycle burst at 500Hz is not the most suitable for tactile perception. 5 cycles at
250 Hz would have given us better results for low amplitudes stimuli. This configu-
ration was not chosen as we wanted to test a highly dynamic stimuli with multiple
frequency components inside the tactile sensitivity range (10-1000Hz [1]). This short
validation shows that dynamic stimuli with large frequency spectrum can be felt and
distinguished, thus asserting the capability of our device for haptic applications.

3.6.DEMONSTRATION PROTOTYPE

F OR demonstration purposes in the World Haptics Conference 2019 we set up a
prototype based on our findings. Through this prototype we wanted to demon-

strate the localization and the multi-point feedback allowed with our approach. To
do so, we followed several specifications regarding: geometry, haptics, interaction
and safety.

3.6.1.HARDWARE AND SOFTWARE
As this prototype was to be a “haptic” prototype i.e. meant to be touched, we used
glass and plastic to assure the electric isolation of the user fingers regarding the ac-
tuators. We formed a thin stripped-shaped glass plate bounded on its longer edge
to a rigid plastic frame and left free on both ends. On the bottom side of the plate,
we applied an array of piezoelectric actuators. Keeping the user in mind, we decided
to adapt the hardware dimensions according to the average user hands and fingers.
We chose to arrange eight piezoelectric actuators (muRata 7BB-20-3) diametrically
distinct of 25mm each on a 25×200×1mm3 plate (reduced to an effective width of
21mmafter bounded to the supports). Theuserwas thus able to put on each area the
index, middle, ring, and little finger of each hands. Taking the following properties
for the Borofloat 33 glass: 𝐸 = 64 GPa, 𝜌 = 2230 kg/m3 and 𝜈 = 0.2, we can establish
the sizing map for the glass plate shown in Figure 3.17. Displayed values for ampli-
tude and cut-off frequency are purely theoretical and were used here just to have an
ideaofwhat to expect andnot topredict exactly the outcomeof our system. Wechose
1mm for the thickness to ensure robustness to travel and interaction. The width was
then chosen in order to obtain sufficient amplitude (above 1 𝜇m) and a high cut-off

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/7BB-20-3.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/schott-Borofloat-generalInformationen-DB-EN-2021_06.pdf


3

52 3. VIBROTACTILE STIMULATION CONFINEMENT IN WAVEGUIDES

0.4 0.6 0.8 1.0 1.2 1.4
Thickness h in mm

10

15

20

25

30

35

40

W
id

th
 W

 in
 m

m
1.0 kHz 2.0 kHz

3.0 kHz

4.0 kHz

5.0 kHz

10.0 kHz

20.0 kHz

0

1

2

5

10

20

40

80

150

Am
pl

itu
de

 in
 µ

m

Figure 3.17: Analytic sizing map of a glass waveguide. A waveguide of width 21 mm and thickness
1mm was chosen as it assured safety (for travel and during user interaction) as well as sufficient am-
plitude around 3 𝜇m and a high cut-off frequency around 6 kHz.

frequency (above 1 kHz). Figure 3.18 shows the system assembly. The predicted first
cut-off frequency of our system was around 8 kHz and measurements at the center
of each actuator showed 2 𝜇m of displacement in average at 250 Hz. The amplitude
and cut-off frequency are thus sufficient to produce a localized and perceptible vi-
brotactile feedback [1]. In order to drive each actuator, we used eight Piezo Haptics
Driver DRV8662 from Texas Instrument integrated in a custom-made lookalike cir-
cuit of the of the DRV8662 evaluation module. A voltage output module NI-9264 was
used to send requested analog signals to each driver for amplification. Using Qt, we
programmed an interface (Figure 3.19) allowing the control and design of signals on
a touchpad. Users could chose the frequency, time and modulation window of the
signal as well activating one or more actuators of their choosing.

3.6.2. AUDIENCE FEEDBACK AND DISCUSSION
Theprototype received good reviews and all users were impressed that we could pro-
duce localized feedback this easily. The two main questions were:

• Is it possible to have feedbacks between two actuators ?

• How can we extend this in larger surfaces ?

Those two questions clearly draw the limits of this first work. The first question
can be resolved in three ways. The easiest solution would be augmenting the density
of actuators so that we can provide a feedback everywhere on the plate. If we want

https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/drv8662.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/drv8662.pdf
https://www.ti.com/lit/ug/slou319b/slou319b.pdf?ts=1623967376655
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/slou319b.pdf
https://www.qt.io/
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Figure 3.18: Demonstration prototype. A glass plate 25×200×1mm3 is bounded on its longer edges
on a rigid frame and a set of 8 piezoelectric actuators distant of 25mm is applied on its bottom side.

Figure 3.19: Demonstration interface. Upper sidewidgets allows for the design of the signal to be sent.
Lower side area allow for the activation of one or more actuators with designed signal.
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to avoid using too much actuators we can play with the spatial decay constant and
calculate the optimal distance between actuators in order to provide a certain am-
plitude between the twowhen both are activated. The last solution is trickier as it use
the funneling effect. The funneling effect is a haptic illusion allowing the creation of
phamtom sensation between two excitation point on the skin. The effect can also be
an “out of body” sensation i.e. between two fingers. In our case, for the out of body
funneling effect to take place we need to have two fingers on two distinct vibration
area [37].

Thesecondquestion about the‘2D’ extensionof ourfindings cannot be answered
simply with the waveguide geometry. As a matter of fact, a wider waveguide would
not provide a localized vibrotactile spot as we have seen before because the local-
ization effect is only present on the length of the waveguide and not the width (next
chapter provide more insight about that).

3.7.DISCUSSION

T HIS confinement technique is based solely on the geometry of the waveguide,
which makes it very simple to implement. In the case of a piezoelectric array,

it is sufficient to send the desired signals to obtain the desired effect. Different ac-
tuators were tested and showed a localized effect. The use of piezoelectric actuators
shouldbepreferred as the LRAandby extension all actuators relying on inertia to cre-
ate vibrations (like ERM vibration motors), by there nature, can easily induce rigid-
body motion to the structure. This rigid-body motion may be prevented by making
the bounding structure more rigid or heavier. Also, localization effect is only present
along the length of the waveguide and even narrow actuators cannot yield localized
vibrations in the width of the waveguide. Wide actuators covering the whole width
should thus be preferred in order to get higher vibration amplitude. The spatial res-
olution along the waveguide axis is given by both the actuator width and the attenu-
ation rate of the plate. An array of piezoelectric actuators covering the entire surface
would allow localized rendering of clicks by applying custom low frequency signals
likeKimandLee [31]. Such applications arepossible because of thewide rangeof fre-
quencies we can work in. Dynamic signals such as clicks can imply several frequen-
cies, however, as long as those frequencies do not go beyond the cut-off frequency,
the generated wave will be confined.

Also Kim et al. [3] showed that if two fingers are subjected to excitation with an
amplitude difference of 20 dB, then a masking effect takes place and a stimulation
will only be perceived at the finger subjected to the highest vibration. In our setup,
we indeed verified that when two fingers are side by side, a stimulus is felt only on
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the finger right on top of the actuated area. With the exponential decay, a distance
as low as 1 cm is enough to reach the attenuation of 20 dB required for masking ef-
fects on two different hands to take place. This masking effect actually improves the
localization of the vibrotactile feedback.

Ifwecompare toother localization techniques [9–16] thismethod is simple. There
is no active control nor heavy calculation to be made; what you send is what you
get. Which also implies that latency can be kept to a minimum even with highly dy-
namic signal with large frequency spectrum. Also, because this method is indepen-
dent from temperature, does not require any calibration and is not impacted by the
user’s touch, this method is therefore robust compared to other approaches relying
on vibration control. Thismethod is also compatiblewith differentmaterials and can
also be applied on curved surfaces as long as you keep a waveguide form and assure
proper boundary conditions. We can also assume that, if you use piezoelectric actu-
ators, current consumption can be kept at aminimumbecausewe areworking at low
frequencies. However with all these advantages come some drawbacks. The method
can only be used onnarrow thin plates. Moreover, the localization is only in the actu-
ator area, which makes it a discrete technology (like pin-arrays). As the actuators are
not transparent, the method is limited to interactive surfaces where transparency is
not necessary. And finally, since we do not use resonance, we have lower amplitudes
leading to higher voltage requirement in the case of piezoelectric actuators.

3.8. CONCLUSION

T HEpresentednon-propagative phenomenonat low frequency allows for the cre-
ation of local vibration fields above actuators. By driving the actuators at fre-

quencies in thewaveguide band-gap, we can produce local vibrotactile feedback to a
set of small regions on the actuated surface directly above the actuator array. Hence,
we can provide vibrotactile feedback at different frequencies and amplitudes tomul-
tiple fingers at the same time. The waveguide geometry cannot offer localization so-
lutions to wide surfaces in its current state but it brought us the idea of“frequency
band gaps”and inspired us to explore what kind of geometry could provide those
for haptic applications.
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NOMENCLATURE
ABBREVIATIONS

Abbreviation Definition
ERM Eccentric Rotating Mass
LRA Linear Resonant Actuator
FRF Frequency Response Function
FFT Fast Fourier Transform
C-C Clamped-Clamped boundary conditions
S-S Simply supported-Simply supported boundary conditions
C-S Clamped-Simply supported boundary conditions
C-F Clamped-Free boundary conditions
rms Root-Mean-Square (power measurement)

SYMBOLS

Symbol Definition Unit
𝑏 Finger pulp viscosity N.s/m
𝐷 Bending stiffness N.m
𝐸 Young’s modulus GPa
𝑓1 First cut-off frequency Hz
𝑓𝑛 Cut-off frequency of the nth mode Hz
𝐹(𝑎) Harmonic force applied at point 𝑎 N
ℎ Thickness m
𝐻 Average transfer function m/V
𝐻𝑟𝑒𝑓 Reference𝐻 transfer function value m/V
𝐻𝑑𝐵 Average transfert function dB
𝑘 Wave number rad/m
𝑘𝑓 Finger pulp rigidity N/m
𝑘𝑥 Wave number along 𝑥 rad/m
𝑘𝑦 Wave number along 𝑦 rad/m
𝐿 Plate length m
𝑚 Mass kg
𝑚𝑓 Finger pulp moving mass kg
𝑛 Mode index ∼
𝑝 Wave number along 𝑥 rad/m
𝑞 Wave number along 𝑦 rad/m
𝑢 Transverse motion m
𝑈 Free displacement m
𝑈 Loaded displacement m
𝑈𝐹 Displacement at point of excitation m
𝑉𝐹 Velocity at point of excitation m/s
𝑉𝑝𝑝 Peak-to-Peak amplitude voltage V
𝑊 Plate width m
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Symbol Definition Unit
(𝑥,𝑦) Space coordinates m
(𝑥𝑎,𝑦𝑎) Point 𝑎 coordinates m
(𝑥𝑠,𝑦𝑠) Point force or excitation point coordinates m
𝑍𝑝 Plate impedance N.s/m
𝑍𝑓 Finger impedance N.s/m
𝑍𝑝semi-inf Semi-infinite plate impedance N.s/m
𝑍𝑝finite Finite plate impedance N.s/m
𝛾𝑛 Spatial decay constant of mode 𝑛 rad/m
∇4 Biharmonic operator m−4

𝜇 Attenuation brought by the finger to the plate ∼
𝜇𝑑𝐵 Attenuation brought by the finger to the plate dB
𝜈 Poisson’s ratio ∼
𝜌 Density kg/m3

𝜔 Circular frequency rad/s
𝜔𝑛 Circular cut-off frequency rad/s
𝛿(𝑥) Dirac delta function m−1

𝐺(𝑥,𝑦,𝜔) Green function m/N
Ψ(𝑥) Displacement function along 𝑥 ∼
Φ(𝑦) Displacement function along 𝑦 ∼
Θ(𝑡) Time function ∼
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4
CONFINEMENT OF VIBROTACTILE

STIMULI ON WIDER SURFACES

For multi-touch and multi-user interactions on a touch surface, providing a local vi-
brotactile feedback is essential. Usually, vibration propagation impedes this localiza-
tion. Previous work showed that narrow strip-shaped plates could allow the confine-
ment of vibrotactile stimuli to the actuated area. Adding to this principle, periodi-
cally supported plates also provide a non-propagative effect at low frequencies. Using
both geometrical properties, we provide a device allowing a multi-touch interaction
through an array of piezoelectric actuator. Experimental validation show that vibra-
tions are well confined on top of actuated areas with vibration amplitude over two
micrometers.

