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Background
Grasp of object by robot hand

Unknown quantities
/ Weight
— Friction coefficient

Unknown
Object I

AcceptabJe range

Tactile information
Slippage 3 Perfect  Partial ' Macroscopic
degree J sticking slippage slippage

P WL I S o1
Grip force : Large*oma"

Can estimate from slippage degree
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Purpose

Estimation of slippage degree in following cases

ed

when || Caset surface
Case?2
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Structure of Vision-Based Tactile Sensor

LED lights

........

Transparent 9 ::

acrylic plate™><~ —— "~ R

dot positions, colt4BPsrea
p pelitl
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Estimation of Slippage Degree
Partial slippage by non linear pressure distribution

\\lormal forw
Contact jon S
Sensor I ‘ I “ I ontact region S,

Object Stick region S,
Tangential force F F<uN Stickaaips oY
Incipient slippage o
region F>uN

Stick ratio indicates slippage degree.

4=1 ¢:o.’ ¢:o.’ ¢z.

Perfect sticking Partial slippage Macroscopic slippage

Keeping ¢ > 0 Preventing object from slipping
=
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Conventional Method to Estimate Stick Ratio
Discrimination of stick/slippage region

B T
lliii:i‘\ll‘" d'.:.’ﬂ"'..i
:;::::::}\i:i'-:'i---::-
ccccccola il il t0.000° o8
/:VE.--nn'l- ':::::::.::
i \!\l::I:I.I- ! :..':: -
Contact region ::::“,:_:g EE!:::::EE'
Initial image Current image

Displacement d,—dy|<d In stick region

d, : Each dot
d, : Central dot = Object |dy —0,|>0 In slippage region
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Estimation of ¢ with Distorted Stick Region (Casel)
The stick region Is distorted.

After the macroscopic slippage
Change of moving direction of object
Increase of the normal force

Reference image : STATIC wmp UPDATED

ee0o 000000

;;.:.o...‘: -Q-H-----f
"EEEREEE - bl | TEEEEREEEE
::coeo-tt: d :::;:::l.: d TEEREEEREEY
@0 0o° 0900008 ¥ e -..‘..u..«;.a.a...:..!.. .................. ".::::."
5 e e oo s on i..vnn.". ---.---------.-----.---.-I.:gqg....
© 0 © O O 0 @B @ u@urranrrashes .'G...".. * -iﬁg...:--
@ 000000008 1 .-H..#.:g. ::.a.a..'::
ce-.-c0sam INCOrrect [Seesscce.t® Correct (ss>°°°ccen
Higec o oin ee®®®%0s,, |
Initial image Current image Updated
(static) Reference image

Reference image is selected from repository image Ix(i)

Current image is newly stored as the I;(i+1) d_(i) : Maximum displacement of

dot between I(i) and current image
U., : Threshold
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Estimation of ¢ with Distorted Stick Region (Casel)

First point : Required size of displacement

In stick region
In slippage region

O > data variation of dots

= ! |Dots in slippage region
_ are hardly detected.
o
S U ax
) :
2
)
2 ) — . e
3 d,—d. <o
o k
o

Displacement of Object = d

: Maximum displacement
of dot in stick region

max

Reference image is selected such that dm_X >Uma_X

II
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Estimation of ¢ with Distorted Stick Region (Casel)
Second point : Change of moving direction

O Currentimage = = = Movement trajectory of object N; : Largest number of I
y4 _ y4 I(N;) _
dmax(') O— O— O - I(1c)
7/
04 : O
“Io(N. Onex(1)
G e
. RUNT -
_ O Ix(i) £~ O7 Tstick region is
(1) R 1.(2) yel rec?nstructed
¥ > ¥ - >
X X
_T(a) Rectilinear movement qT(b) Moving directionrchanges
dmaX(Ni)<dmaX(Ni _1)<dmaX(Ni _2)< dmax(Ni)<dmax(N _1)<.‘.:<dmax(lc)>':dmax(lc _1)>

. .
.......
-----------

Reference image is selected such that moving direction of
object doesn’t change significantly during interval of two images.

Selection of reference image (i)
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Estimation of ¢ with Applied Moment (Case2)

Displacements in stick region are not equable.
d, : large LA L L%

dy and d, are greatly different.

d, : small\: : : : ° gy
@ :Reference image q /67' s 3 Condition in stick region
® :Current image 0 d, —d,|<& Not satisfied
O :Central dot %o ' ’ .. 0 «

In stick region

Cancel of Rotation

\_Estimation of Rotation angle 6,
6,+60,+6,+0,
4

6, =

Rotation of all dots
In current image

Condition in stick region
d,—d, <o Satisfied
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Flow Chart of New Method to Estimate ¢

Capture Current image

Measure Contact region, Dot positions ‘

Canceling Rotation

i

Calculation Displacements of dots between
reference and current images

Second point If d..>U

Yes*
Calculation

~

First point Reference image»Current image

A

C C_
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Experimental Description

CCD camera
LED lights /

\" =

)

Transparent
acrylic plate

INormaI force

‘-,;./_,
- od [

= > Moment
[ \! Tangential force

=

Estimation of
stick ratio ¢

Transparent -l‘

elastic body ~

F

/.

p——
Object
MMy INUIIlTIal 1U]I UC

Tangential force
Moment

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Estimation of ¢ with Distorted Stick Region (Casel)

Increase of stick ratio Good in the opposite direction

Proposed meuoa
»»»»» --——-- conventional method

[E—
-
1 |

S
oo
1

stick ratio
o O
B o

estimated

0.2-

Not good in the same
direction continuously

1 Slippage, . .. .
-4 direction e J

displacement
(mm)

=5
Ot/ s a5 30
D Macroscopic Elastic body was severely deformed.
slippage Dots can hardly move to that direction.

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Experimental Movie with Distorted Stick Region

Sc fatio

€ :object position
dot In
stick region

dot in
slippage region
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Estimation of ¢ with Applied Moment (Case2)

estimated

rotation angle

Can estimate Good in the opposite

= direetion———

proposed method
- conventional method

() o
oo O
A

stick ratio
-]
i

\®
-
1

---------

_60 NALR VVLI:VII : : : : -

_|_
[ s L 10 15

Not good in the same time (sec) D
direction continuously

macroscopic
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Experimental Movie with Applied Moment

' ratio

‘dot In
stick region

.dot In
slippage region
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Conclusion
This paper proposed ...

