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Where things happen

The texture can be of any shape and type
The problem 1s not linear (e.g. skin inhomogeneities, friction)

Information stem from several continuously renewing contact zones at
the same time

Skin surface 1s patterned, typicaly with fingerprints

How does the receptor « feel » the relevant information ?

l@ Tactile perception: a touch of Physics ~  Raphaél Candelier



V)

Inside the skin

|
\

Merkel's cell
complex

Ruffini
ending

Vi

Meissnher's
corpuscule

{7

Pacinian
;‘ corpuscule

200 ym

lﬁ Tactile perception: a touch of Physics ~  Raphaél Candelier 4



)

|
\

Stimulus

103 Firing threshold (pm)

10° Merkel

10

]

10 Pacinian

10 T 3
10 10 10 10
Frequency (Hz) ‘

fms = 200H 2

Bolanowski et al., 1988

Mechanical receptors

Stimulus

— N\

Slow Adaptation

>

Fast Adaptation

>

Merkel's cell

500.m complex
Ruffini
ending

Imm

. Meissner's
corpuscule
500um
Pacinian
corpuscule
2mm

l@ Tactile perception: a touch of Physics ~  Raphaél Candelier 5



O)

Roughness perception: the duplex theory

|
\

Coding of coarse roughness Coding of fine roughness
> ~200um < ~200um
 SA I (Merkel) channel * Mediated by Pacinian corpuscules
e Resolution limited by the small exclusively
receptive field (few hundred um)  Fine resolution due to the large
 Spatial coding (static) receptive field
e Fairly independent of finger's motion | * Requires active tactile exploration
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Roadmap

Introduction
A simple MEMS experiment

A linear model for tactile transduction
e The model

e Dynamic impulse response and receptive fields

Reverse correlation and response prediction

e What is reverse correlation ?

e The linear kernel

Exploring the role of fingerprints

Conclusion

l@ Tactile perception: a touch of Physics ~  Raphaél Candelier



MEMS sensor

3 mm

Artificial 2 mm ~6mm  2.2+0.1Mpa  20um 20um
finger (P~1.5N) —1mm —1lmm
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5 Simple MEMS experiment
| Fn Indentation protocol:
Yoy JL Apply a ponctual
z‘ |/7 m force F at (z,y) on the
. MEMS Sensors 5 surface with ao00um rod.
1 x10 | | x 10 |
G,(Pa) ¢, (Pa) .
0.8 |02}
0.6
0
0.4
0.2 02l
| x(mm,) | z(mm)
0 10 20 0 10 20

Receptive fields measured by our MEMS sensors
—— Predicted receptive field for a ponctual sensor in a perfectly elastic material
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Simple MEMS experiment

Indentation protocol:

Apply a ponctual
force F' at (x,y) on the
surface with a200um rod.
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Simple MEMS experiment

| k, Indentation protocol:
Yy L J]ﬁ Apply a ponctual

ZI |/f . m force F' at (x,y) on the

MEMS Sensors surface with a200um rod.

| x10° | | x10
¢, (Pa) Go(Pa)
0.2
0
0.2
. z(mm)
0 10 20

Without exploration: roughly the same response for the 10 sensors
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Roadmap

A linear model for tactile transduction
The model

e Dynamic impulse response and receptive fields
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A linear model for tactile transduction

Hertz contact The stress felt by the sensor 1s given by:
Vo v,

T_I’/, \I 370 yO // O'zc X y gzcz — 20,Y — yO)dxdy
: : // O'z Z y gzz — 20,Y — yO)dxdy

L

+
Coulomb law: 0, = uo,

+
Green function for a ponctual
force at the surface:

s; = Gy

l@ Tactile perception: a touch of Physics ~  Raphaél Candelier 13



V)

(\

A linear model for tactile transduction

Hertz contact The stress felt by the sensor 1s given by:
Vo v,

T_I’/, \I :L'O y0 // er Z y g:m: — Z20,Y — yo)d.’L'dQ
' : +// Oz xay Gz x_any_yO)dxdy
S

X 104(Pa)
8 I 833 ® E
94 I
61 |
+ :
Coulomb law: 0, = U0, N |
+ I
Green function for a ponctual ol !
force at the surface: |
! T
0 1
s; = G L 10 0 10
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Dynamic impulse response

¢Fn Consider the fluctuations of the response

?—l’/, ﬁ due to a small, 1solated defect :

The stress profile at the interface now
-

depends on the position u of the defect

X

One can approximate the fluctuations felt by the sensors with:

05, (u)
08z (u)

2

— [O':,c (u)gxz (u - xO) + 02 (u)gzz(u — 5170)] Sa
— [Um (u)gxx(u - xO) + 02 (u)gzx (u - xO)] Sa