Parts of this chapter have been published in A. Ben Dhiab et C. Hudin, « Confinement of Vibrotactile
Stimuli in Periodically Supported Plates », inHaptics: Science, Technology, Applications, Cham, 2020,
p. 334‑342. doi: 10.1007/978-3-030-58147-3_37.
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4.1. INTRODUCTION

I N chapter 3 we have shown that it is possible to obtain localized deformations
above the actuated regions for low frequency signals in narrow thin plates (1D). A

particularityof this technique is that it allows the spatial localizationof low-frequency
stimuli i.e. a local deformation of the plate even if we use low-frequencies with long
wavelength. Inaddition, finger interactiondoesnot attenuate low-frequencyevanes-
cent waves. No matter the surface in contact, i.e. finger, hand, arm, foot…the be-
havior of the vibrating plate is not impacted and a localized stimuli can be provided.
Although interesting, this approach is limited to narrow plates. However, for a rich
multi-touch interaction, extending this approach to an arbitrary 2D plate becomes
necessary and is the focus of this chapter. Because waves tend to directly propagate
in 2D plates, their confinement isn’t trivial.

As discussed in chapter 2, for spatial localization of vibrations, i.e. the creation
of local deformation at a point or area of the plate, there are two techniques: Time-
Reversal [1] and Modal Superimposition [2]. For these two techniques, the wave-
length of the vibrations to obtain a local deformation at the centimeter or millimeter
scale necessarily involves high frequencies. The Time-Reversal Wave Focusing tech-
nique uses the propagation of elastic waves to generate constructive interference at
a given time and position on the plate. The acceleration peak created by the focus-
ing of the waves causes the ejection of a static or moving finger-pulp, giving a hap-
tic feedback smaller than the fingertip. However, this approach needs a calibration
procedure and is subjected to external parameters (e.g. temperature, finger inter-
action), which can impede the tactile stimulation. As for Modal Superimposition, it
uses a truncated modal decomposition to focus a deformation shape and control its
position. The high frequencies produced by an array of piezoelectric actuators allow
for the appearance of a tactile lubrication phenomenon, i.e. a variation in friction
that is only felt when the finger is moved [3]. Both techniques rely on propagation of
high frequency waves. During user interaction, the non-linear behavior of the finger
significantly modifies the vibrational behavior of the plate. Such modifications are
particularly striking for high frequencies thus leading to many complications (incl.
flexural waves scattering, mode damping, mode translation).

In order to avoid these limitations and provide a haptic feedback both to static
and moving fingers, the Inverse-Filter approach [4] proposes to dynamically control
low-frequency waves, which are less impacted by finger interaction, to provide the
user with the desired stimuli only at the contact points. Nonetheless, this technique
is based on computation, signal processing and calibration procedures. As this tech-
nique uses waves within the tactile frequency range (10-1000Hz), it induces a global
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movement of the plate and therefore limits the interaction on a number of control
points. Generally, all the previously mentioned methods depend on wave propaga-
tion and thus, are in need of calculations and signal processing in order to achieve
localization.

This thesis looks into other methods relying on boundary conditions, geometry
and material that could overcome such requirements. In this chapter, we investigate
how frequency band-gaps can be obtained using periodic structures.

4.2. LATE MODE ACTIVATION

W AVEGUIDES and their cut-off frequencies introduced us to amore general view
related to late mode activation. What are the conditions in which late mode

activation can take place? Let’s take the case of a squared 2D-plate of dimension
𝑎 ×𝑎×ℎ simply-supported on all its edges. In this case the natural frequencies can
be expressed analytically by:

𝜔𝑛 =
𝐷
𝜌ℎ

𝜋2
𝑎2 ⒧2𝑛

2⒭ (4.1)

The first mode to appear is for 𝑛 = 1, thus giving:

𝜔1 = 2
𝐷
𝜌ℎ

𝜋2
𝑎2 = 2 𝐸ℎ2

12(1−𝜈2)𝜌
𝜋2
𝑎2 (4.2)

Weare searching tomaximize𝜔1. To this end, a first solution is to tinkerwith theplate
dimensions to maximize the ratio ℎ/𝑎2. The thickness having an important impact
on amplitudes (essential in our applications) we can only change the size 𝑎 which
would have to be small (see Figure 4.2.a).

For example, taking a glass plate (𝐸 = 64 GPa, 𝜌 = 2230 kg/m3 and 𝜈 = 0.2) of
75 × 75 × 0.7 mm3, we simulate the frequency behavior under the excitation of a
squared piezoelectric of size 10× 10× 0.5 mm3. Figure 4.1 shows the frequency re-
sponse function (FRF). The plots of the average response inside and outside the ac-
tuator shows the first resonance of our system being around 580Hz. By representing
mappings at frequencies before and after the first resonance, we can properly see:
evanescencewith adecay constant related to the expression (3.17) found in chapter 3
and propagation respectively. To have a high localization contrast, we would have to
reduce 𝑎 leading to the case treated in chapter 3. We could also play on boundary
conditions to get a higher frequency for the activation of the first mode. As we did in
3.2.2, by using the expressions in [5][Chapter 4], we can find for the same plate that
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Figure 4.1: Simulation of a 75×75×0.7mm3 glass plate excited with a square piezoelectric actuator in
its center. The first resonance is around 580Hz. (a) Before the first resonance, we have an evanescent
behavior. (b) After the firstmode, propagation occurs andwe have a uniformdistribution of vibration
energy across the surface.

𝜔1 of a clamped plate is around 3 times higher than for a simply supported plate.

An other solution would be to choose a material with the ratio 𝐸/(1 − 𝜈)𝜌 the
higher possible. Figure 4.2b. shows the location of several material in regard to their
cut-off frequency in the case of a plate of dimension 75×75×0.7mm3. (We rounded
the Poisson’s ratio of all material to 0.3 for representation purposes as it does not
heavily influence obtained 𝜔1.) We can see that it is difficult to obtain the first mode
activation over 1 kHz, if not impossible, because homogeneous materials displaying
both high stiffness (𝐸 ↗) and lightness (𝜌 ↘) do not exist. Thus researchers came up
with composite material like carbon fiber reinforced plastic which stands out from
homogeneousmaterials in Figure 4.2.b. Unfortunately using compositematerials for
haptic application or everyday touch screen do not seem to be feasible as we would
have to find a composite material with a high cut off-frequency, transparent (to see
the screen behind it) and pleasant to the touch.

Another way than composite material to get high stiffness while maintaining low
weight would be the use of stiffeners or ribs like in aeronautical structures. Such
structures display peculiar properties regarding wave propagation. In particular, pe-
riodically stiffened structures present frequency band-gaps where stiffeners confine
vibrations. This can be seen for example in the article by Ege et al. [6][p.22] studying
piano soundboards. Next section will discuss the use of periodically placed supports
for the localization of low frequency stimuli.
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Figure 4.2: Abacus. Upper: First mode frequency abacus of a glass plate depending on its geometrical
properties. Lower: Firstmode frequency abacus of a 75×75×0.7mm3 plate depending on itsmaterial
properties (𝜈 = 0.3).

4.3.WAVE PROPAGATION IN PERIODIC STRUCTURES

P ERIODIC structures consists in the connection in an identical manner of a num-
ber of identical elements to one another. One can construct a periodic struc-

ture by assembling together similar elements or by dividing a uniform structure in
identical elements. Our case is the latter as we consider a uniform medium which is
rendered periodic by the application of regularly spaced supports.

Taking advantage of the spatially periodic property of such structure, it is possible
to predict in simple cases the structure behavior by considering just one of the peri-
odic element together with the boundary conditions. Through Mead’s research [7],
we know that the amplitude of any point in one element is e𝜇 times the amplitude of
the corresponding point in the previous element. Thus :

𝑢(𝑥+𝐿𝑥) = 𝑢(𝑥)𝑒𝜇, with 𝜇 = 𝜇𝑟 +𝑗𝜇𝑖 (4.3)

𝜇 is an attenuation constant that depends on frequency and spatial resolution of the
supports. In following sectionswe express𝜇 for periodic rigid simple supports. To do
so, it is interesting to consider that periodic supports/constraints are imposing forces
or moments at regular intervals. Considering this “phased array” of forces and/or
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Lx
Figure 4.3: Mead’s assumption on the propagation of waves in periodically supported mediums.

Figure 4.4: Plate bounded to a set of equispaced identical supports in the 𝑦-direction and simply-
supported on its 𝑥-wise edges.

moments, the attenuation constant 𝜇 can be expressed to find frequency band-gaps
in our structure.

4.3.1. PROPAGATION CONSTANT 𝜇

When freewavemotionoccurs in amediumwithperiodic rigid simple supports, they
exert only a phased array of forces on the plate. This implies that 𝜇 must satisfy the
condition that the displacement at each simple support is null thus leading to the
following expression [7]:

cosh(𝜇) = 𝑎1 sinh(𝑘1𝑊)cosh(𝑘2𝑊)+𝑎2 sinh(𝑘2𝑊)cosh(𝑘1𝑊)
𝑎1 sinh(𝑘1𝑊)+𝑎2 sinh(𝑘2𝑊) (4.4)

𝑘1 and 𝑘2 are wave numbers of the uninterrupted uniform medium and depends on
the medium considered i.e. an Euler-Bernoulli beam or a Kirchhoff plate. 𝑎1, 𝑎2 are
terms depending on the medium, types of supports and boundary conditions.
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4.3.2. CASE OF AN INFINITE PLATE WITH SIMPLY-SUPPORTED EDGES AND
PERIODIC STRUCTURE

FORMULATION
FollowingFigure4.4,wehavenowasemi-infiniteplatewithawidth𝐿𝑦 simply-supported
on x-wise edges. Identical supports/constraint equidistant of 𝐿𝑥 are applied in the y-
direction forming the periodic structure. This case have already been treated by [8,
Appendix B]. Spatial symmetry and periodicity allowed to reduce the problem from
a two-dimensional system to a one-dimensional structure theory. By supposing that
supports/contraints submit the plate to a harmonic force displacement across the
plate at 𝑥 = 0, Mead expresses terms of interest as:

𝑎1 =− 1
2𝐷𝑘𝑥1 ⒧𝑘2𝑥1 −𝑘2𝑥2⒭

, 𝑎2 =
1

2𝐷𝑘𝑥2 ⒧𝑘2𝑥1 −𝑘2𝑥2⒭
(4.5)

with:

𝑘𝑥1 =

⎷𝑘2𝑦+

𝜌ℎ
𝐷 𝜔, 𝑘𝑥2 =


⎷𝑘2𝑦−

𝜌ℎ
𝐷 𝜔, 𝑘𝑦 =

𝑛𝜋
𝐿𝑦

(4.6)

Which forms the following displacement expression:

𝑢(𝑥,𝑦,𝑡) = ⒧𝑃0𝑎1e−𝑘𝑥1𝑥+𝑃0𝑎2e−𝑘𝑥2𝑥⒭sin(𝑘𝑦𝑦)e𝑖𝜔𝑡 (4.7)

where 𝑃0 is the force amplitude applied to the plate by the supports.

PROPAGATION CONSTANT SIMULATION
Taking the expressions of 𝑎1, 𝑎2, 𝑘𝑥1 and 𝑘𝑥2 we can calculate 𝜇 with equation (4.4).
Figure 4.5 represent the evolution of the propagation constant 𝜇 over an extended
frequency range. We can notice two types of regions: one where the imaginary part
of the propagation constant 𝜇𝑖 is constant while the real part 𝜇𝑟 is non-zero, and the
otherwhere the imaginary part is varying and the real part is zero and constant. Both
regions corresponds to attenuation and propagation zones respectively. As the evo-
lution of waves depends on e𝜇 between each junctions, when 𝜇𝑖 is constant all wave
motions decay, andwhen𝜇𝑖 varies propagation occurs. We thus have a succession of
attenuating zones (band-gaps) and propagating zones (pass-bands). This frequency
feature canbeobserved in all periodic structures. Natural frequencies aswell asmax-
imum vibration amplitudes are usually found inside the propagation zones and de-
pends significantly on the phase constant within these bands.

In our case we are interested in the first attenuation zone. Its range depends on
the lower bounding frequency of the following propagation zone which is identical
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Figure 4.5: Representation of the real part (solid red line) and imaginary part (dashed green line) of the
propagation constant 𝜇 for a simply-supported semi-infinite plate of width 𝐿𝑦 = 175mm on periodic
rigid simple supports equispaced of 𝐿𝑥 = 21.2mm. When 𝜇 is real we have attenuation between each
beam sections. When 𝜇 is purely imaginary we have propagation. The alternation between real and
imaginary part forms a set of propagation and attenuation band-gaps.

with the fundamental natural frequency of one junction element. In otherwords, the
cut-off frequency of a junction in the y-direction corresponds to the upper bounding
frequency of our first attenuation zone found in the x-direction. Thus, a plate with
periodic supports is defined by a cut-off frequency under which vibrations will be
confined to the actuated area.

