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Stimuler le toucher par vibrations

Principes physiques des stimulateurs tactiles
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Stimuler le(s) toucher(s)

m Lequel ?
m Sens Kinesthésique
m Perception des efforts et des mouvements du corps

m Sens tactile
m Perception cutanée des forces et déformations
m Perception de la douleur
m Perception de la chaleur

m Pourquoi ?
m Communiquer une information
m Simuler le contact et I'interaction avec une surface/un objet
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Simuler Pinteraction

(a)

normal

force (N)
(FS]

Adams et al., « Finger pad friction and its role in grip and
touch », in J. R. Soc. Interface. 2013
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avec une surface

loading direction

initial contact preloading transition

full slip

André et al., “Effect of skin hydration on the dynamics of fingertip gripping contact”

in J. R. Soc. Interface, 2011
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Wiertlewski et al. "The Spatial Spectrum of Tangential Skin Displacement Can

Encode Tactual Texture," in IEEE Trans. on Robotics, 2011
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Simuler Pinteraction avec une surface
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Janko et al., Contact geometry and mechanics predict friction forces during tactile surface
exploration. Sci Rep 8, 4868 (2018).

Deux contributions a la perception des textures (Katz)

« Contribution spatiale du profil de la surface a large échelle (>100

pum).
« Contribution temporelle des vibrations produites par le glissement

sur les aspérités fines (<100 pm).
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Physical bump (condition 4) Physical hole (condition 5)
[+
Flat surface
pr -
O - I U
Fm"’
Virtual bump Virtual hole
(condition 2) (condition 3}

Robles-De-La-Torre and Hayward. “Force can overcome object geometry
in the perception of shape through active touch”. Nature 412, 445-448

(2001)
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Stimulation vibrotactile

Physiologie
g. 40 Tactile detection threshold (Bolanowski 88)
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Bolanowski et al., Four channels mediate the mechanical aspects of touch.
J Acoust Soc Am. 1988
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Shao et al., Spatial patterns of cutaneous vibration during whole-hand haptic
interactions, PNAS, 2016

1ap m

Vallbo, A. B., & Johansson, R. S. Properties of cutaneous
mechanoreceptors in the human hand related to touch
sensation. Human neurobiology, 1984
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Stimulation vibrotactile

Restitution de textures
Relief:

Bumps/Texture

Mounting screw

€
=
1=
@
T
) >
2
Position
(1)
| LVDT
\ E
K \
\
A}
\
0 e |
Acetal sleeve bearing i ] -!
.& Pen-| mounted housing ," b 4 ," ,:
Movin, / f / /
g magnet ' N i ’
I
Weight ." H I-\LIQ
End cap § & i i
Electromagnetlc coil _’i force sensor
Flexure spring y SANSKASNENSNSSSNN AARAERRRRRRNANNNNNNNNSASNASNSNN AN
Wiertlewski et al. "The Spatial Spectrum of Tangential Skin Displacement Can
Encode Tactual Texture," in IEEE Trans. on Robotics, 2011

J. M. Romano and K. J. Kuchenbecker, "Creating Realistic Virtual

Textures from Contact Acceleration Data" in IEEE Transactions on
03/07/2025

Haptics, 2012
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Stimulation vibrotactile

Restitution de raideur

Compliance:
- Spring/button
‘W A
£ .
Force
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1
Buckling 1 Restitution o
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Time (Sec)

Sadia et al., Data-driven vibrotactile rendering of digital buttons on
touchscreens, Int. J. of Human-Computer Studies, 2020
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Cables
Vibrotactile ’LI7
actuator

* ’ E Force sensor
- |

Rigid case

Kildal, Kooboh: Variable Tangible Properties in a Handheld
Haptic-lllusion Box, Eurohaptics 2012

Pressure

— Bin Border — Pressure Profile @ Grain Trigger A~ Vibrotactile Signal

Vega et al., VARIitouch: Back of the Finger Device for Adding Variable Compliance to
Rigid Objects. In Proc. CHI 2024
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Actionnement piezoélectrique
Principe
O Tenseur des contraintes (Pa)

E Tenseur des déformations (m/m)

E Vecteur champ électrique (V.m™1)