Estimation method of stick ratio in some major situations
Denoising method to decrease data variation of dots

G
Our sensor was developed to a practical level. ‘

Slippage degree )
INn many cases
Normal force

Tangential force

k Moment )

Future work

Implementation of developed sensor to robot hand to verify
proposed method
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Thank you for your kind attention.
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Another Approach for Estimation of Slippage Degree

30

o 1'0__ proposefi method
NOt gOOd in the same - § O'St onventional method
direction continuously | € S ™
—_— 5 7 0.4«_ )
O 0.2+
0.0 =
3
51
S F 0
s E 2
o =]
\ 4 I T
o T 5 T 10 15 20 25
Another approach I time (sec)
V\I/:henT macrot'e_‘»CFfiC slippage - Prediction of macroscopic slippage
o . Tangential forc ~ o
N, : Normal force e»ﬂo "N, F R » Perfect contact
N N, or partial slippage
Current )
F : Tangential force F F _F M - g
N - Norrral force »_ ~ » acroscopic slippage
. N N N,
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Estimation of ¢ with Normal Force Changed (Case3)

Change of normal force

’ {Contact surface

Change of distance CCD camera

¥

In perspective transformation

Dots spread toward outside.
gather toward inside.

Compensation of
perspective transformation

ppostk = a(pprek _C)+ C

[l
. a s %Y

WO Images

P Ry

a . Scale parameter between t
¢ : Central position of image
Pore - dot position before compensation
Ppost - dOt position after compensation
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Calculation of Scale Parameter «

Sum of all distances of adjacent two dots in contact region

9
Comparing D D

— (x,y)=(-11),(0,1),(1,1),(1,0) kLI

Z Z‘ pcurk,l - pcurk+x,|+y

(x,y)=(-11),(0,1),(1,1),(1,0) kI

Reference image

prefk,| - pref K+X,1+y

a

Current image

Influence by deformation of contact region

Line segment Average direction of
\ between two dots displacement :

~

Parallel : High-influence

Elimination

Vertical : Low-influence of parallel
component

[ = Decrease of influence
Unit vector of displacement direction > > (prefk,, = Pref ity Jxa,,

_ (x,y)=(-1,1),(0,1),(1,2),(1,0) k.l
(pcurk,l B pcurk+x,l+y)>< qx,y

(pcurk,l o prefk,| )+ (pcurk+x,|+y ~ Pres k+x,|+y) a Z Z

qx,y =
(pcurk,l N prefk,|)+ (pcurk+x,l+y B prefk+x,l+y1 (x,y)=(-11),(0,1),(1,1),(1,0) k.l
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Estimation of ¢ with Normal Force Changed (Case3)

Increase of stick region with contact region
150 1 propesed method
——— conventional method ‘
. 100- N7

Z ‘ i’

501 ol

l ‘*‘—'\..._\_1__zt v

0 ||
& 5]
D 4 T T
g 7 2] \_ q
S .
>} 1

04
e 2.5
o 2.04 N
) 0.0 L= central dot e |
© '(1)(5) --------- object

0 5 10 15 20 25

time (sec)
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Experimental Movie with a Normal Force Changed

k ratio - ‘ 0

€ ‘object position

dot in
stick region

.dot In
slippage region
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Reference dot

]do— d <8

Z

‘ Displacement of central dot ‘

<

‘ Displacement of reference dot ‘

Reference dot:the nearest dot from the center
of the stick region

The central dot is not always in the stick region.

Since the reference dot moves along the stick region

movement, we easily obtain the stick ratio even when the
contact surface is moving.
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Detall of o

In order to discriminate stick and slippage
‘dmax >V ‘ » ‘dmax ;éU‘ regions in stable sensitivity, d ., should be

considered to define 6.

id,,
dy —d,| < 5 = 5, i
.“v U
. A Cens . .
= In stick region
| . .
5 In slippage region
S U
() :
e 5
G dy —dy[> d__
Q@ Ll «<—0 =0, |
e SRR U
_Cgﬁ 50 ............................... , ....... { ‘ < 5
| - . >
0 Difference between reference and current images = (

max
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Method to decrease of data variation of dots

Variations in the dot positions from noises
L» weighted average of target dot and the adjacent 8 dots

( ki}‘ lzﬂ: W p Wk a1 Wia Wk+1|—1 (83 S, 83\
m,n = prem n —
- m:k_lknlzll_llﬂ (k ¢1’21 and |¢1’21) 4 Wk—l,l Wk,I Wk+1| & <SZ Sl SZ (
Prosty 1 = Z ZWm,n (Weaiin Wi Wi | 1S3 S S
m=k-1m=I-1
| Porey, (k=121 or 1=121) Weight ‘ . '
™ \. 0.182 0.391 0.182
‘O 391 ‘1 .0 ‘0.391
targgldot— . 0. @
® & O 0.182 0.391 0.182
0.16
Experimental Results - e————
2012 conventional method
Standard deviation o of relative dot = : = s
position in reference to central dot & oos] og iR ESBenp (o o .
5 0.06 AT < =
: g 0.04 - "?{ % ?
I\/IaXImu.m ] g 0.02-: . oo ¢ vt nﬁtﬂwwi
014 plxel 006 plxel 7000 5o 100 1o 200 2% 30

distance to central dot (pixel)
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Selection of 4,

5, is small. sl The sensitivity of ¢ estimation is good.
50 > dot variations » To minimize the effect of the dot variations

Regardless reference dot...

standard

deviation o < 0.06 pixel

oo = 0.06 pixel

v95.44%

0.24 pixel
= e

Relative
displacement

D 4
oy = 4o, = 0.24 pixel

Advanced 7 Bio-Inspired System

016
0 0.14 - ¢ proposed method
D- 0124 conventional method
o 0.10 ( >
-:: 006: R ;}q ——
b 004 4 ‘3 -
3 : 3‘ o
50021 g 0 o354 O " m
;" 0.00 + ¢ : 1

50 160 %0 260 250 301
distance to central dot (pixel)

016
£ 0144 reference dotp_ |
£0.121 reference dotp_
.S 0.10
= i
B ]
5:0.06 4 . : _

®enns’] fl' s y E ST e oY
= SN e g ¥ ., 'rn:-.-.*'.ﬁ::n--f
= (.04 $ 3 oo
[ ] ‘vﬂf
-C% 002 ; J g ﬁ ‘%“‘?gsgz}
Iz 0.00 | b | b 4 4 4 b | b | b

50 100 150 260 250 360 350 400 45

distance to reference dot (pixel)
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Selection of U

Two measures for U n, : the step number (58)

n N

s . : ¢._ —¢. (¢ < ¢__ )

_ ~ The earlier the decrease: D= » Ag A¢:{ -~ 9 <P

> .Z:11¢| of ¢ is, the smaller Sis. : ; | 0 (4 >4.,)

Regarded as the level of estimation error

Fast response of f estimation _
L., U should be small. Desirable ™» U, S and D are small.