4.3.3. EXPERIMENTAL VALIDATION
APPARATUS
To verify the spatial localization of low-frequencywaves provided by ourmethod, we
have set up a system designed to allow a user to freely explore a surface. The size of
the device thus corresponds to the size of an adult hand, and the number of areas
formed corresponds to the number of fingers. The only requirement associated with
the implementation of this method is having a plate correctly bounded periodically
to a rigid frame. If each createdareahave awaveguide geometry, latemodeactivation
occurs and a localized vibration can be obtained in both axis.

Mechanical components. Theapparatus consists in a glass plate, measuring 150×
130×0.5mm3, bounded on a set of 6 equidistant supports of width 4mm forming 5
areas. In order to provide haptic feedbacks, piezoelectric actuators (muRata 7BB-20-
3) of circular geometry, composed of two parts: a plate of diameter 20mm, thickness
of 0.1mm; andapiezoelectric transducer of diameter 12.8mm, thickness of 0.11mm,
were glued on the bottom side of the plate between each supports. The out of plane

https://www.murata.com/en-us/api/pdfdownloadapi?cate=&partno=7BB-20-3
https://www.murata.com/en-us/api/pdfdownloadapi?cate=&partno=7BB-20-3
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displacement of the surface is measured by a laser vibrometer (OFV-505/OFV-5000)
mounted on a motorized 3 axis platform. This setup is illustrated on Figure 4.6.

Figure 4.6: Experimental setup. A glass plate is bounded onto a set of 6 equidistant supports with
epoxy resin. The actuators are glued to the bottom of the plate, 5 per area between each rib, for a total
of 25 actuators.

Driving components. Because vibration localization is induced by the propaga-
tionmediumgeometry, no specific calculation norwave control implementation are
needed. Signal amplification for eachactuatorswasassuredbyaPiezoHapticsDriver
DRV8662 fromTexas Instrument. A voltage outputmoduleNI-9264was used to send
requested analog signals to each driver for amplification. Communication with the
NI-9264 voltage output module and signal design was made with Python using the
PyDAQmx package [9].

SYSTEM FREQUENCY RESPONSE FUNCTION (FRF)
The frequency response function or FRF (ratio of the displacement at a given point
to the voltage applied to an actuator in the frequency domain) for the actuator was
measuredby sending a linear sweep signal of 40Vamplitude going from 0Hz to 5 kHz
sampled at 10 kHz. All measurements were assured by a Doppler vibrometer OFV-
505/OFV-5000 mounted on a motorized 3 axis platform. Figure 4.7 displays FRFs at
the center of the actuator (light pink) and outside the actuator in the same junction
(light green) and in the adjacent junction (darkblue). Anoticeabledifferenceof20dB
in average spreading from 0 to 1 kHz can be observed between inside and outside the
actuator. In this frequency band gap, elastic waves do not propagate throughout the
plate. The FRFs at other points were also measured and show the same behavior,
though with some differences. Unfortunately, proper clamping conditions were not
assured during the mounting process thus leading to different cut-off frequencies at
other points. The boundary condition being made with epoxy resin we can assume

http://old.polytec.com/fileadmin/user_uploads/Products/Vibrometers/OFV-50X/Documents/OM_DS_OFV-505_E_42347.pdf
http://old.polytec.com/fileadmin/user_uploads/Products/Vibrometers/OFV-5000/Documents/EN/OM_DS_OFV-5000_E_42346_01.pdf
https://www.ti.com/lit/ds/symlink/drv8662.pdf?ts=1624019013745&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FDRV8662
https://www.ti.com/lit/ds/symlink/drv8662.pdf?ts=1624019013745&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FDRV8662
https://www.ni.com/pdf/manuals/374404a_02.pdf
https://www.ni.com/pdf/manuals/374404a_02.pdf
https://pythonhosted.org/PyDAQmx/
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-505.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-505.pdf
https://github.com/AyoubBenDhiab/ABD-ThesisAppendices/blob/7a6e5a95a4da23f093abb7296f11827160000d2f/polytec-ofv-5000_datasheet.pdf
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Figure 4.7: Experimental system frequency response function (FRF)𝐻dB = 20 log10 |𝐻| at the center of
the activated actuator and outside in two points outside the actuator located in the adjacent junction
and same junction to the actuator.

Figure 4.8: Quadraticmean of the out of plane displacement of the plate for 1, 2, 3, 5, 6 and 7 actuators
activated at same time. Vibration sources are localized and reach a vibration rms amplitude above
1.6 𝜇m while most of the un-actuated area of the plate stays at rest.

that eventual air bubbles or gaps could have been left and implying behavior dif-
ferences between each area and locally within each area. This observation becomes
clearer in the following sections.

STIMULI CONFINEMENT
To illustrate the spatial localization of vibrotactile stimuli allowed by the device, we
mapped the out of plane displacement of the plate submitted to signals sent with
multiple piezoelectric actuators. We chose a 250 Hz (tactile sensitivity peak [10])
5 cycles burst excitation and a driving voltage amplitude of a 100 V for every actuator
used. Figure 4.8 shows themaximumdisplacement throughout the platewhenusing
1, 2, 3, 5, 6 and 7 actuators at the same time. We can notice that waves are confined
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Figure 4.9: Quadratic mean with a logarithmic scale of the plate submitted to 5 activated actuators.
Most of the energy is localized above each piezoelectric actuator but leaks due to poor bounding con-
ditions can be noticed.

above activated actuators with RMS amplitudes reaching 1.5 𝜇m inside the actuator
area. Outside the actuated area, waves propagating along the y-axis are evanescent
and die exponentially. Along the x-axis, we also have evanescence but this time due
to the periodical supports. The energy representationwith a logarithmic scale of Fig-
ure 4.9 shows certain areas of interest. Apart from the localized energy above each
actuated area, we can note leaks (light green dash-dot frame) with a 15 dB ampli-
tude difference between vibrations inside actuated areas and leaked vibrationswhile
other areas present a 30dBdifference. This leak is actually due to clamping imperfec-
tion caused during the prototype assembly. Another area which is less visible (light
green dashed frame), asses the evanescent behavior along the x-axis due to the set of
supports. This important loss of energy (around 25 dB loss) comes from the evanes-
cence behavior and the width of the supports which, by providing strong bending
moments, reduce the transmitted energy. The use of thinner supports would also
provide a localized effect as long as their stiffness (in both translation and rotation)
are guarantied.

4.4.DEMONSTRATION PROTOTYPE

F OR theEuroHaptics 2020weprepared aprototype for demonstrationpurpose. In
the same way as Section 3.6, we wanted to show the spatial localization of vibro-

tactile stimuli as well as the possibility of multi-point feedback and the exploration
freedom provided by this approach.
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Figure 4.10: Demonstration prototype. A glass plate 175×130×0.7mm3 is bounded to periodic rigid
supports forming 5 sub-areaswith awaveguide form. In each 5 sections 6piezoelectric actuatorswere
applied thus forming an array of 30 actuators with a spatial resolution of 25mm.

4.4.1.HARDWARE AND SOFTWARE
This haptic prototype was designed thinking that users would want to explore the
surface with their whole hand. The size of the interaction area 175×130×0.7 mm3

thus corresponds to the size of an adult hand. The spacing of the periodic supports
21.2 mm was chosen by experience because it allowed a cut-off frequency above
1 kHz and sufficient amplitudes for haptic applications, coincidentally it also allowed
to form 5 areas (1 area for each fingers in the case of a static hand resting on the de-
vice). We applied 6 actuators per area, thus forming a matrix of 30 actuators equis-
paced of 25 mm in both direction (Figure 4.10). Measurements showed that ampli-
tudes reached 4 𝜇m(8 𝜇mpeak-to-peak). In order to drive each actuator, we used 30
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Figure 4.11: Qt interface consisting of three scenarios.

Piezo Haptics Driver DRV8662 from Texas Instrument integrated in a custom-made
lookalike circuit of the of the DRV8662 evaluation module. Two voltage output mod-
ules NI-9264 were used to send requested analog signals to each driver for amplifi-
cation.

Using Qt, we programmed an interface on a touchpad offering 3 scenarios (Fig-
ure 4.11). The first one allowed the user to activate one or more of the 30 areas avail-
able. The second onewas using apparentmovement to give the illusion of a continu-
ous wave traveling throughout the hand from one side to another. The last one gave
the possibility to the user to create a spatial pattern by selecting the areas to be acti-
vated as well as the activation timing and window thus allowing static (simultaneous
activation) or dynamic (i.e. phantom illusions) patterns.

4.4.2. ADDITIONAL MEASUREMENTS
Thelast apparatuspresented someassemblydefectswhich limiteduson its frequency
analysis. With this new prototype we tried to extend our analysis to higher frequen-
cies. Unfortunately, analyzing the system in terms of wave numbers did not lead to
any usable results and did not allow us to highlight the notion of propagation con-
stant mentioned earlier. However, by observing the frequency spectrum in space we
can still distinguish certain behaviors. In Figure 4.12, we can see that localization
is still present at frequencies as high as 2.6 kHz. Going further in frequency, even-
though the plate is strongly bonded to the frame through the ribs, energy spreads
throughout the plate with some particularities. Again, we cannot draw clear bound-
aries and define propagation and attenuation zones but we can observe that de-

https://www.ti.com/lit/ds/symlink/drv8662.pdf?ts=1624019013745&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FDRV8662
https://www.ti.com/lit/ug/slou319b/slou319b.pdf?ts=1623967376655
https://www.ni.com/pdf/manuals/374404a_02.pdf
https://www.qt.io/
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Figure 4.12: Top: System frequency response function (FRF)𝐻dB = 20 log10 |𝐻| inside and outside the
activated zone. Bottom: Plate behavior at different frequency.

pending on the frequency the energy can easily spread throughout the plate (Fig-
ure4.12(b)) or is strongly attenuatedandconfined to its regionoforigin (Figure4.12(c)).
The last case depicted in Figure 4.12(d) is not exclusive to plates with periodic struc-
tures and comes from an interference phenomenon produced by the nature of the
piezoelectric actuation. This “feature” of piezoelectric actuation was used in previ-
ous research by Hudin [11] and is further discussed in chapter 5.

4.4.3. AUDIENCE FEEDBACK AND DISCUSSION
Due to theCovid-19outbreak the setupwasnotpresentedduring theEHC2020 inLei-
den, Netherlands. But fortunately we were still able to present it during a presenta-
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tion at the ISIR laboratory of Sorbonne University. Like our first prototype presented
in chapter 3, people were surprised that we could easily produce local feedback and
produce apparent movement throughout the hand. Most questions were about the
resolution of such device and the integration capability in tactile devices.

The haptic resolution depends on two things, the number of actuators and the
number of periodical supports. Increasing the number of actuators would be really
interesting and beneficial but the apparatuswould have to bemadewith proper pro-
cedures for applying piezoelectric array and supports. As a matter of fact, we saw
previously that this localization technique depends almost entirely, if not entirely, on
thequality of bondingprocedures. Lowquality boundingdirectly lead to energy leak-
age and loss of localization and contrast. Increasing the number of supports while
keeping the same plate dimensions would lead to lower amplitudes and a wider low
frequencybandgap. Wealsohave to keep inmind that supports have a certain geom-
etry and stiffness which define the frequency evolution of the propagation constant
𝜇. With thin supports, chances are that the rigidity in translation and rotation would
imply pairs of solutions for 𝜇 at each frequency thus leading to some propagation in
attenuation zones.

4.5.DISCUSSION AND PERSPECTIVE

T HE presented method can provide localized vibrotactile feedback in several ar-
eas of a continuous plate. The confinement is achieved along both axis by low

frequency evanescence phenomenon: one based on the geometry of the propaga-
tion medium; the other based on the periodically placed supports. This system is
particularly unique and there is to our knowledgeno setupwith such capabilities and
we believe that our device offers new possibilities for studying the tactile perception
and to develop new interactions. The interface is simple and robust, i.e. it does not
require any special signal processing or computation to work and is not impacted
by user interaction. However, since evanescent waves are used, the localization of
stimuli is only done in the area of each actuator. In order to increase the resolution
of such a device, the number of actuatorsmust bemultiplied aswell as the number of
supports. It raises questions about the control electronics, the power consumption
and the available amplitude (sufficient amplitudes cannot be guaranteed with small
actuators).