12

The response highly depends on the sensor's position inside the skin
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%) Tangential dynamic impulse response
Left Middle Right
AN DN AN I
Experiment
Model
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D) Response specification

a_z constraint felt by sensor #1 for a 500um hole Random dot pattern

[C10,_LB)

a 3b A

_,————_'_——#___—'_P \ R
3000, —— - 3
2000 )
1000 e Stimulus 200 micron
- Y : : surface
5 @ n=89 (36%) n=39 (16%) n=38 (15%)
° -1000
D E F
-2000 e :
-3{]100_,___._-—-—-—"'
’ Receptive field >
10 y
e 7y & ° n=35 (14%) n=22 (9%) n=8 (3%)
® [mim)
a_x constraint felt by sensor #1 for a 500um hale G H
[C10,_LE] ; F
a000,___——— e B
2000
1000 N
A e n=2 (1%) n=2 (1%) n=12 (5%) DiCarlo et. al., 1998
e Figure 3. RF structures observed in area 3b. Each panel gives a typical The JOllI'IlEll of Neuroscience
2000 example of the type, the total number of RFs fitting the description, and
their percent of the total RF sample (n = 247).
-3010;}1__._._.-—-—-—-
« The shape, area and strength of exitatory and inhibitory
s receptive fields regions ranged widely. »
y (mm) Ui

% (mim)
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Reverse correlation and response prediction

e What is reverse correlation ?

e The linear kernel
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Reverse correlation

NS

:Lr@_

The impulse response g1(7)
can be computed as the

R & correlation between the
H o ystem | . .
&7 input signal z(¢) and
(@) the output response ¥(t)
Input Output
ﬂ g1(7) o (z(®).y(t + 7))
o Linear system S
g (1)

Ringach and Shapley, 2004
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The Volterra decomposition

. . Input Output
The Volterra series 1s the analog of the

Taylor series, but for functionals:

—{ System (>

y(t) = ho + / drihy (T)z(t — 1) x(t) y(t)
+f/ dridroha (1, 72)x(t — m1)z(t — )
+ /f] dridradrshs (T, T2, 73)x(t — T1)x(t — 2)x(t — 73)

_|_

The Volterra kernels h,, give a mapping from :U(t) to Yy (t) :

NB: it 1s hard to extract the Volterra kernels ...
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% The Wiener decomposition
vt = g0+ | dngi(m)a(t - m)
0

‘|‘// dTldTQQQ(Tl,TZ)x(t_Tl)w(t_TQ) _S$f dng(’T,T)
0 0

+f/f dridradr3g3(T1, T2, T3)(t — T1)2(t — T2)2(t — T3)
0

o0
—35, / dT1dT2g5(T1, T1, T2)2(t — T2)
0
_|_
For Gaussian white noise inputs, the Wiener kernels are independant.

They can be computed through correlations:
1
g =) ()= 5 O —7)

L ()t — )t — 7))

92(71772) — ?
X
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Getting the linear kernel
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Rub the skin with binary random white noise substract 7'(u) = +1:

... and compute the linear impulse response :

1

1(x) = 2 {3(u) T(u - 2))
gl(x)l(kPal/mm)l |
) o w
(o
N
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Introduction

A simple MEMS experiment

A linear model for tactile transduction

¢ The model

e Dynamic impulse response and receptive fields

Reverse correlation and response prediction

e What is reverse correlation ?

» The linear kernel

Exploring the role of fingerprints

Conclusion
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The effect of fingerprints
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—e— Smooth skin 2 " Smooth substract
—— Fingerprinted skin P R o e S
0.9 | ! X (mm)
0 5 10 15
1.2 ' '
I 2 I Rough substract
.l, no- v (P) 111 Y

=
O
|_;Z-=._,_
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Artificial fingerprints

: 0.8 l J ()

500um regular ridges ; 3 0 B
on the skin's surface L1

LT Chemlcally patterned

— adds a characteristic frequency
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Power spectrum

Rough substract |[][J|[ll]|

1 l T T TTT I I IIIIIII I ll:llllll I I T T TTT I LI
1

10
10°® Smooth skin

W,

10° h"vwvw

Fingerprinted skin

Hi “ l

107"
10_12 Ll Lol | 1|i|11|1| ol |
0.01 0.1 1 1/A 10 100 1/z(mm™")

Pacini Scheibert et al. 2009
Note that: v /A = f acmean
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Dynamic impulse response

g1(z)(kPa/mm) i {—Smoom skin J

—F inge’r’printed skin
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p(u) -<p>(kPa)

Prediction

Measured signal

/

Ul < Predicted signal

< Low-pass filter < 1/2\

4P Band-pass filter ~ 1/
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Conclusion
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* Perception 1s not only processed in the brain

— Biomimetic approaches can unveil the physical mechanisms
underlying the first steps of tactile signal processing

e Receptive fields specifies under the contact zone
—dynamical coding strategy ?

» Reverse correlation fully characterizes the system
— predictions on the stress state inside the skin

e Fingerprints increase tactile perception accuracy
—permit fine roughness discrimination

Keep in touch: raphael.candelier@ens.{r
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