60
- 1.0- _’.‘ _‘:. """"" T ". ‘: :‘ ‘: ok [ X 55 .'..
- p— S anm :\‘ age ’.. o : : ] o..
-5 °F \ i [ 0 ., Nearly constant
% IORRKE S R A NE . o I E s 451 '
g .2 04] —— U=10PN¢l % : va 40+ "o, >
=2 ® 1| -==-U=2.0 pixe 351 e L
L 027 e U=4.0 pixel 30 RO AR ot et g
O e m—— 1.4 :
p— 1.5 reference dot 1.2 -
3 ' 1.0
= 0.8
3] A 0.61
= 04 = % .
-Y£ 0.2' * * .'...0 .
= 0'0' ) s | ..t.“. ': : | i | A |
R R R D T A A . 0 1 > S ; 3
time (sec) U (pixel)

U = 2.0 pixel
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Estimation of Friction Coefficient

0.4

0.2

estimated stick ratio ¢

Polypropylene (1=1.01) Leather (1=1.33)

O \ \ \ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

tangential force / normal force

Stick ratio to

_ Friction coefficient
ratio between two forces

Estimation
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Example of Application of Reference Image

Second point the image captured
several steps before

1 B -I -
08 B V 08 -
2 e
o6 [V [ 06
4 Y4
2 o
B04 e s B 04 AN -
02— Initial image |- 02| —Initial image |-
ol ” 1 step before 0 — 4 steps before
0 10 20 30 40 50 0 10 20 30 40 50
step step
1 R 1
= Initial image e
08 [~ -0 steps before [ 08 [N\ — Initial Image |-
(@) (@)
2 = — 10 steps before
So6 VNN So6 VW
X '
2 o
® 04NV AA AN B04 NN
02 | AVASRS R AV
0 ‘ 0
0 10 20 30 40 50 0 10 20 30 40 50
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Forecasted Question

Size of sensor

Curvature factor :13mm

I |
/ I Height :13mm

Elastic body

Equation of Rotation

cosé, siné,
Poosty =| ...
Pt 1 —sing, cosé,

p,: Each dot position
Po: Central dot position

:|(pprek o ppreo)+ ppreo

pre: Before rotation
post: After rotation

N

Drnroccinnan ocnoo
rTULCOOIIIY OJCCT

The processing speed depends on spec of PC.
Currently, the processing speed about 4Hz.
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Forecasted Question

Selection of material 14 ,
A—— T 19 Gel Soft Finger .
£ \
- 10+ Viscoelastic Soft Finger
£ 8
S
QO 6 Silicone Soft Finger —
s N
o 2 Rubber Soft Finger
% 0
0 10 20 30 40 50 60
SeleCtlon pOIntS Normal Force [N]
Hard (for measure of contact force in wide range)
Transparent  (for capture of image from reverse side)
Flexible (for increase of moving range of dots)

Silicon rubber
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Experimental Movie with Forces and a Moment

| Sti ratio geaarrer e

r
f

e

X | I -
S0 ORGSO E SN
r L .... a ..._ .-.-- -
2 0 OO0 e

'EL e

o e
- r o
- 1) .
- 9
"l e ——
r T
» @
2 8
- = =
y
C - il
- Lr

€ :object position

dot In

stick region f

:dot in
I SFIEDE_!QE! region [Oblnata Lab |
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Measurement of Contact Force

Normal force
Tangential force
Moment

i -
2 1 N

N
N TN

Radius of contact (mm)
[41)

—
1

o

4 6 8 10 12 14
Normal force (N)

(@
N -

Relation between normal force
and contact radius

Advanced 7 Bio-Inspired System

eoccooved

L ]
o
. L
. ®
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Measurement of Contact Force

Normal force
Tangential force

Moment
12
E
= 08
38 :
N & 06 s
T O
e S 0.4
2 5 o2
©
0
0 1 2 3 4 5 6
tangential force (N)

Relation between tangential force
and displacements of dots
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Measurement of Contact Force

Normal force
Tangential force

Moment

—y —_
o N

| |
>0

*

nomalized angle
(deg.)

o N E (=] (o]
r | | | |

0 10 20 30 40

torque (Nmm)

Relation between moment
and rotation angle of contact surface
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Forecasted Question

BRLE=NBEHERBALT
EfL=RILAROBE®RBYICXT HEREIL?
BEIXEDPH>TROI=D ?

BB XA EICLASTLLDGD ? IR ELELD 2
NEYEDERFZREToNIRH TSN EH DK ?
NEEMDRBERIFEEARDYEICIREFT DL ?
BEEEDE@EX?

EEZRMIREFTELD?
EEFZRHComAGIREFXEHEGZOND ?
BEMARIXEEDHZESNSD ? B EI{EITRIE 2
AR DEYELHE. EonfizaLnHEGHD ?
i E L EEEN RIS THRETELD ?
BERYFHOHEENDELZD ?

BIERD HILNEESIPL>TKH DD ?

&by rEDRFELIZD ?
MADFREIFTFERCLEWNESBGD ?

)& | “macroscopic slippage DR ZSHHEWLND TIE ?

Advanced 7 Bio-Inspired System Prof. G. Obinata

e COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Forecasted Question

NEZGUDEFRITEEARDDEIIKEFIT SHL?
The relation between tangential force/moment and the displacement of dot
depends on the elastic coefficient of the elastic body.

N RYMEDERFZH ToNRERIEESHENEHL S L1 ?

The smaller the friction coefficient is, the bigger the minimum value of the
estimated stick ratio is. It is one of the future works.

However, the previous research shows that the range of the stick ratio is not so
decreased if the friction coefficient is large in some measure (more than 1).

EEFRB L vax AGIERFIIHEGLD ?

| think that robot can grasp the unknown object by using the friction coefficient
in some measure. However, we cannot use the coulomb friction law for the
elastic body. And it is difficult to use the law when a moment is applied.
Moreover, it is well known that the friction coefficient is sensitive to several
factors such as conditions of contact surface.
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Forecasted Question

BMEIXRIZE(CLESTULNLDD ? PITEIIRFLZLD ?