Another point that can also be addressed is concerning possible use case of such
device. We believe that the method in question is easily applicable to medium to
large surfaces such as car dashboards. Breitschaft et al. [12] indicates that in the
automotive domain four tasks must be performed by tactile interiors: exploration,

https://www.isir.upmc.fr/
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detection, identification and usage. These tasks are already achievable as is if the
method is applied to a thin touch screen (< 2mm). The user can explore the surface
freely with one or more fingers or by sliding or tapping or even by placing his hand
entirely on the surface without changing its behavior. The detection of the localized
stimulus and its identification is ensured by the shape and frequency content of the
signal used, which can also be varied according to the position of the fingers if one
wants to create areas with different vibratory behaviors. Finally the confirmation ac-
tion is done by the selected zoneby sending a signalwith a strong frequency dynamic
to simulate a button (this function can be improved by adding a force sensor).

Webelieve that interestingeffects throughout thehand (like apparentmotion [13]
or funneling illusion [14, 15]) can also be studied thanks to this method. By placing
the user’s hand on the device we can create localized vibrotactile stimuli in multiple
places of the hand at the same time or with a time delay. Playing on the time delay
and stimuli waveform we can create compelling feelings on the user’s hand.

This prototype can also be compared to pin-array interfaces and could realize, to
some extent, the same task as the HaptiComm [16]. The HaptiComm is a promising
device improving the communication of deafblind people. The user’s hand is laying
on a custom-made 3D-printed imprint of their hand. An array of electromagnetic
actuators which can emulate tapping, place-and-hold and swipping of a finger on
the hand with great fidelity is placed facing the hand. With those three basic interac-
tion the device can recreate several deafblind tactile fingerspelling. One of the first
comparison we can make with the HaptiComm and pin-arrays interfaces in general
is related to the actuators. The electromagnetic actuators constituting them can pro-
vide important amplitude, force and skin deformation on small areas of the hand
(5 mm2) whereas our device can only produce noticeable stimuli on large area (fin-
gertip scale). On the other side, piezoelectric actuators are less cumbersome than
pin-arrays and have less power-consumption which is suitable for tactile screen ap-
plications. Smaller vibrotactile spots would be achievable by reducing the distance
between each support but will result in reduced amplitudes. Optimizing material
properties could prevent to some extent the amplitude loss but would change the
first cut-off frequency of the system. Keeping a balance between each variable de-
pending on the application is thus essential and the implementation of optimization
schemes with finite element simulation would be of great interest. The Hapticomm
also ensures to the user a comfortable rest of the hand while in the case of a plate
the contact with the palm is guaranteed only by adopting a certain position which
can, for long duration of interactions, become uncomfortable. In our knowledge, the
method presented in this chapter is not limited to flat medium. We can thus imag-
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ine 3D-printing a continuous medium adapted to the user’s hand where we would
conveniently apply periodic rigid supports and piezoelectric actuators in areas of in-
terest.

4.6. CONCLUSION

P ERIODICALLY supported plates allow for the localization of vibrotactile stimuli.
A piezoelectric actuator bounded to such medium mostly produce evanescent

waves which are confined to the actuator covered area as long as the driving fre-
quency is lower than the first cut-off frequency of our system. No control strategies
nor signal processing are needed, directly sending the desired signal to the desired
actuator suffice in order to obtain a localized vibrotactile stimuli. Multi-touch and
multi-user interactions can therefore be implemented with ease. Application such
as tactile finger-spelling [16], tactile keyboard [17, 18], tactile memory games [19]
and experimentation on subitizing [20, 21] and saliency [22] of vibrotactile spots on
tactile surfaces canbe implemented. Although thepresence of actuators underneath
the plate limits applications to surfaces where transparency is not necessary, recent
breakthroughs shows that transparent piezoelectric actuators are at hand [23] mak-
ing our technology compatible with screen surfaces.
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NOMENCLATURE
ABBREVIATIONS

Abbreviation Definition
FRF Frequency Response Function
rms Root-Mean-Square (power measurement)

SYMBOLS

Symbol Definition Unit
𝑎 Width m
(𝑎1,𝑎2) Geometry dependent terms ∼
𝐷 Bending stiffness N.m
𝐸 Young’s modulus GPa
ℎ Thickness m
𝐻 Average transfer function m/V
𝐻𝑟𝑒𝑓 Reference𝐻 transfer function value m/V
𝐻𝑑𝐵 Average transfer function dB
(𝑘1,𝑘2) Wave numbers m−1

𝐿𝑥 Section width m
𝐿𝑦 Section length m
𝑃0 Force applied by the supports N
𝑊 Plate width m
(𝑥,𝑦) Space coordinates m
𝜇 Propagation constant ∼
𝜇𝑟 Reel part of the propagation constant ∼
𝜇𝑖 Imaginary part of the propagation constant ∼
𝜈 Poisson’s ratio ∼
𝜌 Density kg/m3

𝜔 Circular frequency rad/s
𝜔𝑛 Circular cut-off frequency rad/s
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5
NON-RADIATING FREQUENCIES FOR

LOCAL FRICTION MODULATION

Ultrasonic frictionmodulation can elicit texture sensations on a smooth surface but is
currently limited to single touch exploration. This chapter develops a technique intro-
duced in 2017 by C. Hudin that locally modulates tactile friction on a surface to allow
for a multi-touch exploration. Using this technique, the friction modulation effect is
co-locatedwith the actuator through the use of specific non-radiating frequencies. Be-
cause waves do not propagate in the surface at these specific frequencies, the vibration
amplitude is controlled locallywith a simple harmonic excitation of the actuators. The
existence of such frequencies is explained through a semi-analytic model of piezoelec-
tric actuation. The ability to locally control the vibration field and to modulate the
friction is demonstrated experimentally on a thin glass plate. Extension to a matrix
of piezoelectric actuators is also explored and applications were proven possible on an
OLED screen.
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5.1. INTRODUCTION

U NTIL this point, we searched for ways to localize stimuli with a frequency spec-
trum in the tactile perception range (10 to 1000Hz [1]). We adjusted the prop-

agation medium geometry and boundary conditions to create an attenuation band-
gap in frequencies of interest with waveguides in chapter 3 (1D approach) and peri-
odic supports in chapter 4 (2D approach).

Like most products that use haptic stimuli (smartphones, gamepads...) to share
information, we used low frequency vibrations in our configurations to produce nor-
mal forces not across the entire surface, as it is systematically the case in existing
technologies, but spatially localized, allowing the user to benefit from haptic feed-
back on discrete contact areas. The use of normal forces is not the only way to pro-
duce haptic feedback. We can also produce tactile effects by modulating the force
in the tangential plane. Following Basdogan et al. taxonomy [2], we can distinguish
three categories of actuation methods generating forces in the tangential plane: lat-
eral vibration, net tangential force and friction modulation. The latter is the most
studied and there are already startups pushing this technology onto the market. By
using ultrasonic waves, one can generate a squeeze film of air and intermittent con-
tact between a surface and a sliding finger [3]. Both mechanisms contribute to the
friction reduction phenomena which is called active lubrication [4]. To create ultra-
sonic waves, piezoelectric actuator are glued to a surface and powered with a sine
signal at a plate resonance above 20 kHz. As such, the whole plate vibrates reducing
the user interaction to a single finger exploration. Natural haptic exploration neces-
sarily involvesmultiple fingers [5] and evenmore during blind exploration e.g. inter-
actions with car dashboards during driving. Thus we believe that providing feedback
to multiple fingers can communicate more information and guide the user in com-
plex tasks.

In this chapter, we aim to localize ultrasonic waves to create local friction modu-
lation and allow for multi-finger and multi-user interaction on a surface. In the con-
tinuity of past research [6] on non-radiating frequencies, we propose in this chapter
a semi-analitic 2d model, extend the technique to an hexagonal meshed actuator
matrix and demonstrate its feasibility on an OLED screen.

5.2. LOCALIZED ULTRASONIC LUBRICATION
5.2.1. PRINCIPLE
A thin piezoelectric actuator perfectly bonded to a plate produces punctual radial
forces at its outer edge [7, p. 515] (Figure 5.1.a). On the plate neutral plane, these
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Figure 5.1: Pin force model of piezoelectric actuation. (a) A perfectly bounded piezoelectric patch (in
yellow) produces two tangential forces at the plate surface localized at the actuator boundary in 𝑥 =
±𝑅. (b) These tangential forces produce compression forces and bending moments in the plate. (c)
For bending waves, the patch actuation resumes to two bending moments and an increased stiffness
and density in the actuator-covered area.

radial forces are equivalent to compression forces and bending moments that give
birth to longitudinal compression waves and transverse flexural waves respectively
(Figure 5.1.b). Thus, we can examine piezoelectric generation of flexural waves in
a plate by considering punctual bending moments 𝑀 applied on the plate and an
increased bending stiffness 𝐷 and mass density 𝜌 in the area covered by the actua-
tor (Figure 5.1.c). The waves produced by a circular actuator are said to be circular-
crested waves. Meaning that the waves generated from the actuator are propagating
in a concentric circular pattern. To analyze these waves we will use cylindrical coor-
dinates (𝑟, 𝜃, 𝑧). The equation governing the transverse motion 𝑢(𝑟,𝜃,𝑡) in a plate
has the following general form [8, p. 233]:

𝜌ℎ𝜕
2𝑢
𝜕𝑡2 +𝐷∇

4𝑢 = 0 (5.1)

with 𝑚 the mass per surface unit, 𝐷 the bending stiffness and ∇4 the biharmonic
operator. The bending stiffness𝐷 is expressed as:

𝐷 =
𝐸

1−𝜈2𝑧
2𝑑𝑧 (5.2)

The plate bending stiffness is therefore :

𝐷(𝑟 > 𝑅) =𝐷𝑒 =
𝐸𝑝

1−𝜈2𝑝

ℎ𝑝/2

−ℎ𝑝/2
𝑧2𝑑𝑧 =

𝐸𝑝
12⒧1−𝜈2𝑝⒭

ℎ3
𝑝 (5.3)
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While the actuator stiffness is :

𝐷𝑎 =
𝐸𝑎

1−𝜈2𝑎

−ℎ𝑝/2

−ℎ𝑝/2−ℎ𝑎
𝑧2𝑑𝑧 = 𝐸𝑎

12⒧1−𝜈2𝑎⒭
⒧3ℎ2

𝑝ℎ𝑎 +6ℎ𝑝ℎ2
𝑎 +4ℎ3

𝑎⒭ (5.4)

Giving the overall stiffness :

𝐷(𝑟 < 𝑅) =𝐷𝑖 =
𝐸𝑝

12⒧1−𝜈2𝑝⒭
ℎ3
𝑝+

𝐸𝑎
12⒧1−𝜈2𝑎⒭

⒧3ℎ2
𝑝ℎ𝑎 +6ℎ𝑝ℎ2

𝑎 +4ℎ3
𝑎⒭ (5.5)

whereℎ𝑝,ℎ𝑎,𝐸𝑝,𝐸𝑎 and𝜈𝑝, 𝜈𝑎 are the thickness, Young’smodulus andPoisson’s ratio
of the plate and the actuator respectively. For the mass per surface unit we have:

𝑚(𝑟 > 𝑅) =𝑚𝑒 = 𝜌𝑝ℎ𝑝, 𝑚(𝑟 < 𝑅) =𝑚𝑖 = 𝜌𝑝ℎ𝑝+𝜌𝑎ℎ𝑎 (5.6)

Also, the biharmonic operator ∇4 is in circular coordinates:

∇4 =∇2∇2 = ⒧ 𝜕
2

𝜕𝑟2 +
1
𝑟
𝜕
𝜕𝑟 +

1
𝑟2

𝜕2
𝜕𝜃2 ⒭⒧

𝜕2
𝜕𝑟2 +

1
𝑟
𝜕
𝜕𝑟 +

1
𝑟2

𝜕2
𝜕𝜃2 ⒭ (5.7)

Inour case, theproblem is𝜃-invariant and thebiharmonicoperator canbe simplified
as:

∇4 = ⒧ 𝜕
2

𝜕𝑟2 +
1
𝑟
𝜕
𝜕𝑟 ⒭⒧

𝜕2
𝜕𝑟2 +

1
𝑟
𝜕
𝜕𝑟 ⒭ (5.8)

= 𝜕4
𝜕𝑟4 +

2
𝑟
𝜕3
𝜕𝑟3 −

1
𝑟2

𝜕2
𝜕𝑟2 +

1
𝑟3

𝜕
𝜕𝑟 (5.9)

Assuming harmonic motion with

𝑢(𝑟,𝑡) = 𝑢̂(𝑟)𝑒−𝑖𝜔𝑡

we can write :
𝐷∇4𝑢̂ −𝑚𝜔2𝑢̂ = 0 (5.10)

we can therefore define the wave number as:

𝑘4 = 𝑚
𝐷 𝜔2 (5.11)

Leading to the following frequency relation:

(∇2−𝑘2)(∇2+𝑘2)𝑢̂ = 0 (5.12)
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This equation is satisfied when:

(∇2−𝑘2)𝑢̂ = 0 or (∇2+𝑘2)𝑢̂ = 0

After multiplying by 𝑟2 the previous relations, we form Bessel and modified Bessel
equations of order 0 thus yielding the following general solution:

𝑢̂ = 𝐴𝐽0(𝑘𝑟)+𝐵𝑌0(𝑘𝑟)+𝐶𝐼0(𝑘𝑟)+𝐷𝐾0(𝑘𝑟) (5.13)

Inside the actuator boundary (𝑟 < 𝑅), we have finite solutions which excludes𝐾 and
𝑌 terms as they tend to infinity when 𝑥 → 0. Recalling that 𝐼0(𝑘𝑟) = 𝐽0(𝑖𝑘𝑟), we can
express with Bessel functions of the first kind:

𝑢̂(𝑟 < 𝑅) = 𝐴1𝐽0(𝑘𝑖𝑟)+𝐴2𝐽0(𝑖𝑘𝑖𝑟) (5.14)

Outside the actuator boundary (𝑟 > 𝑅), we have propagative solutions which we can
express with Hankel functions of the first kind as:

𝑢̂(𝑟 > 𝑅) = 𝐴3𝐻 (1)
0 (𝑘𝑒𝑟)+𝐴4𝐻 (1)

0 (𝑖𝑘𝑒𝑟) (5.15)

The term 𝐻 (1)
0 (𝑘𝑟) corresponds to an outward propagating wave and 𝐻 (1)

0 (𝑖𝑘𝑟) is a
rapidly attenuating evanescent wave.