Matériau élastique linéaire Matériau piézoélectrique
/
£E=50 e=sto+dE
/
og=cE¢ g=cte—¢€E
S Matrice de souplesse (Pa) SE Matrice de souplesse a E=0 (Pa?)
C Matrice de raideur (Pa) CE Matrice de raideur a E=0 (Pa)
d Matrice d’effet piézoélectrique directe (m/V)
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Actionnement piezoélectrique

Applications numériques

—
h ///.f////.f/x/r':_
3‘ L L ::/ i :
Fa
1 - ? L ///T/ >y
h+2h W 1 - D |y
L+AL _ \/.f;’//'./;’;’///./ ~ Fy
g=0 4 £=0 V
AL = &1 L= d31E3L = _d31EL = —170 nm Fl = 04 Sside = —831E355ide = €31 ESside = _1, 5N
— «0=0p1, _ — — =0 4
Ah = &3 h = d33E3h = —d33V =22.5 nm F3 = 03 Stop = _633E3St0p = €33 EStop =160 N

Céramique Ferroperm PZ27:
d31 =—-1.7 10_10 C/N, d33 =45 10_10 C/N, €31 = —3,09 C/mz, €33 = 16 C/m2
h=500pum, L=10mm,V =10V
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Actionnement piezoélectrique

Typologie d’actionneurs

/

,/ Free stroke (um)
A
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Plate benders

Source: Noliac piezo tutorial

Amplified actuator

Stacked actuators

Single actuators

Components

Blocking force (N)
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Actionnement piezoélectrique

Benders

Mode A, W,,..=1 cm, h,,,..=2 mm, h.,,=10 pm, h,.,=500 um
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Stimulation vibrotactile localisée

Principe du filtrage inverse 1

Touch surface (Track pad/screen)

Piezoelectric actuators Surface displacement = Propagation matrix . Driving signals
|
| ,.--—l_h‘\ \x""\ . R Sl
Sl&ii)\ :: A [Ua] _ [Hla nan HNa] .
Sn% \ Up Hip .. Hpyp Sy
Ub (pm)
MW~

* Propagation
« Reverberation
« Dispersion
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Stimulation vibrotactile localisée

Principe du filtrage inverse 2

Touch surface (Track pad/screen)

Piezoelectric actuators

[~
S1 (VOltS) ¢ \‘\ ‘!'/ * '_f/ v
Surface displacement  Propagation matrix Driving signals — P P
S Sn (Volts) ’
1 ~—~ AN P A
[Ua]= Hy, .. HNa] -
Up Hip .. Hnp S )
N
| .
[Ua] _ Hy, ”H1a HNa] U,
Up Hip . HypllHip .. Hypl |0,
Inverse matrix \

Desired displacement

vel=1]

03/07/2025
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Stimulation vibrotactile localisée

Mise en ceuvre du filtrage inverse

Ecran OLED equipé d’actionneurs piezoélectriqgues, CEA 2024

Formation doctorale GDR TACT

uf{gm)  u(um)

u (pm)

200 +

6
4
[ ] 2
L] 0
=2
-4
[ ]
-6
T T T T T
100 150 200 250 300 350
T T T T T T
10 15 20 25 30 35 40

t {ms)
Localized haphics with inverse filtering - CEA - 2023
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Stimulation vibrotactile localisée

Localisation par guide d’onde

21.2 mm t&mm ]‘/

——
4 £ 1
3 (N | i

150 mm

Une plaque étroite maintenue sur ses bords longs | i"x
forme un guide d’onde. womm

En dessous d'une fréquence de coupure, les ondes
ne se propagent pas et restent confinées au dessus
des actionneurs.

0.0

A. Ben Dhiab and C. Hudin, ‘Confinement of Vibrotactile Stimuli in Narrow Plates. -

On peUt ainsi s’affranchir de la propagatlon des Principle and Effect of Finger Loading -’, IEEE Transactions on Haptics, 2020

ondes et créer des pixels vibrotactiles sur une
surface.

@ Formation doctorale GDR TACT 03/07/2025 15



Meéetamateériaux

Principe
(n-1)a na Xol) (nt1)a
I n-1 cell n cell ]
o |
74— [%k % % ......
y
m
Z (1)

Liu et al., Design guidelines for flexural wave attenuation
of slender beams with local resonators. Physics Letters
A, 2007.