(It is desirable that ¢, is small because the sensitivity of the slippage becomes
higher.) It is enough if &, is a size that the effect of the dot variations is hardly
occurred. Therefore, ¢, depends on the image resolution and number of pixels
of the image, but doesn’t depend on the property of the object.

The results of two measures for selection of U depend on the grasped object,
but we obtain similar results from other objects. The estimated stick ratio is not
so different even though U is changed.

Therefore, these thresholds are not variable. However, It is considered that the
thresholds become variable to change of the sensitivity for any purpose.

BEREDE[ER?
For example, in nanometer scale, all region of the contact surface should slip
even if macroscopic slippage doesn’t occur. So as to use the slippage degree

nffartn thn Al Af hanAde hn~a Aafina tha hAardar
UIICbLIVUIy IUI LIIU HIIIJ IUIbU bUIILIUI Oi IIdIIUD we nave l.U aeiine LIIU MUIUCI

between sticking and slipping. Therefore, the true value is not exist and we
should consider the optimal definition of the slippage degree for dexterous
handling.

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Forecasted Question

MHEDE Y DFYEES. Ron=HEESLMEFEELD ?

There are not many researches which consider the slippage degree.

And as far as | can see, only our sensor can estimate the slippage degree in
many cases introduced in this presentation.

In addition, only our sensor can estimate the contact force and slippage degree
simultaneously.

TEBYFNDEENDELZD ?

When the sensor cannot estimate the slippage degree, the robots may drop the
grasped object due to delay of the control because the sensor cannot respond
until macroscopic slippage occurs.

In addition, after the macroscopic slippage, the bigger grip force is required to
stop the slippage since the friction coefficient decreases in the dynamic
situation. It is desirable to respond before the macroscopic slippage occurs.
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Forecasted Question

A ERDHINEESI®>TKRHLD ?

In the stick region, we obtain the same rotation angle regardless of used dots
because dots in the stick region move and rotate uniformly.

And it is considered that the central dot remains in the stick region to the last
moment until the stick ratio becomes to 0.

Therefore, we obtain the rotation angle in reference to central dot

i~y EDHEIERLIGD ?

It is considered that the central dot remains in the stick region to the last
moment until the stick ratio becomes to 0. Therefore, we estimate the slippage
degree from the displacements of dots to the central dot.

(However, This is conventional concept. In this paper, we propose the reference
dot instead of the central dot.)

MAOREAILFEEEWNEERBLZD ?
For the curved surface whose curvature factor is small, we can estimate.
For the surface whose curvature factor is large, we will try as the future work.
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Forecasted Question

B [E [ “macroscopic slippage 2 ELND TIX ?

Yes. There are two reasons why the stick ratio doesn’t become O.

First reason is that N, doesn’'t become 0 because N, includes the central dot.
Second reason is the accuracy of the estimation.

The dots close to central dot hardly move in reference to central dot.

However, the important thing is that we should control the grip force before the
stick ratio becomes too small.
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Estimation of ¢ with Distorted Stick Region (Casel)
Second point : ¢ Estimation timing
> U

Estimate ¢ only when d__,

d... - Maximum displacement of dot in stick region

U :threshold value

dmax: grows bigger when contact surface moves faster tangentially

dy—d,|>5 = Hardly satisfied, when d.__ is small

max
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Estimation of ¢ with Applied Moment (Case2)
A long stick picking task

*S%%% .
Sensor body and the stick rotate together © o g ¢ o ®:Reference image
Most dots are regarded in slippage region ©e08 i ® :Current image
(ld —d |>&8) ©® o8 ® O:Rotation center
‘ 0 k‘ > D o

After canceling the rotation component
obtain SD in the same way

6,+6,+0,+0,

Rotation angle 6, = 1

Rotation equation

cosd, sind,
ppOStk =

- +
—sinQO COS@O—I(pprek ppreo) Ppost,

L .

p.: Each dot position pre: Before rotation
Po: Central dot position post: After rotation
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Another Approach for Estimation of Slippage Degree

o 101 proposed method
= % 0.8—- e copventional method
Q - 1
g 5 06
_ 2 0.4-
Not good in the same o
direction continuously 0.0- S T A A s -
—_— 3 3 Slippage
o I - direction /_4/—
& = 0
D E .-
8 & 21
1—9(- e _3_ - .- '_.'
2 44 T e
o -5- _
— N T R . R R

Another approach | time (sec)

Measure when Comparing

macroscopic slippage L “ F F :Current tangential force

Normal force Ny = N, N N :Current normal force

Tangential force F,

.—>Prediction of macroscopic slippage
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Shape Sensing by Vision-Based
Tactile Sensor for Dexterous
Handling of Robot Hands
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Background

Dexterous handling of object by robot hand
Tactile information I

o Cc?ntact force Sense Object
m Slippage

m  Shape/irregularity

m Temperature etc... Feedback rActuator

Vision-based tactile sensor has desirable structure.*
THae—Elastic body Problems of other sensors
Eh (resistive, capacitive, piezoelectric, etc)
13 m Many devices and wiring are needed.
a m Elastic body decreases sensitivity.

Tackdetile
ceptey

Object

‘ '

Camera capturing deformation

_ Vision-based sensors
Analyzing doesn’t have such problems.

Tactile information
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Purpose
Sense of object shape/irregularity allows to..

Archive tasks requiring shape Captured image

recognition
9 . Image processing
m Choose grasping strategy

s Provide detailed information 2D detormation 3D shape

to methods sensing other of contact surface
Helpful to sense

tactile information Sensing method
Tactile information

etc...
Problem of shape sensing by vision-based sensor

m Using only single camera for compactness

Obtain 3D information of contact surface
from 2D single image

Purpose

Estimating 3D shape/irregularity of objects by single camera
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Structure of Vision-Based Tactile Sensor

One-way mirror CCD Camera

: v
LED lights
g N

[

Touch pad

Transparent acrylic plate

Analys of
Translucent red water j \ / SeEEsiE
\ Object contact region
v

Acquisition of tactile information
m Contact force”
(normal, tangential, moment)

Metal plate
Two -layered elastic membranes

ﬂ| itar * Rlack eonlor

N AW 2 IVAWVIN WWVIWVI

< Inner : White color, m Slippage degree*”

Printed dotted pattern | g QOpject shape/irregularity
*G. Oblnata (Mobile Robots: Perception & Navigation, 2007), **.Y. Ito ([EEE SENSORS, 2009)
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Fundamental Principle of Shape Sensing

Color in image changes depending on shape of touch pad.