As explained in the first paragraph of this section, we consider here a pin force
model of piezoelectric coupling [7, p. 515] (Figure 5.1.a), the actuation by a ceramic
coupled to a thin plate is reduced to a bending moment 𝑀𝑝 exerted on the plate
around the actuator in 𝑟 = 𝑅. We also have continuity regarding displacement, its
derivatives as well as continuity of torques and shearing forces leading to:

𝑢̂(𝑟 = 𝑅−) = 𝑢̂(𝑟 = 𝑅+)
𝜕𝑢̂
𝜕𝑟 (𝑟 = 𝑅−) = 𝜕𝑢̂

𝜕𝑟 (𝑟 = 𝑅+)

𝑀𝑟(𝑟 = 𝑅−) =𝑀𝑟(𝑟 = 𝑅+)+𝑀𝑝

𝑉𝑟(𝑟 = 𝑅−) = 𝑉𝑟(𝑟 = 𝑅+)

(5.16)

with the bending moment𝑀𝑟 :

𝑀𝑟 =−𝐷𝜕
2𝑢̂
𝜕𝑟2 +𝜈

1
𝑟
𝜕𝑢̂
𝜕𝑟  (5.17)
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and the shear stress 𝑉𝑟 :

𝑉𝑟 =−𝐷 𝜕
𝜕𝑟∇

2𝑢̂ = −𝐷𝜕
3𝑢̂
𝜕𝑟3 +

1
𝑟
𝜕2𝑢̂
𝜕𝑟2 −

1
𝑟2
𝜕𝑢̂
𝜕𝑟  (5.18)

And 𝑀𝑝 the bending moment exerted on the plate along the circumference of the
actuator at 𝑟 = 𝑅 and given by [9, p.408] as:

𝑀𝑝 =𝐹
ℎ𝑝
2 =

ℎ𝑝
2 𝑅𝜏 =

ℎ𝑝𝑅
2

𝜓
𝛼+𝜓

ℎ𝑎
𝑅 𝐸𝑎𝜖

=
ℎ𝑝𝑅
2

𝐸𝑝ℎ𝑝
𝐸𝑎ℎ𝑎

4+ 𝐸𝑝ℎ𝑝
𝐸𝑎ℎ𝑎

ℎ𝑎
𝑅 𝐸𝑎

−𝑑31𝑉
ℎ𝑎

=− 𝐸𝑝ℎ𝑝
4+ 𝐸𝑝ℎ𝑝

𝐸𝑎ℎ𝑎

ℎ𝑝
ℎ𝑎

𝑑31𝑉
2

where 𝑉 is the voltage introduced in the piezoelectric actuator and 𝑑31 the piezo-
electric coefficient. The set of equations (5.16), together with the expressions of dis-
placements given in (5.14) and (5.15) provide, for each frequency, a set of four linear
equations:

𝔾𝔸= 𝔽 (5.19)

with𝔸= 𝐴1,𝐴2,𝐴3,𝐴4𝑇 and 𝔽 = 0,0,𝑀𝑝,0
𝑇
. This canbe solvedbymatrix inversion

toobtain the complex amplitudeof thewavesproducedby thepiezoelectric actuator.
The vibration amplitude at the center of the actuator is then given by |𝑢̂(𝑟− = 0)| =
|𝐴1+𝐴2| and the amplitude of outward propagating waves is |𝑢̂(𝑟 >> 𝑅)| = |𝐴3|.

For localization purposes we seek frequencies where the amplitude of outward
propagating waves |𝐴3| becomes zero. To do so, we can use adjugate matrices and
write:

𝐴3 =𝑀𝑝
det ⒧𝔾 ↓3,3⒭

det(𝔾) (5.20)

with 𝔾 ↓3,3 the sub-matrix of 𝔾 without its 3rd line and column. Thus we seek solu-
tions where det ⒧𝔾 ↓3,3⒭ = 0. After derivation and simplification we can write 𝔾 ↓3,3:

𝔾 ↓3,3=
⎡
⎢⎢
⎣

𝐽0 ⒧𝑅𝑘𝑖⒭ 𝐼0 ⒧𝑅𝑘𝑖⒭ −𝐻 (1)
0 ⒧𝑖𝑅𝑘𝑒⒭

−𝑘𝑖𝐽1 ⒧𝑅𝑘𝑖⒭ 𝑘𝑖𝐼1 ⒧𝑅𝑘𝑖⒭ 𝑖𝑘𝑒𝐻 (1)
1 ⒧𝑖𝑅𝑘𝑒⒭

−𝐷𝑖𝑘3𝑖 𝐽1 ⒧𝑅𝑘𝑖⒭ −𝐷𝑖𝑘3𝑖 𝐼1 ⒧𝑅𝑘𝑖⒭ −𝑖𝐷𝑒𝑘3𝑒𝐻 (1)
1 ⒧𝑖𝑅𝑘𝑒⒭

⎤
⎥⎥
⎦

(5.21)

By assuming that mass and rigidity of the piezoelectric actuator are negligible, we
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can write that 𝑘𝑖 =𝑘𝑒 =𝑘. Thus leading to the following expression:

det ⒧𝔾 ↓3,3⒭ =
4𝑖𝐷𝑘3
𝜋𝑅 𝐽1 ⒧𝑅𝑘⒭ = 0 (5.22)

with𝑚𝑖 =𝑚𝑒 =𝑚 and𝐷𝑖 =𝐷𝑒 =𝐷.
Thus det ⒧𝔾 ↓3,3⒭ is zero for wave number𝑘 verifying 𝐽1 ⒧𝑅𝑘⒭ = 0. Taking𝛼𝑛 as solution
of 𝐽1 (𝑥), giving 𝑘𝑛 =𝛼𝑛/𝑅, we can write using (5.11) that:

𝑓𝑛 =
1
2𝜋

𝐷
𝑚 ⒧𝛼𝑛𝑅 ⒭

2
(5.23)

with 𝛼𝑛 = 3.83, 7.02, 10.17, …
At those frequencies, which we will call non-radiating frequencies, the amplitude of
outwardpropagatingwaves is theoretically null thus allowing localizationof high fre-
quency signals (for haptic applications such as friction modulation for example).

5.2.2.NUMERICAL IMPLEMENTATION
In Figure 5.2, we plot the constants which frequency evolution represents the behav-
ior of the plate inside and outside the actuated area using dimensions and mechan-
ical properties of the experimental setup described in the following section. We can
notice that the amplitude of the propagating waves is canceled out around frequen-
cies 58 kHz and 184 kHz, while the amplitude at the center of the actuator remains
non-zero. At these frequencies the piezoelectric actuator is non-radiating and only
evanescent waves are produced, except in the area covered by the actuator. In the
case of local frictionmodulation, choosing one of these frequencies as the carrier fre-
quency will ensure a localized displacement of the plate. The relation given in equa-
tion (5.23) gives us the first and second non-radiating frequency equal to 51.4 kHz
and 172.4 kHz which are relatively close to the obtained values. Better precision can
be achieved if det ⒧𝔾 ↓3,3⒭ = 0 was numerically resolved without assuming that mass
and rigidity of the piezoelectric are negligible.

5.2.3. EXPERIMENTAL VALIDATION
To asses our model we made a simple setup consisting of a piezoelectric actuator
PIC255 (𝑅 = 10 mm, ℎ𝑎 = 0.5 mm, 𝜌𝑎 = 7800 kg/m3, 𝐸𝑎 = 62.1 GPa, 𝜈𝑎 = 0.3) glued
on a borosilicate glass plate (300 × 200 × 1.1 mm3, 𝜌𝑝 = 2200 kg/m3, 𝐸𝑝 = 64 GPa,
𝜈𝑝 = 0.2) which is fixed by a foam tape to a rigid frame. The frequency behavior map-
ping of part of the plate (80×80mm2 grid) was measured point by point with a laser
vibrometer (Polytec OFV-534/2570) mounted on a motorized 3 axis platform. From

http://www.vibrometry.co.kr/OFV-534.pdf
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Figure 5.2: Top: Vibration amplitude at the center of the actuator (solid red line) and amplitude of the
outward propagative wave (dashed green line) obtained with ℎ𝑎 = 0.5mm, ℎ𝑝 = 1.1mm, 𝑅 = 10mm,
𝐸𝑎 = 62.1 GPa, 𝐸𝑝 = 64 GPa, 𝜌𝑎 = 7800 kg/m3, 𝜌𝑝 = 2200 kg/m3, 𝜈𝑎 = 0.34 and 𝜈𝑝 = 0.2. Amplitudes
are relative to the amplitude at the center of the actuator at 𝑓 = 58 kHz and 𝑓 = 184 kHz. Bottom:
Plate deformation at different frequencies. In cases (b) and (d), only evanescent waves are produced
outside of the actuated portion of the plate.
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Figure 5.3: Averaged system frequency response function (FRF)𝐻dB = 20 log10 |𝐻| inside and outside
the activated actuator. Around 𝑓 = 54.5 kHz a first drop in amplitude of −15 dB can be observed,
implying a higher amplitude in the center of the actuator than outside at this frequency. A second
drop around 141 kHz seems to be happening but is polluted with resonances making it hard use.
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this measurement we plot the averaged system frequency response inside and out-
side the actuator in order to check the presence of non-radiating frequencies. Fig-
ure 5.3 shows around 54.5 kHz a first drop of amplitudes reaching −15 dB in aver-
age outside the actuator. A second drop around 141 kHz seems to be happening but
modal noise makes it unclear. We assume those drops of amplitude to be the non-
radiating frequencies revealed in Section 5.2.2. The value of the first non-radiating
frequency (54.5 kHz) is close to the one found with the semi-analytic model (58 kHz)
which constitutes a good approximation knowing that there are uncertainties con-
cerning the bonding of the actuator and the numerical values used in the simulation.

5.3. EXTENSION TO A DENSE ARRAY OF ACTUATORS

(a) (b) (c) (d)

Figure 5.4: Piezoelectric distribution. a) Circular pattern. b)High density circular pattern. c)Hexagon
pattern. d) Triangular pattern.

P REVIOUS section showed the existence of non-radiating frequencies in the case
of a circular piezoelectric actuator. Now, as the localization provided by non-

radiating frequencies is confined to the actuated region, using only circular actua-
tors will lead to dead zones i.e. zones where controlling haptic feedbacks becomes
impossible (Figure 5.4.a). In order to provide a continuous feedback under the finger
throughout the surface, we couldmultiply the number of actuators by reducing their
surface area (Figure 5.4.b), but smaller actuators means lower amplitudes hinder-
ing haptic applications and higher non-radiating frequencies (difficult to amplify).
To maximize amplitudes, circular-shaped actuators are not optimal, using hexagons
would allow us to fully use the available space (Figure 5.4.c). But yet again we would
have to reduce the surface area to provide feedback continuity. To preserve ampli-
tudes while multiplying the number of possible actuated area we have to mesh our
actuator: from hexagons we propose using triangles (Figure 5.4.d). By activating six
triangular electrodes, we form a hexagon whose shape is close enough to a circle,
thus allowing for the apparition of non-radiating frequencies. In this section, we in-



5.3. EXTENSION TO A DENSE ARRAY OF ACTUATORS

5

95

Figure 5.5: Experimental setup. A piezoelectric plate with a laserized triangular electrode pattern is
glued to an aluminium plate. A plate with a set of spring assure the wiring of all 32 electrodes.

vestigate the feasibility of triangular pattern electrodes to create localized ultrasonic
lubrification.