—— Poutre avec résonnateurs ponctuels -
——- Poutre chargée uniformément
——- Poutre non chargée
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Meéetamateériaux

Localisation dans la bande vibrotactile

A Polyimide P 2. B C Actuator
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H-bridge 4 —
mosfets -~ i £ 0
S —— Propagative
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Daunizeau et al., Dynamic Shaping of Multi-Touch Stimuli by Programmable Acoustic Metamaterial, 2024
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Modulation de friction ultrasonore

Principe
Stimulation vibrotactile Modulation de friction finger motion
10 100 1k 10k 100k f(H2) ulirasonic

vibration

Figure 4: A feeling of ‘air smoothness’.

LOAD CELL FOR Catches finger
| NORMAL FORCE 1

with 1.-'iI:lll".rm'um]l ]

Figure 5: Perceived surface configuration.

Coefficient of Friction

Watanabe et al. "A method for controlling tactile sensation of

o s 10 15 2 2 3 % 4 surface roughness using ultrasonic vibration," Proc. ICRA 1995
Excitation Voltage

Winfield et al., "T-PaD: Tactile Pattern Display through Variable Friction Reduction," In
proc. IEEE WHC 2007
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Modulation de friction

Principe

= 0.420 pm 1.35 ym 2.5 um
@ I A ? 1]
e
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E. Vezzoli et al., "Friction Reduction through Ultrasonic Vibration

Part 1: Modelling Intermittent Contact,” in IEEE Trans. on Haptics,
2017

M. Wiertlewski et al., Partial squeeze film levitation modulates fingertip friction, PNAS 2016
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Modulation de friction ultrasonore

Mise en oeuvre

DISPLACEMENT AN
STEP=1 APR 1‘:1' 2006
SUB =9 14:34:26
FREQ=35631

DX =5,288

Biet et al., "Squeeze film effect for the design of an ultrasonic tactile plate,”

in IEEE Trans. on Ultrasonics, Ferroelectrics, and Frequency Control,
2007

Giraud et al., "Design of a transparent tactile stimulator,”
IEEE Haptics Symposium, 2012.
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Modulation de friction ultrasonore

Mise en ceuvre en boucle fermée

Controle de la force de friction

Vibrating

Contrdle de 'amplitude de vibration

Piezoelectric

pxt) actuators
-Q—J
Sa 13 K K; c K Sm
pt P 1+tp -
Piezoelectric
Vibration . C(p) H(p)
Amplifier
sensor
¥ : * V(t)
Tl w) Digital Signal Ben Messaoud et al., "Amplitude Control of an Ultrasonic
Processor Vibration for a Tactile Stimulator,” in IEEE/ASME Trans. on
Mechatronics 2016
To/From WoW T l
Computer ‘e

Kaci et al., "Fundamental Acoustical Finger Force Calculation for Out-of-
Plane Ultrasonic Vibration and its Correlation with Friction
Reduction," IEEE World Haptics Conference (WHC), Tokyo, Japan, 2019
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Confinement des ondes par frequences non

rayonnantes.

+ Inphase

—10 4

—— Amplitude au centre de |'actionneur
—— Amplitude de I'onde rayonnée
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Theése A. Ben Dhiab. Confinement of Vibrations for
Localized Surface Haptics. Sorbonne Université, 2022

x (mm)
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Amplitude in m/s/\V

A certaines fréquences
ultrasonores, un actionneur
piezoélectrique circulaire ne
rayonne pas d’'ondes de flexion.

On peut approximer un disque par
une combinaison hexagonale
d’électrodes triangulaires.