Change of color

.— -
(T NN a ® =

s esmSeaekEFERe ¥y

e
. SREBAEESRY
3

iRz a R AN 2 s

----------
........

.......
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Fundamental Principle of Shape Sensing

Main content of shape sensing
Definition : Region V, is projected on Pixel P; in image. CCD

Significant relationship camera

Refraction

Depth of touch pad
I Dependency LED light

Light intensity in V. (Input signal of CCD) | | ] |
I Proportionality

Color intensities (RGB values) of P

—_ —

We can calculate shape of pad from RGB values.
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Formulation of Shape Sensing Method

[
1. Finding relationshig among colorI Iight intensitx and degth

2. Eliminating garameters

3. Determining unknown garameters

4. Comgensating Aggroximation errors
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Relationship among Color, Light Intensity and Depth

LED light reflects off membrane and travels into CCD
l,, 1,, 15, 1, Intensity per unit area of LED light
lLED light

into CCD

Acrylic plate 4

/ i
hi=lexpl=ch) | /1 9 \ I, =Ry,
¢ : Extinction coefficient L ¢ !

. K R, : Transmission
in colored water |

coefficient
to acrylic plate

I, =R1(95b)11

R,(8b) : Reflection coefficient
to membrane

b : Color of inner membrane I, =R, (6, b)R210 CXP{— C(l1 +1, )}

Advanced 7 Bio-Inspired System
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Relationship among Color, Light Intensity and Depth
LED Ilght reflects off red pigment and travels into CCD

"2 , - Intensity per unit area of LED light into CCD
LED light p ’
I1(Z) =1, exp(— cz) lic plate | | 2> 4
— ‘|

Iz't(zz):RzI;(zz)

R, : Transmission
coefficient
Lel____ to acrylic plate

Intensity of
scattered/absorbed light

Il(z)— Il(z + dz)

1E)= RUNLG) -1+ &)
_R()di,z)
= cR/(¢h )1, exp(— cz)dz,

R’,(¢,) : Scattering coefficient
to red pigment Membrane

1) = Ry expl e+ 2 = Lo,

Particle of
red pigment I!(z) = I(z)exp(- cz,)
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Relationship among Color, Light Intensity and Depth
Sum of light intensity I ... in region V,

I orr ’ _ r
L = ST+ [ S'C(Ye = £, lne, RORY) .
S :Areaon membranein V. CCD
S’(z) : Area on plane vertical to z axis in V; at z h, camera\i;.::?

Geometrical relationship | . | TFTT Wi

SNz)=slz+ A (Detail is abbreviated.)
()= s+ mY W )
s : Proportional constant  h, : Obtained from h, #¢

Applying to RGB components
bR/ﬂR — fi(aRIOJDCR:RlsR;n)
bs/Bs = fi(aGIOSII5CG=R19Ré}1)
bB/ﬂB = ﬁ(aslmllscasRlsR;n)

br, bg, bg:RGB values in image
R, O, O, Pri Bs Ps - Propotional constants

Membrane
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Formulation of Shape Sensing Method

[
1. Finding relationshig among c:olorI Iight intensitx and degth

2. Eliminating garameters

3. Determining unknown garameters

4. Comgensating Aggroximation errors
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Eliminating Parameters

Approximation of scattering coefficients R’;(¢,)
m R component of light is scattered. R;ﬂ(@) > ()

/ m G/B component of light is absorbed. R' ~0 R =0
Red pigment (¢1 ) = Bl (¢1 ) =

Elimination of R, depending angle #and color b of membrane

(b2 /Br = filaxlo h.ci R iRy,)  Solving simultaneous equations
< bg/Be = filagly e RiERL,) of Rand G components
\bB/ﬂB f;(aBIO’lDCB:.}Sl’..RBI) (R and B)

o b explcakl, )= kb, explc;ki,)
& g(¢l) ( ){1 exp(chl )}+Q2(l1».“1.a.) = folhobesbo)

(¢
S o o) =aufisty 4y =cons
Membrane

i A
3 Advanced 7 Bio-Inspired System Prof. G. Obinata
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Formulation of Shape Sensing Method

[
1. Finding relationshig among c:olorI Iight intensitx and degth

2. Eliminating garameters

3. Determining unknown garameters

4. Comgensating Aggroximation errors
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Determining Unknown Parameters

Determining g(¢,) by using measured values
ﬁ(II,bR,bG)=g(¢l)=j;(ll(to),bR(to),bG(to)) “Known

|,(t,), br(ty), bs(ty) : Previously measured initial values

Parameter identification of cg, c; and x

b, explc ki, )— xb, exp(c,ki,)
= £, ()b, (t, ) b, (¢
QI(CR){I—exp(cﬂkll)}+Q2(ll,cR) 2(1(0) R(O) G(O))
Previously measured Solving simultaneous
L) be(1) b6 (1) J v »€quations
o (t2)=bR (tz )9 be (tz)
1,(t,), b, (8,), B (2,) Cry C and x are obtained.

Equation to calculate pad depth I, from color intensities bg, bg

£(0(2). B (1) b (6)) = £ (1 b (6, ). 5 (1))

S Advanced 7 Bio-Inspired System Prof. G. Obinata
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Formulation of Shape Sensing Method

[
1. Finding relationshig among c:olorI Iight intensitx and degth

2. Eliminating garameters

3. Determining unknown garameters

4. Comgensating Aggroximation errors
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Compensation for Approximation Error

Effect of nelghborlng light

Initial Dheformed:
Snape Light in V.
......... >
Neighboring
light

Neighboring light increases Neighboring light travels
light intensity in V,. in different direction.

fz(ll(t),bR(t),bG(t))zfz(ll(to), ( ),b,(z,))| Calculating in reference to initial shape

)

MY

S On..