5.3.1. APPARATUS
To assess the possibilities offered by the triangular pattern and study non-radiating
frequencies produced by an hexagon-shaped actuator, we prepared an apparatus
consisting of a piezoelectric plate PIC151 with dimensions 50 × 60 × 0.5 mm3 with
a laserized triangular electrode pattern glued to an aluminium plate of dimension
62 × 72× 0.8 mm3. The pattern consisted of 32 equilateral electrodes with sides of
around 11.8 mm. Six triangles formed an hexagon with an inscribed diameter of
20.5 mm. To avoid damaging the piezoelectric material through repeated soldering
of the electrodes and bothersome cable management, we assured the electrical con-
nection through contact springs. Powering was made with a custom-made amplifi-
cation electronic which also managed signal supervision and buffer timing.

5.3.2. SYSTEM FREQUENCY RESPONSE FUNCTION (FRF)
SINGLE ACTIVATION AREA
In the same manner as Section 5.2.3, we measured the frequency behavior of our
plate but this time by powering 6 triangular electrodes forming an hexagon. Fig-
ure 5.6 shows the average system frequency response inside and outside the actuator
area and reveals an amplitude drop of 15 dB around 𝑓 = 25.6 kHz. Figure 5.7 display
the FRF at the non-radiating frequency. Vibrations are not perfectly localized above
the actuated area and leaks can be observed. These discrepancies can be caused by
several things. Firstly, the corners of an hexagon shaped piezoelectric actuator bring

https://fisica.cab.cnea.gov.ar/bt/images/d/d3/PICat.pdf
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Figure 5.6: Averaged system frequency response function (FRF)𝐻dB = 20 log10 |𝐻| inside and outside
the activated actuator. Around 𝑓 = 25.6 kHz a drop in amplitude of 15 dB can be observed, implying
a higher amplitude in the center of the actuator than outside at this frequency.

discontinuities regarding moment distributions on the actuator circumference, thus
affecting the localization quality. Secondly, because the bonding of the piezo plate
was done by hand, the actuator is not perfectly bonded to the plate and parallelism
issues between the actuator plane and the plate can affect the moment distributions
around the actuator circumference. Thirdly, the piezoelectric plate thickness is of the
same order as the thickness of the plate while in the theory it is expected to be much
smaller, this also clashes with the assumption that the neutral plane of our setup is
the same as the neutral plane of the plate, thus leading to amplitude loss and further
arbitrary behaviors. Finally, although the use of spring contacts is convenient, its ef-
fect on the plate behavior is unknown as it stresses the plate with a certain amount
of force.

ACTIVATION OF MULTIPLE HEXAGONS
We also investigated if spatial patterns were achievable by activating several overlap-
ping hexagons. We applied the principle of superposition and added in the over-
lapping region the signals corresponding to the two hexagons. We activated sev-
eral areas with a sweep signal to extract the frequency behavior of our system un-
der such powering configurations. Figure 5.8 shows the mapping of two overlapping
hexagons which were powered with the same sweep signal, thus the triangles in the
overlapped region are poweredwith twice the base tension. At the non-radiating fre-
quency 𝑓 = 25.6 kHz found previously with the single activation case, the plate dis-
plays a lot of leaks. Even though we can discern some localization in the activated
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Figure 5.7: A group of 6 piezoelectric actuators forming an hexagon is powered by a sweep signal. The
system frequency response function𝐻 is represented at the non-radiating frequency 𝑓 = 25.6 kHz and
a localized effect can be observed above the activated zone.

Figure 5.8: FRFmapping showing the behavior of the aluminiumplate at the non-radiating frequency
𝑓 = 25.6 kHz. Electrodes are activated in phase and overlapping zone are powered with twice the base
tension.

region, it isn’t significant enough. Figure 5.9 also shows mappings of several acti-
vated overlapping hexagons at 𝑓 = 25.6 kHz but this time electrodes are activated in
counter-phase, overlapping zones are therefore not supplied with any voltage. Con-
trary to the previous case, we have a nice localization of the waves with a satisfactory
difference of amplitude between the actuated zone and the rest of the plate.

5.4. FRICTIONREDUCTIONAPPLICATIONONANOLEDSCREEN

P REVIOUS section assessed thepossibility of usingpiezoelectric actuator of hexag-
onal shape formed by a set of six triangular electrodes to create local friction

modulation at specific non-radiating frequencies. In this section, we try to apply the
same method in the same way as before to a different propagation medium i.e. an
Organic Light-Emitting Diode (OLED) screen.

OLED screens are becoming more popular in smartphone technologies as they
allow for high resolution displaywhile being extremely thin. Localization techniques
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Figure 5.9: FRFmapping showing the behavior of the aluminiumplate at the non-radiating frequency
𝑓 = 25.6 kHz. Electrodes are activated in counter phase and overlapping zone are powered with no
tension (in black).

introduced in this thesis imply theuseofmatrix of actuatorswhich shouldbeapplied,
in the case of a normal screen (i.e. LCD screens), directly between the screen and the
interaction glass to assure sufficient amplitudes. This deprives us of the visual feed-
back provided by the screen. Thanks to the low thickness (0.6 to 0.8mm) provided by
the OLED technology we can directly apply our array of actuator to the OLED stack
behind the screen and still get sufficient amplitudes for haptic feedbacks.

5.4.1. APPARATUS
Reproducing the same triangular piezoelectric electrode pattern as in Section 5.3,
we bonded the piezoelectric plate PIC151 (50 × 60 × 0.5 mm3) to the OLED screen
back glass. We did not use spring contact this time in order to avoid overstressing
the screen. We thus only wired 10 electrodes out of the 32 available. Powering was
made this time with analog signals sent with an NI-USB-6363 acquisition card and
amplified by an Elbatech T-500. An ATI Mini40 6 axis F/T sensor was placed under
our screen for the measurement of friction reduction during finger interaction. The
out of plane displacement of the surface was measured by a laser vibrometer Polytec
OFV-534/2500.

5.4.2. SYSTEM FREQUENCY RESPONSE FUNCTION (FRF)
As usual, we measure the frequency behavior throughout the plate point by point
and calculate the frequency response function𝐻 . Figure 5.11 displays the averaged
system FRF inside and outside the activated actuator. A drop of amplitude of 20 dB
is happening around 𝑓 = 17.76 kHz implying a higher amplitude in the center of the
actuator than outside at this frequency. Figure 5.12 shows the screen behavior at

https://fisica.cab.cnea.gov.ar/bt/images/d/d3/PICat.pdf
https://www.ni.com/pdf/manuals/377778a.pdf
http://www.elbatech.com/pdf/T-500.pdf
https://www.ati-ia.com/products/ft/ft_models.aspx?id=mini40
http://www.vibrometry.co.kr/OFV-534.pdf
http://www.vibrometry.co.kr/OFV-534.pdf
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Figure 5.10: Experimental setup. A piezoelectric plate with a laserized triangular electrode pattern is
glued to an OLED screen and mounted on a 6 axes force sensor.

this non-radiating frequency. The contrast between actuated area and the rest of the
screen, although leaks are still present, is better than the aluminum apparatus of last
section. We think that the damping provided by the screen stack is in a way helping
the localization. We tried like before to actuate two overlapping hexagon actuators
in phase and in counter-phase which resulted in the FRF mapping of Figure 5.13.

5.4.3. VIBRATION FIELD
Beforeproceedingwith forcemeasurements,wemeasured thevibrationfield through-
out the screen under a modulated sine signal with a carrier frequency at 17.5 kHz
and 250 Hz modulation. Figure 5.14 shows the vibration field map as well as ampli-
tudes at the center of the actuated area and at a point 20 mm away. The represen-
tation reveals several information. First, an important amount of leaks is happening
even though the previous FRFs (Figure 5.12) did not predicted so. We can also see
amplitude differences between locations where we have [piezoelectric plate + OLED
screen] andOLED screen alone. This explains by a difference in the flexural rigidity𝐷
between locations which shifts the non-radiating frequencies. Hence, application of
this technique seems to be reduced to structures with constant properties. In other
words, applied in our case, the interaction area should be covered with a piezoelec-
tric layer for this localization technique to properly work. However, despite the large
number of leaks, the amplitude difference inside and outside the actuated area is still
significant and can lead to a localized haptic feedback.
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Figure 5.11: Averaged system frequency response function (FRF)𝐻dB = 20 log10 |𝐻| inside andoutside
the activated actuator. Around 𝑓 = 17.76 kHz adrop in amplitude of−20dB canbe observed, implying
a higher amplitude in the center of the actuator than outside at this frequency.

Figure 5.12: A group of 6 piezoelectric actuators forming an hexagon is powered by a sweep signal.
The absolute value of the system frequency response function |𝐻| is represented at the non-radiating
frequency 𝑓 = 17.76 kHz and a localized effect can be observed above the activated zone.
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Figure 5.13: FRF mapping showing the behavior of an OLED screen at the non-radiating frequency
𝑓 = 17.76 kHz. (a) Electrodes are activated in counter phase and overlapping zones are powered with
no tension. (b) Activated electrodes are added so that overlapping zone are powered with twice the
base tension.

Figure 5.14: Left: vibration amplitude in the center of the actuated zone (black) and 20mmaway (light
pink). Right: quadratic mean of the measured displacement across the plate under a modulated sine.
The area covered by the actuators (dashed hexagon contour) vibrates with a much larger amplitude
than other points on the plate. A difference in amplitude can also be seen inside the piezoelectric
plate zone (point-dashed rectangular contour) and outside.
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5.4.4. TACTILE FRICTION
To asses the localized friction reduction capability of our system, we used an ATI
Mini40 6 axis F/T sensor to extract lateral forces during the swipe of a finger over
the middle line of the screen. As friction reduction also depends on the exploration
velocity, we tried as best as possible to keep it constant during the experimentation.
Figure 5.15 shows in order: a spectrogram of the lateral forces in play, the evolution
of the lateral force and the position of the finger. Around time 𝑡 = 1.5 s, the finger is
above the actuated area and 300, 600 and 900 Hz frequency components appear in
the lateral force spectrogram. Friction being modulated by the absolute amplitude
of the displacement, the actual friction frequency is twice the signal modulation fre-
quency (𝑓 = 300 Hz) which also explains the presence of an harmonic frequency at
900 Hz in the spectrogram. At the same time-stamp, we should be able to see a re-
duction of lateral forces but Figure 5.15 (middle) do not show a noticeable change.
This observation is surprising as notable frequency component are appearing in the
spectogramandhaptic feedbackswere felt during theexperimentwhile slidingabove
the actuated zone. A first thought would explain this fact to be linked with the car-
rier frequency. Most studies implying active lubrication seem to work above 25 kHz.
Taking Biet et al. [10] research, it seems, in our current configuration, that frequency
and vibration amplitude are not sufficient enough to strongly lower the friction coef-
ficient. Yet, this first assumption do not explain why a haptic feedback while sliding
a finger over the localized area was felt and further investigation is still required.