On crée ainsi des pixels capables

de moduler localement la friction
d'un doigt a la surface de I'écran
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Localisation par superposition modale

il iy .
iz, y,Ty) (mm.s') i
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Flate support

(a)

Kaci et al., Closed loop control of vibration field transient: Application to wave
focusing. Mechanical Systems and Signal Processing. 2022

M[[m,[mmtllmm‘l-n

Enferad et al., Generating controlled localized stimulations on haptic displays by modal superimposition. J. of Sound and Vibration. 2019
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Confinement par métamateériaux

A C 13
. WG1 A
Corner pillars S
for mounting c £
2 8
t=} £
3 g
] 2
E -
@ 3
£
p-
2 30 mm o
Piezoelectric Phonscznll x 0=
crysta
actuator 52.9 kH 61.4 kH:
(3x20) —43.0 kHz —ZI 58.8 kHz |17—72.3 kHz —»
Waveguide
B 3-axis linear

stage

Laser Doppler
vibrometer

I nuu Jam il

Experimental

Fig. 5. (A) Schematic of the ultrasonic plate with two independent waveguides WG1 and WG2 (bottom view). (B) Experimental setup with the laser
Doppler vibrometer scanning the plate fixed on its four corners (side view). (C) From left to right, numerical simulations of the modal response for three
given frequencies respectively, below, inside, and above the band gap (top view). Only transverse displacements w along the z-axis are shown. (D) Optical
vibrometry measurements of the modal response for the same frequencies (top view). Velocities along the z-axis are normalised to emphasize mode shapes.
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Daunizeau et al., Phononic crystals applied to localised surface haptics. IEEE Trans.on Haptics, 2021

Formation doctorale GDR TACT

03/07/2025

24



Confinement par rupture d’impedance

10 mm
e = - - pm
tt 75 pm
500 pm
+
150 um
—— === -
@ 5 mm

Fig. 1. Haptic pixel concept

L
3
3

Fig. 4. Displacement ficld to obtain a line and a point on COMSOL.

R. Le Magueresse et al., "Reconfigurable Flexible Haptic Interface Using Localized Friction Modulation," in IEEE Trans. on Haptics, 2025
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Button click rendering

b falling friction

= OB
stiffness ¥ . I l I

rising friction

y travel (mm) I

4 F
normal force

force (mN)

friction level

Monnoyer et al., Ultrasonic friction modulation while pressing induces a tactile feedback. EuroHaptics 2016.

pressing
down stress stress skin
— accumulation release expansion

Monnoyer et al., Rapid change of friction causes the illusion of touching a receding surface, J. R. Soc. Interface. 2023
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https://royalsocietypublishing.org/author/Monnoyer%2C+Jocelyn
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Force laterale nette: mouvement elliptique
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Modes T et L concordants

i r e
i- ™
I
|<
M
y
9
A\

Ly A=2 A=172
A —s X x
Z 27 ¢ e _
a) b) c) a) time ms
b)
Vibration mode a) Longitudinal, b) bending and c) Elliptical motion in the middle of the top (3) @3)
— —
surface for several values of A L — — = — ]
(1) “4) @
c)

Garcia et al., 2MoTac: Simulation of Button Click by Superposition of Two Ultrasonic Plate Waves. In proc. EuroHaptics 2020

@ Formation doctorale GDR TACT 03/07/2025



Modes T dégéneéres

(b)

\ -~ - symmetric mode
F@L{*@/ 9‘)_;\ Q-g.r \ §>§x ?{\ % /\f
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7\, asymmetric mode
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[far
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Cai et al., Ultraloop: Active lateral force feedback using resonant traveling waves, 2023
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Modes T et L concordants en boucle fermeée

0.4r

02F

U, 4 without finger

Pierre Garcia, Control of an ultrasonic haptic interface for button simulation,Sensors

it and Actuators A: Physical,
gq Without finger 2022,

_— UBq with finger

U, 4 With finger

027

Vibrabtion speed (m/s)
o

-0.4 : : :
0 D 10
time (ms)
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Conclusion et Perspectives

On peut, en contrdlant les vibrations de la surface:

- Reproduire la texture macroscopique (cm) d’'une surface en créant par un mouvement elliptique une
force latérale a I'échelle du doigt.

- Reproduire la texture microscopique (100 um) d’'une surface en reproduisant les vibrations induites
par le glissement.

Un défi reste de reproduire une texture meésoscopique, a I'’échelle du mm, qui se traduit par des
variations du champ de contrainte a l'intérieur de la zone de contact doigt/surface.

Une autre défi est de produire une force nette homogene sur une surface plane 2D et dans les deux
directions du plan.
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