CL

npt ion : Error of ucpt epe

Deformatlon of membrane
m Pad depth

Advanced 7 Bio-Inspired System Prof. G. Obinata
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Compensation for Approximation Error
Parameters to represent degree of deformation/depth

Wom - Deformation of membrane

:Difference from initial shape:

V um (% 951 Z{W(xk:yka (xk:J’kato)}g

Small area : (\/(xk —x)2 + (yk — y)2 < r)

r : Threshold value

m : Scale parameter depending on depth

(%) Difference from initial shape:

( \ '

Effect of neighboring m=mexplal (-5 )]
light is maximized. mg, N : Threshold value

Equation to compensate deptn |,
Compensated depth : Ii(x, y,t)=1(x, y,t)-my__(x, y,t)

Advanced 7 Bio-Inspired System Prof. G. Obinata

B COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Table of Contents

1. Introduction

2. Vision-Based Tactile Sensor
3. Shape Sensing Method

4. Experimental Results

5. Conclusion

Advanced 7 Bio-Inspired System Prof. G. Obinata

B COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Experimental Description

Tactile Sensor Estimation of shape of touch pad

Estimated shape

e

.................................................. con
oo
K 5
3 1
e [] S
J. o 3
b 5
S 7. :
R
R
b
N
2
:
s &
s 8
s 3
oL NS A
S 3§
. . = ]
. . oW gy
: 4 L. s~ e .
> 3 [
N b P - .y -
. . k. .
s 5
i . l.

\é\Touch pad Comparing
f et

Actual shape
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Result of Shape of Non-Contact Touch Pad

S 161 Actual shape

o 18— Estimated shape
o %(2) ——II Estimated shape with compensation
—— fr r f r r r f 1 fr f & 1
5 10 15 20 25 30 35 40 45
X [mm]
Mean error [nm] | Standard deviation [mm]
Without compensation | ().16 0.10
With compensation 0.10 0.07
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Result of Shape of Contacting Touch Pad (1)

Lt Act_ual shape
g8 Estimated shape
aX 3(2) ——II Estimated shape with compensation
1t - f 1 r fr 1 1t 1
5 100 15 20 25 30 35 40 45
X [mm]
Mean error [mm] | Standard deviation [mm]
Without compensation | 0.53 0.29
With compensation 0.30 0.20
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Result of Shape of Contacting Touch Pad (2)

Pad depth I, [mm]

Pad depth I, [mm]

NOOOTPRANOOOOOPA~ANO
L L L L L

NOXOPRRNOOORMNO
L L L I s e

Mean | Standard
error | deviation
] [mm] | [mm]
¥ Without 0.43 | 0.25
: Actual shape compensation
Estimated shape :
1 1 Estimated shape with compensation || | With 0.25 [ 0.18
5 10 15 20 25 30 35 40 45 compensation
X [mm]
Mean | Standard
error | deviation
\ / [mMm] | [mm]
e Without 0.53 [ 0.39
Actual shape compensation
Estimated shape :
Estimated shape with compensation || | With 043 [0.24
47 71 1 1 1 T T |compensation
10 15 20 25 30 35 40 45

X [mm]
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Experimental Movie

CCD camera| Side camera
3D Results | 2D Results

x value of image (pixel) (=240 pixel)
200 300 4 300

= Froan side camera
—— Without compensation
— With compensation
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Conclusion
This paper proposed ...

m Method to obtain shape/irregularity of object by using only
single camera

. -

‘ Our sensor was developed to practical level. ‘

Normal force )
Tangential force
Moment

Slippage degree
Shape/irregularity ~

Coitiar
rTUuLtul

n
ULtulil ©

Implementation of developed sensor to robot hand to verify
proposed method
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Thank you for your kind attention.
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Estimation Result of Irregularity of Object

€ OT
o
=
o .
S g ?
g o
g 1 i —— Contact with flat surface
'E, 10—__—- || —— Contact with asperity
| |
=015t ] l _
E ® Contact with flat surface
p 1 e Contact with asperity
S 0.10+ *
<
2 1
(eb]
_CES L
% O OO | | | | | | | | |
& | | | | | | | | |
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Limitation of Shape of Object

O -
2 -
‘= 4
s 63
— 8 T
—'1
= 17 —=
§ %g, T — Actual shape
5 184 — Estimated shape
o %g + | | —— Estimated shape with compensation
| I e AL B A B S B

5 100 1 20 2 30 3H 40 4
X [mm]

—

Mean Standard
error [mm] | deviation [mm]

Without 0.72 0.70

compensation

With 0.58 0.42

compensation
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Limitation of Shape of Object

0 —
21 J=.\
| T /
£ & /—
E gl S /- Noserr”
—10F
= 13 / \
o 147 Actual shape
o 16 _
o 187 — Estimated shape
S 1
o %g T | — Estimated shape with corrpensatlon
|

5 10 15 20 25 0 B 4 45
X [mm]

Mean Standard
error [mm] | deviation [mm]

Without 0.67 0.62

compensation

With 0.60 0.37

compensation
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Limitation of Shape of Object

01— —
= g 1 \ J’Ir/
é o 7 I S /
—10F / \\
< 127 . .
§ %g 1 — Actual shape
T 18 —— Estimated shape
o 5(2) + | | —— Estimated shape with corrpensatlon

|

T 1 I ' ' '
5 10 15 20 25 0 B 4 45
X [mm]

Mean Standard
error [mm] | deviation [mm]

Without 0.74 |0.54

compensation

With 0.56 0.35

compensation
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Calculation of Area S’(z)

Similar triangle

S’(z) is proportional to
square of

Membrane
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Calculation of Area S’(z)

p 22 e )
S'(2)=s(z+h,) A i
~
h, is obtained by these S
relations.] h CCD
AX = 2A P, - — 5 camera
COS ¢, COos ¢, 2 204,
— L (2A¢1 -—h2 (¢2 )j n ¢, —Ag,
CoSiA CoSiA 1 = Refraction
L N\ f light
sin(g,+ ) > £ L

T sin(, + Ad)
_sin ¢, cos Ag, + cos ¢, sin Ag,
~sin ¢, cos Ag, +COS ¢, Sin Agy
_sin ¢, + Ag, cos ¢,
" sin ¢, + A @, COS ¢,
n; : the relative refractive coefficient
between the air and the colored water

Acrylic plate
Y

4+ Ad

similar triangle
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Parameter Identification of cg, Cg, K

Cr, Cg, K : 3 Unknown parameters

b exp(c kI) KD, exp(c kI) -
(cq )L —exp(cgkl, )}+Q, (1,

bG (tO ))

Solving by numerical
analytical approach
such as Newton method

Cr, Cg and x are set to

Prellmlnarlly measured

\

(t,)bs (t,). b (t)
1h(t; ) be(t, ) bs (t,)
1 ()., (t;) bs (t5)

0.0290 mm-1, 0.0336 mm-" and 0.9924, respectively.