5.5.DISCUSSION

L OCALIZED ultrasonic lubrication through the use of non-radiating frequencies
born froman interferencephenomena impliedby theactuationnatureof abonded

piezoelectric actuator is feasible. We found that implementation of such phenom-
ena is not reduced to circular piezoelectric actuator alone but can also happen with
hexagonal shaped actuatorwith a triangularmeshing. Thus, providing feedback con-
tinuity regarding amoving finger becomes possible. Trough careful powering of each
piezoelectric area we can produce multiple friction reduction areas. By powering ar-
eas of interest in counter-phase, overlapping configurations do not need to be acti-
vatedwhich could reduce the power used to provide a continuous feedback through-
out the plate. The different mappings of the out-of-plane displacement showed an
important amount of leaks which could hinder the user interaction. We believe that
those leaks can be reduced to a minimum if proper integration is assured i.e. thin
film deposition of actuators, proper stacking (for added damping)...

https://www.ati-ia.com/products/ft/ft_models.aspx?id=mini40
https://www.ati-ia.com/products/ft/ft_models.aspx?id=mini40
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Figure 5.15: Friction analysis for one activated area (a) and two activated areas (b) with non-radiating
carrier frequencies modulated at 300 Hz. (bottom) Position of the finger and actuator position and
corresponding time. (middle) Corresponding friction force implied by the finger. (top) Spectrogram
of the friction force. Even though 𝑛 × 300 frequency components are present in the spectrogram,
friction reduction when the finger passes over an actuated area is not noticeable.
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It is also important to keep in mind that this localized friction modulation is not
meant for static or passive interaction as the change in tangential force only happens
for amoving finger. New approaches have been considered by researchers to provide
feedback for static interaction (like indentation). Monnoyer et al. [11] showed that by
using rapid changes in friction to store elastic energy in the finger-pulp, it is possible
to create a stimulus when the energy is released. One of the important point here re-
sides in the detection thresholdwhich is higher than the one produced by lateralmo-
tion [12]. To bypass this limitation and lower the detection threshold, traveling ultra-
sonic waves were used by Gueorguiev et al. [13] which increased the tangential force
through an ellipticalmotion of particles. Following this idea of ellipticalmotion, Gar-
cia et al. [14] implemented a button click by superposition of two ultrasonic waves
creating a pseudo-travelling wave on a plate. The application of those solutions to
our case do not seem possible for the moment, but a way to allow static feedback
would be to use non-radiating frequencies with geometries allowing low-frequency
band-gaps (chapter 3 and chapter 4) thus allowing the use of low-frequency feed-
back for static interactions and high-frequency for dynamic interactions. An other
way would be to implement the inverse-filtering technique for static interactions in
parallel with non-radiating frequencies. Those solutions would lead us to interfaces
providing a full range of interaction (key-clicks, texture, compliance...).

Two important interrogations regarding the finger effect on frequency location of
non-radiating frequencies and power consumption remain to be investigated. How-
ever, we would like to provide some guidance in this regard.

Onavibratingplate, finger interactionbringsanaddedmechanical loadingwhich
can be viewed as an added rigidity and mass. The evolution of there impact is yet to
be perfectly documented as the mechanical finger behavior is highly non-linear and
difficult to simulate. On a side note, given the anatomy of the finger, the finger pulp
is a three-dimensional fibro-fat composite tissue (numerous adipocyte cells held to-
gether by fibers) capable of withstanding composite stresses (torsion, compression,
traction and torsion) [15]. This also explains that getting definitive values (regarding
mass, rigidity, attenuation..) is a tedious work with strict experimental conditions
and obtained values cannot be generalized. But even-though we cannot precisely
predict the effect of finger interaction, we can still be confident on how it will impact
our technique. In our case we can see with the non-radiating frequency expression
𝑓𝑛 = 1

2𝜋𝐷
𝑚 ⒧𝛼𝑛𝑅 ⒭

2
that rigidity and mass do have an influence on the non-radiating

frequency. It is of interest to notice that, compared to techniques involving resonant
frequencies whose amplitudes can get strongly reduced by the finger, in our case,
it is the localization ratio that is concerned. Again, we cannot extrapolate by how
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much the non-radiating frequency can be shifted and further experimental studies
with controlled conditions are necessary.

Concerning power consumption, the use of piezoelectric actuator outside mode
frequencies implies that more voltage have to be used. As we can notice on previ-
ous measurements, we needed 200 V peak-to-peak (𝑉𝑅𝑀𝑆 = 70.7 Vrms) in order to
obtain 1 𝜇m amplitude. If we take a simple model (capacitor equivalent) for our
actuator with the measured capacitance 𝐶 = 14 nF and the frequency 𝑓 = 20 kHz,
we have 𝐼𝑝𝑒𝑎𝑘 = 0.176 A (𝐼𝑅𝑀𝑆 = 0.124 A). Thus the power supplied to load is equal
to 𝑃 = 8.8 VA. This first approximation shows that piezoelectric actuators draw little
power but this estimationneeds to be consideredwithprecaution as theuse of piezo-
electricity imply a two way exchange and the estimation of the actual energy would
hold more meaning here. Providing a good amplification circuit, energy recovery
can be implemented to reduce power-consumption to a minimum (CapDriveTM is
an example of haptic driver applying this concept). We could also recover this energy
with a passive inductor circuit, this thoughwould need fine tuning and an important
number of big inductors.

5.6. CONCLUSION

A piezoelectric actuator bonded to a plate can display at certain discrete frequen-
cies anon-radiatingbehavior. At those frequencies,waves, thatpropagates through-

out theplate innormal circumstances, are confined to the actuated areas. This allows
for the creationof local tactile friction reductionbydriving actuatorswith aharmonic
signal at anon-radiating frequency. Modulating this harmonic signal thus leads to lo-
cal frictionmodulation. This effect canbe implementedwithhexagonal piezoelectric
actuators formed by a set of triangular electrodes. This triangular meshing allows to
multiply the number of interaction areas while preserving the vibration amplitudes.
Thanks to the thinness of OLED screens, having transparent actuators becomes un-
necessary as they can be directly applied at the back cover-glass of the screen. In
case of normal screens, where actuators shouldbedirectly appliedbetweenglass and
screen, recent advances showed that transparent ferroelectric cristals with ultrahigh
piezoelectricity are achievable [16].

https://www.boreas.ca/products/bos1901-piezo-haptic-driver
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NOMENCLATURE
ABBREVIATIONS

Abbreviation Definition
FRF Frequency Response Function
OLED Organic Light-Emitting Diode
rms Root-Mean-Square (power measurement)

SYMBOLS

Symbol Definition Unit
𝐴1,𝐴2,𝐴3,𝐴4 Amplitudes ∼
𝑑31 Piezoelectric actuator coefficient m/V
𝐷 Bending stiffness N.m
𝐷𝑎 Actuator bending stiffness N.m
𝐷𝑖 Bending stiffness inside the actuator zone N.m
𝐸 Young’s modulus GPa
𝐸𝑎 Actuator Young’s modulus GPa
𝐸𝑝 Plate Young’s modulus GPa
𝑓𝑛 Non-radiating frequency Hz
𝐻 Average transfer function m/V

m/s/V
𝐻𝑟𝑒𝑓 Reference𝐻 transfer function value m/V

m/s/V
𝐻𝑑𝐵 Average transfer function dB
ℎ Thickness m
ℎ𝑎 Actuator thickness m
ℎ𝑝 Plate thickness m
𝑘 Wave number m−1

𝑘𝑖 Interior wave number m−1

𝑘𝑒 Exterior wave number m−1

𝑀 Bending moments N.m
𝑀𝑟 Bending moments N.m
𝑀𝑝 Bending moments exerted on the plate N.m
𝑚 Mass kg
𝑚𝑒 Exterior mass kg
𝑚𝑖 Interior mass kg
𝑛 Mode index ∼
𝑟 Radius m
𝑅 Radius m
𝑢 Transverse motion m
𝑉 Voltage V
𝑉𝑟 Shear stress N/m
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Symbol Definition Unit

𝛼𝑛 Solutions of 𝐽1(𝛼𝑛) = 0 ∼
∇4 Biharmonic operator m−4

𝜈 Poisson’s ratio ∼
𝜈𝑎 Poisson’s ratio of the actuator ∼
𝜈𝑝 Poisson’s ratio of the plate ∼
𝜔 Circular frequency rad/s
𝐽0 Bessel function of the 1st kind of order 0
𝐽1 Bessel function of the 1st kind of order 1
𝑌0 Bessel function of the 2nd kind of order 0
𝐼0 Modified Bessel of the 1st kind of order 0
𝐼1 Modified Bessel of the 1st kind of order 1
𝐾0 Modified Bessel of the 2nd kind of order 0
𝐻 (1)
0 Hankel function of the 1st kind of order 0

𝐻 (1)
1 Hankel function of the 1st kind of order 1

𝔾 ↓3,3 sub-matrix of 𝔾without 3rd line and column
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6
GENERAL CONCLUSION

T HE present work sought technical solution to spatially localize vibration stim-
uli on a flat continuous medium with the intention to enrich tactile interactions

and allow for a more natural exploration of everyday tactile surfaces. This thesis in-
troduced three methods to localize haptic stimuli. Taking a very different path from
control-based approaches, these techniques propose a matrix-based solution where
each actuator provides a stimulus in its actuation area. By tweaking the geometry of
the propagation medium and the boundary conditions, we found that waveguides
could provide a low frequency band gap allowing us to localize vibrotactile stimuli
on narrow thin plates. Associated theory as well as practical measurements showed
that applications for haptics were possible and the resulting prototype received good
reviews in the haptic community. Its extension towider surfaces was possible thanks
to the use of periodic supports which also provided a low frequency band-gap. A 2D
prototypewas implemented and allowed the user, through different exploratory pro-
cedures, to find a vibrating target area and experience phantom sensations such as
apparent movement and saltation. It was shown that the effect of the finger on those
geometrywas close to null for light andheavy force by the finger. Seeking a full haptic
experience, we also wanted to provide, in addition to normal force modulation, lat-
eral force modulation through friction modulation. This was achieved thanks to an
interference phenomena appearing in ultrasonic frequencies implied by the bound-
ing nature of a piezoelectric actuator to a plate. Application to an OLED screen was
alsoprovenpossible throughamatrix of triangular electrodespowered in sets to form
hexagonal piezoelectric actuators.

Now, taking a product approach, several aspects for further development of the
present work can be identified: hardware, interaction design and software.
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Regarding hardware, the developed techniques are based on matrices of actua-
tors. We preferred the use of piezoelectric actuators as they have a high level of in-
tegrability in tactile devices and allow high displacement accuracy and fast response
speed. In our case, their use outside surface resonance frequencies imply the need of
high-voltage for each actuator to get sufficient amplitudes for haptics. Aswe imagine
the development of a full haptic experience, the powering electronic would have to
be able to amplify, up to a 100 V amplitude, low-frequency (< 1 kHz) as well as high-
frequency (> 25 kHz) signals for a matrix of actuator. Powering an effector matrix is
not a new problem and is already implemented in many systems i.e. screens. The
difficulty here lies in the way we use it and especially in its application to piezoelec-
tric actuators. Indeed, a piezoelectric actuator is equivalent to a capacitor. Driving
a capacitive load has a strong chance to destabilize the upstream amplification sys-
tem, leading to overshoot and electrical oscillation accompanied by important cur-
rent calls due to the voltage inertia inherent to capacitors. Furthermore, charging
and discharging of the capacitor leads to high energy loss. To a avoid the latter, re-
cycling the energy used to charge the actuator is possible but would need an added
control electronic. Also, if wewish to control each𝑁×actuator individuallywewould
need𝑁×amplification electronic. A better trade-off would be to limit the number of
simultaneously activated actuators and develop an electronic with commutation to
reduce the number of component used. Moreover, if we imagine a twoway exchange
and use this matrix as sensor, we would have yet again to adapt the electronic or
add a parallel one to each channels with a charge amplifier which would have to be
protected in both ways to ensure proper sensing and isolation when actuators are
powered. As we can see, the powering and signal generation/acquisition through a
densematrix of piezoelectric actuator is rather tricky and constitute one of the future
challenges linked to our approach.

Regarding interaction design, a full device based on the state of the art methods
and on our approaches, for instance the use of the inverse filtering technique in har-
mony with non-radiating frequencies, would open the way to new kind of interac-
tions. Such device, merging vibrotactile feedback and friction modulation in a local-
ized fashion, would allow us to manage both static and dynamic multi-touch/multi-
user interactions inanHMIsetting. Applications indesign, online shopping (i.e. feel-
ing the fabric of clothes as you purchase them online), gaming and entertainment,
education, health and rehabilitation, accessibility (i.e. visually impaired person nav-
igation), arts, automotive (i.e. feeling the detents of a digital knob or identifying an
option through touch alone on a tactile dashboard) and more can be imagined. The
implementation of new interactions needs to be accompanied with user and psy-
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chophysical studies to carefully design haptic signal which will affect the hardware
specifications.

Regarding software, with new interactions comes the need of an adapted API.
Present haptic APIs (i.e. Google and Apple) only allow for temporal modulated stim-
uli thus it is necessary to build a “multi-haptic API” which takes into account the
spatial dimension allowed by our technologies in addition to the temporal modu-
lation. As the nature of piezoelectric materials allow for a two way operation, in the
samewayweprovide localizedhaptic feedbackwecanalsouse the actuators as local-
ized sensors. We could therefore imagine a two way haptic communication between
users. This raise questions about haptic data stream encoding or decoding for digital
transmission and storage. Like video and sound codecs, the construction of a haptic
codec will soon become essential.

Taking some distance from surface haptics, there are numerous fields that could
be inspired by the ideas developed in this thesis. As waveguides allow for the lo-
calization of low-frequencies, if used as sensor, they could constitute spatial filters
for robotic applications (i.e. in grasping task or affective touch). We can also think
of applications in positioning and vibration isolation in micro-systems for instance
(i.e. micro-organism manipulation and micro-particle arrangement).

To conclude, I would like to put the work presented in this thesis into a larger
perspective. All things considered, the usefulness of extending haptic feedback to
multi-touch on tactile surfaces is still an open question. We touched on the topic
slightly in chapter 2 and pointed that certain exploratory tasks are best performed
by augmenting tactile vision through the use of multiple fingers. The usefulness of
multi-touch is therefore task-specific. Tasks that are thus essential to characterize
if we want to judge the usefulness of the developed technologies. Considering the
increasing number of worldwide shortages of electronic components and the dete-
rioration of earth resources, if technologies based on actuator matrix approaches for
haptic feedback become preponderant in consumer products, they can in no way be
used solely for haptic feedback but should ensure a plurality of functions to justify
the energy and materials used for its design. Future developments of the presented
methods should therefore be subject to user-centered scenarios and ethically justifi-
able.
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Characteristics

Stand-off distance 1)

Laser depth of field

Spot diameter (1/e2)

Camera field
of view

mm

mm

µm

mm
x mm

21.7 37.3 200 300 320 500 1,000 2,000 each m

0.012 0.048 ±1 ±3 ±0.08 ±10 ±40 ±170 _

_

1.5 3.0 25 40 15 70 148 302 add 150

0.68
x 0.52

1.36
x 1.04

10
x 8

17
x 13

3.8
x 2.9

31
x 24

64
x 49

130
x 100

2) 3) 4)

Measured from the front edge of the sensor head housing; as for the 10X-, 20X-
microscope lens and the telephoto lens measured from the front edge of the lens
With VIB-A-20xLENS 20X Microscope Lens
With VIB-A-10xLENS 10X Microscope Lens
With VIB-A-520 Telephoto Lens

1)

2)

3)

4)
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Material type

Parameter

Physical and dielectric properties

Electromechanical properties

Coupling factors

Piezoelectric charge constants

Piezoelectric charge voltage constants

Acousto-mechanical properties

Elastic constants (compliance)

Elastic constants (stiffness)

Mechanical quality factor

Temperature stability

Temperature coefficient of ε33
[-20, +125]°C

Aging stability
(relative change of the parameter per decade in %)

Relative dielectric constant

Coupling factor

Density

Curie temperature

Permittivity in the polarization direction
perpendiculaer to the polarity

Dielectric loss factor

Frequency constants

ρ (g/cm3)

Tc (°C)

ε33
T/ε0

ε31
T/ε0

tan δ (10-3)

kp
kt
k31
k33
k15

d31
d33
d15

SE
11

SE
33

Qm

TK ε33

C

Ck

(%)

CD
33

(10-12m2/N)

Np
N1
N3
Nt

(Hz.m)

(10-12 C/N)

(10-3 Vm/N)
g31
g33

(1010N/m2)

(x10-3/K)

PIC 151

7.80

250

2400
1980

20

0.62
0.53
0.38
0.69

-210
500

-11.5
22

1950
1500
1750
1950

15.0
19.0

100

6

PIC 255

7.80

350

1750
1650

20

0.62
0.47
0.35
0.69
0.66

-180
400
550

-11.3
25

2000
1420

2000

16.1
20.7

10.0

80

4

-1.0

-1.0

SM412

7.80

320

1850

12

0.63
0.42
0.35

2080

1560
2080

-190
450

25.6
-12.6

5.6

100

STEMiNC
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Features

7BB-20-3
1. Clear sound
2. Ultrathin and lightweight
No contacts: therefore, no noise and highly reliable
4. Low power consumption for voltage type

Specifications

Resonant frequency

Resonant frequency tolerance

Resonant impedance (R1)

Capacitance

Capacitance Tolerance

Measurement condition of capacitance

Operating temperature range

Storage temperature range

Shape

Plate size

Element size

Plate material

Drive type

EIAJ Part number

Mass

±0.6 kHz

±30%

3.6 kHz

Applications

Other usage Consumer/Idustrial

Standard packing quantity 3000

Bulk

Packaging information

Packaging -

500 Ω

20 nF

[1 kHz]

-20°C to 70°C

-30°C to 80°C

No lead wire

20 mm

14 mm

Brass

External drive

PD-SU2-C20-36

360 mg

Specifications
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Material type

Key features

306-109 C10-100

Body diameter

Body length

6 mm [±0.1] 10 mm [±0.1]

12.2 mm [±0.2] 3.7 mm [±0.15]

Ecc. weight radius

Acc weight length

2.9 mm [±0.1] -

14.5 mm [±0.2] -

Rated voltage

Rated vibration

3 V 2 V

14,300 rpm[±3,500] 175 Hz

Typical rated operating current

Typical norm. amplitude

66 mA 69 mA

4.51 G 1.5 G

Typical DC Motor Performance Characteristics
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Absolute maximum ratings

Supply voltage

Input voltage

Boost/output voltage

Operating free-air temperature range

Operating junction temperature range

Storage temperature

Recommended operating conditions

Supply voltage

Boost voltage

Differentail input voltage

Load capacitance

Specifications MIN TYP MAX UNIT

Boost 105 V / 500 Hz / OUT 200 V
Boost 105 V / 300 Hz / OUT 200 V
Boost 80 V / 300 Hz / OUT 150 V
Boost 55 V / 300 Hz / OUT 100 V
Boost 30 V / 300 Hz / OUT 50 V
Boost 25 V / 300 Hz / OUT 40 V
Boost 15 V / 300 Hz / OUT 20 V

50

100
150
330
680

1000
3000

nF

Quiescent current

IN 3.6 V / boost 105 V / no signal
IN 3.6 V / boost 80 V / no signal
IN 3.6 V / boost 55 V / no signal
IN 3.6 V / boost 30 V / no signal

24

13
9
5

mA

1.8

3.0 5.5

15 105

V

V

Total harmonic distortion + noise 1%

V

Electrical characteristics

-0.3 6.0 V

-0.3 6.3

120

V

V

-40 70

-40 150

-65 85

°C

°C

°C

Amplifier bandwidth

28.8 dB / OUT 50 V / No Load
34.8 dB / OUT 100 V / No Load
38.4 dB / OUT 150 V / No Load
40.7 dB / OUT 200 V / No Load

20

10
7.5
5

kHz

Average battery current during
operation

IN 3.6 V / 10 nF / 150 Hz / OUT 200 V
IN 3.6 V / 10 nF / 300 Hz / OUT 200 V
IN 3.6 V / 47 nF / 150 Hz / OUT 200 V
IN 3.6 V / 47 nF / 300 Hz / OUT 200 V

75

115
210
400

mA

300 Hz @ 200 V
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Specifications

Multiple gain selector

Max input voltage

Max output voltage

Bandwidth (-N, without load)

Bandwidth (-F, without load)

Channels

x ± 2 V or x ± 20 V

± 10 V

DC to 100 kHz

DC to 500 kHz

up to 6

Power supply

Load

Output current

Ripple voltage

RMS noise absolute

Physical dimensions

230 Vac 50-60 Hz

capacitive, resistive, inductive

2 mV max full bandwidth

RMS noise absolute 1.2 mV (typical)

Width

Heigth

Deoth

Weight

Operating temperature

Humidity

± 200 V

400 mA peak-to-peak max

84 TE

3 U

480 mm

-10°C to 50°C

0 to 95%

10 kg
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Analog input

NI - USB - 6363

Number of channels

ADC resolution

DNL

INL

Sample rate single channel max

Sample rate multi channel max

Overdrive current

Power-on state

26 mA

± 5 mV

32 single-ended or 16 differential

16 bits

No missing codes guaranteed

Refer to AI Absolute Accuracy

2.00 MSample/s

1.00 MSample/s

Timing resolution

Timing accuracy

Input coupling

Input range

Maximum working voltage for analog inputs

CMRR (DC to 60 Hz)

10 ns

50 ppm of sample rate

DC

± 0.1/0.2/0.5/1/2/5/10 V

± 11 V of AI GND

100 dB

Analog output

Number of channels

DAC resolution

DNL

Monotonicty

Maximum update rate 1/2/3/4 channels

Timing accuracy

4

16 bits

± 1 LSB

16 bit guaranteed

2.86/2.00/1.54/1.25 MSample/s

50 ppm of sample rate

Timing resolution

Output range

Output coupling

Output impedance

Output current drive

Overdrive protection

10 ns

± 10 V, ± 5 V ± external reference on APFI <0.1>

DC

0.2

± 5 mA

± 25 V
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NI 9264

Number of channels

DAC resolution

Current drive

16 analog output channels

16 bits

± 16 mA all channels maximum
± 4 mA per channel typical

Output impedance 2.0 Ω

Type of DAC

Power-on output state

String

Channels off

Startup voltage 0 V

Power-down voltage 0 V

Output range

Nominal
Minimum
Typical
Maximum

± 10 V

± 10.35 V
± 10.5 V
± 16.65 V

Scaling coefficient

± 10 V
± 5 V
± 1 V
± 0.2 V

328 µV / LSB

164.2 µV / LSB
32.8 µV / LSB
6.57 µV / LSB

NI 9205

Number of channels

ADC resolution

16 differential / 32 single-ended channels

16 bits

Input impedance ON/OFF > 10 GΩ in parallel with 100 pF / 4.7 kΩ minimum

Input coupling

Nominal input ranges

DC

± 10 / ± 5 / ± 1 / ± 0.2 V

Maximum sampling rate 250 kSamples/s

Minimum overrange 4%

Analog bandwidth 370 kHz
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Physical properties

Fxy

Single-axis overload

±810 N

Fz ±2400 N

Txy ±19 N.m

Tz ±20 N.m

Stiffness (calculated)

X-axis & Y-axis forces (Kx, Ky) ±1.1 x 107 N/m

Z-axis force (Kz) ±2.0 x 107 N/m

X-axis & Y-axis torque (Ktx, Kty) ±2.8 x 103 N.m/rad

Z-axis torque (Ktz) ±4.0 x 103 N.m/rad

Tz

Fx, Fy 1/200

Fz 1/100

Tx, Ty 1/8000

Tz 1/8000

Resonant frequency

Fx, Fy, Tz 3200 Hz

Fz, Tx, Ty 4900 Hz

Physical specifications

Weight 0.0499 kg

Diameter 40 mm

Height 12.2 mm

Calibration specifications

Fx, Fy 20

Fz 60

Tx, Ty 1

1

Six-axis Force/Torque sensor system

SI-20-1 SI-40-2 SI-80-4

1/100

1/50

1/4000

1/4000

60

120

2

2

1/50

1/25

1/2000

1/2000

80

240

4

4

(N)

(N)

(N.m)

(N.m)

(N)

(N)

(N.m)

(N.m)
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Electrical characteristic values

Nominal (rated) sensitivity 2 mV/V

Relative zero signal error 5%

Relative sensitivity error 0.25%

Rel. tensile/compression sensitivity variation

Input resistance > 345 Ω

Output resistance 350 ± 50 Ω

Insulation resistance > 2 GΩ

Operating range of the excitation voltage 0.5 ... 12 V

Reference excitation voltage 5 V

Connection Six-wires circuit

0.1%

Mechanical characteristic quantities

150%

1000%

Static lateral limit force (% of Fnom)

Nominal (rated) displacement (mm)

Fundamental resonance frequency (Hz)

Max. operating force

Limit force

Breaking force

Limit torque (N.m)

Limit bending moment (N.m)

1000%

4

6

0.27

94.4

8 25 28

25 34 50 71 95 125

100

0.21 0.18 0.15 0.13 0.12 0.13

146 243 358 475 582 618

Relative permissible oscillatory stress (% of Fnom) 140

Specifications

Nominal (rated) force

Accuracy class

10 20 50 100 200 500 1000

0.02

Force Transducer
Special features
- Tensile/compressive force transducer
- Nominal (rated) forces : 10 ... 1000 N
- High protection class (IP67)
- High lateral force stability
- Six-wire circuit
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Chemical type

Appearance

Ethyl cyanoacrylate

Transparent

Key substrates Metals, plastics & elastomers

Components

Viscosity

One part - requires no mixing

Low

Cure Humidity

Application Bonding

Specific gravity 1.10

LOCTITE 401

Cure speed 5 seconds

Shelf life

Specific gravity

Consistency

1.00

Non-sag paste

Time to full strength 7 days (test to full performance at one week)

Mix ratio

Colour

100

Black

Work life 1.5 hours minimum at 23°C

Time to handling strength 4 to 6 hours at 23°

1.00

Non-sag paste

50

Off-white

3M Scotch-Weld EPX Adhesive DP490

15 months at 21°C & 50% relative humidity

Base Accelerator
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