Prof. G. Obinata
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Parameter Identification of r, mg, n

V(0 .8)= 2 0 i) w0 Yoo} (0o, —xF + (5~ yF <)

k

m = mgexp[nil,(x, y,t)=L(x, y.t, )i L0 y,t)=1L(x y,t)-my,.(x,y.1)

) 2

Comparing 1 (x,y,t)=1(x,y,t) with my,_ (X, y,t)
Transformed into double logarithmic equation |, : actual depth
In{l (%, y,t)=1,(x, y.t)j= L

In{my g, (%, Y, 0F = Iy (%, y, )+ Inmg + 0l (x, y,) = 1(x, .5}
‘ The least-square method (changing r from 1 to 50)

F

S=>(L-F)
r, my, and n are set to 0.000886 mm/rad, 30 pixel and 0.224 mm-".
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Solving Equation for |,

f (1, (1), be (£),bg (8) = (1) = 7 (1 (t ), g (t), s (8)
f (I, bg, b )= bs exp(cgkl, ) — by exp(cgkl,)

Ql (CR ){1 - exp(CRkll)}+ Qz (I1’ Cr )

INe approximate |, by using bisection method.

oo (t.1)=0

Lo +1) =L (L) £ (tieD) [
' o (L0 +1)=+
L (t)= 1, (tN) -

nax aNd N are set to 14 mm and 16, respectively.
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Measurement of Contact Force

m Normal force
m Tangential force
m Moment

i -
2 1 N

N
N TN

—
1

Radius of contact (mm)
[41)

o

4 6 8 10 12 14
Normal force (N)

(@
N -

Relation between normal force
and contact radius

Advanced 7 Bio-Inspired System
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Measurement of Contact Force

m Normal force
m Tangential force

m Moment

12

E

= 08
38 :
N & 06 s
T O
e S 0.4
2 5 o2

©

0
0 1 2 3 4 5 6
tangential force (N)

Relation between tangential force
and displacements of dots
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Measurement of Contact Force

m Normal force
m Tangential force

= Moment

—_
N
|

L 10 -
o b
g 8- .
T 8D
gt $
i 4 -
g :
e 2-

0\

0 10 20 30 40

torque (Nmm)

Relation between moment
and rotation angle of contact surface

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Estimation of Slippage Degree
Partial slippage by non linear pressure distribution

\\lormal forw
Contact jon S
Sensor I ‘ I “ I ontact region S,

Object Stick region S,
Tangential force F F<uN Stickaaiips oY
Incipient slippage o
region F>uN

Stick ratio indicates slippage degree.

@1 ¢EO.
Perfect sticking Partial slippage Macroscopic slippage

I Keeping ¢ > 0 == Preventing object from slipping ‘

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Stick Ratio Estimation Method

Discrimination of stick/slippage region

e EUTTTE
..,‘,'IHI‘\.- 'i. = ¢ ¥
ifinnnln\I d::.;:'::.t:
I :":':":':‘:':"':'.::i‘.‘.‘.‘........;.....a..: o N
.h-n-nn--'- '.-""a"'
/:\\.lilﬁ.lllii .':".:':-'
I _ =\~--’ﬁ, | .-u:::..l-_’
Contact region ::.:;_;:.:; Ec::: o
Initial image Current image
Displacement d,—d,|<6 In stick region

d, : Each dot
d, : Central dot = Object [do—d,|>J In slippage region

S. N | T |
Stick ratio ¢=—"2=— N, : Number of dots in stick region

S. N, N,:Number of dots in contact region
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Forecasted Question

Size of sensor

CCD camera: 8 X8 x40 mm
640 pixel

R~ AT

.................
- .

LED light : 60 X 60 X 60 mm

.......................
-----------------------
-------------

Curvature radious : 20 mm

Thickness of membrane : 1 mm
Processing speed

=ammal

The processing speed depends on spec of PC.
Although the processing speed is about 1Hz currently, we can process
the method faster by using high spec PC in the future.
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Forecasted Question
KEBRD S FEREIL ?
ENSBULDIIRETERINSD 2
EAEBALMEE TELLALRELD ?
AR X ES - THET LD ?

I FRIZLED ?

RIAC 0 WNEERBE M 2

BIEHERBALC W EBKB D ?
BEVYa—23 L7
ROBRAHIESEESTSH?

Vision-based ISy DB ->TEALD M EH 5D ? electrical resistance,

capacitance, electromagnetic component, piezoelectric/ ultrasonic/ component,
strain gauge
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Forecasted Question

ERAEIEA LN EE TEELALLELD ?
Although we can estimate the entire shape of the touch pad, the estimation of

the object shape is confined to the contact region. Therefore, the estimation of
the contact region is also important.

MBI IEES OO THTET HD ?
We can estimate the contact region by using the shape of the touch pad.

We will present the method to estimate the contact region at the IEEE
international conference IROS in October.

A FBEIZL-D ?

We can estimate if we use blue or green water. However, If we use the other
colored water, it is difficult to estimate, because we want to eliminate the two
scattering coefficient by approximation. And the resolution depends on the
difference between cR and cG. Therefore, it is desirable that cR is small and cG
Is large.

BE)a—rTL?

The silicon rubber is hardly influenced by the environment.
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Forecasted Question

m Vision-based LN DEH->TEALZDLHLHLD ?

electrical resistance, capacitance, electromagnetic component, piezoelectric/
ultrasonic/ component, strain gauge.

m OEEEIE?
The resolution of bR and bG are 0.001 (0~255 value ) by using smoothing (filter
mask is 29 X 29 pixel).
When depth changes 11.7 mm, bR and bG changes 8 and 31.5.
Therefore, the resolution of depth is about 11.7/(31.5/0.001)=0.00037 [mm].
However the actual resolution is not determined because of nonlinearity.

" QEeE@

Advanced 7 Bio-Inspired System Prof. G. Obinata

COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Theory for Intensity of Light

Sum of light intensity I ... in region V,

I =SR/(6,b)R,I,exp(—ckl)

+ SRR, [{1 -expl—ckl)Jo,(e)]

| —exp{— ki, JO, (1, C)J

Geometrical relationship
S'(Z) _ S(Z n h2)2 (Detail is abbreviated.)

s : Proportional constant  h, : Obtained from h;,

LED light

h, camera

Definition of parameter

2
kl,=L+1, Q (c)= h,z /}:; TR

I’ +2h1 21
Qz(llsc)_ kh2 kz

k=1+ L

Advanced 7 Bio-Inspired System

Acrylic
plate
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Modification of Equation

Substitution of RGB values in the image

- Q6N expl- @:@s.km}}
)

~Lsum= OO DR ] g EXPIER], )+ Sy () ~-Q,(l, ,) eXp(—iékh

Absorbed p’ ~ ()
b //B a1, c: Extinction G1(¢1)—
" 7 coefficient Ry, (4)=0
bG//BG agl, /
bR//BR ol RN “c [ Scattered R;n(¢|)>0

R, O, g, Pri Bs Ps - Propotional constants
. b, b, bs:RGB values in image
by = SR, (0,b)R,a, 1, exp (= ¢kl )
+ SRy, (¢1 )RZaRﬂRIO [Ql (CR ){1 — CXp (_ crkl, )}_ 0, (ll »Cpr )exp (_ crkl, )]
b = SR, (99 b)RZaG/BGIO CXp (_ chll)
by = SR,(0,b)R,a; 1, exp (= c,kl, )
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B COE for Education and Research of Micro-Nano Mechatronics, Nagoya University



Modification of Equation

EIimination of R,(@, b) depending #and b

+SRR1(¢1)R2|O RIBR|: (

Q,(c ){1 exp( CRkh)}}

Cq )exp (— cgkl, )

6 : Angle of membrane

_ b : Color of inner

Solving simultaneous equations

membrane

v

S Advanced 7 Bio-Inspired System Prof. G. Obinata

_ | ADr eXP(CRkll) expl— ¢
b%g (B RO, (cx K1 — explekd, )1+ 0, (1, ¢, )}} Pl=cokh)

a.fB.| |8 (¢1 ) = PSR, Ry (¢1 )Io
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Modification of Equation
Egquation to obtain pad depth I, from color intensities bg, bg

_ |:KbR exp(cgkl,) }exp (ki)
© L+ 9(4 ) Qu(es JiL—expl(ekly )i+ Qy(ly, ¢ ) o
—
Solving for g(¢,)
g ¢, - Calculated from
o) b, exp(c ki, )— kb, explcgkl, ) position of P,

QI(CR ){1 —exp(chll )}+ 0, (11:‘312) K, h, : Obtained from ¢, h;

Cw, Cr, K : Preliminaril
= const Rt =G y
calculated

= f(ll,bR,bG) (abbreviation)

Relation between pad depth |; and color intensities by, b,

f(ll(t)sbx(t)’bc(t))= g(ﬂ) N f(ll(to)abR(to)’bG(to))

|,(t,), br(ty), bs(ty) : Preliminarily measured

¢ Advanced 7 Bio-Inspired System Prof. G. Obinata
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Compensating Approximation Error
Effect of nelghbormg light

Initial Dr:aformed:
Snape Light in V.
......... >
Neighboring
light
Neighboring light increases Neighboring light travels
light intensity in V,. in different direction.
m> Error of |, depends on shape of membrane and pad depth.
Equation to compensate depth |, (Detall is abbreviated.)
I'=1-my,_ Wom - Function of shape of membrane
I’, : Compensated depth m : Function of pad depth
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Acquisition of Tactile Information by
Vision-based Tactile Sensor for
Dexterous Handling of Robot Hands
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Background
Dexterous handling of object by robot hand

-—

Tackdetile

Tactile information J' o

o C(?ntact force Sense Object
m Slippage

m Shapel/irregularity

m Temperature etc... I €€dback rActuator

Requirement of tactile sensors

Simultaneous acquisition of ™. multifunctional/compact
many types of tactile information ,~ robot hand

Many sensors and other conventional devices...
m can obtain only single type of tactile information.

= cannot obtain Our method can obtain

1. contact region on sensor d even if shape/movement
2. location of contacted object < of object are complex.
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Purpose
Contact region on sensor allows to..

evaluate grasp task stability

m estimate object shape in
accurate manner

m evaluate contact pressure

Sensor

Contact region

Stable Unstable
Location of contacted object is needed because...
m  manipulation tasks require exact
position/angle of object (
m deformation of elastic sensor body - L
makes object location uncertain

Durgose

Efficient method to Acquire contact region and location of object
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Structure of Vision-Based Tactile Sensor

—
One-way mirror CCD camera
\ Z
LED lights \
g N
Touch pad
Transparent acrylic plate | Analysi of

Translucent red water \ / dot positions

\ Obiject color intensity
v

Acquisition of tactile information

- Metalplate g Contact force*
Tw%llai\i?r.eglgerl\?(srt\lflmembranes (normal, tangential, moment)
< Inner : White color, m Degree of slippage™®
Printed dotted pattern

N~

m Shape/irregularity of object
*:(5. Obinata (Mobile Robots: Perception & Navigation, 2007), **:Y. Ito (JEEE SENSORS, 2009
Advanced 7 Bio-Inspired System Prof. G. Obinata
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Shape-sensing Method by Our Proposed Sensor

Principle of shape-sensing method™** Y. lto (IEEE CASE, 2010)
Significant relationship CCD
Depth of touch pad camera
$ Dependency Refraction
Light intensity in V, (Input signal of CCD)
$ Proportionality LED light
Color intensities (RGB values) | | | |

. -

Calculation of pad shape from RGB values.
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Theory of Contact Region Estimation

Difficulty to_estimate contact region from shape information
A

Pad shapes are similar.

7\

N -

Contact regions are different.

Analysis of small segment of membrane

Segment of membrane

P : inner pressure

o . tensional forces

o(6+72) S per unit length

(A R : curvature radius

Prof. G. Obinata
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Theory of Contact Region Estimation

Curvature radius of small segment

Concave/flat segment
S R(B+m2
RO/, R0 m2)

Touch pad

Tl Convex segment
R (62 < o(0)

0(0+7z/2)

a(eo"’/ \

R’=R R(6’+7Z/2)
sumption :
Obiject surfaces are con%
Ex)
) T Flat Convex
;/R’ <0 P is in contact region %/R’ >0 . P is in non-contact region
Necessary and sufficient condition 1 <0
< <
for P to belong to contact region R'(é’) (O =S [rad])
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Calculation of Curvature Radius

Latke-tadids-defined by three reference points

Acrylic plate

u-v plane : perpendicular to x-y plane

Pad shape : obtained by
‘ shape-sensing method

Ce(cu, & Cv, 6’) u
>

PA(r, V(1)

Po(=r, V(1)) 7 P(0, v(0))

r : constant parameter
v(u) : v value at u

Advanced 7 Bio-Inspired System

(Xp, Yp, 0) : origin of u-v coordinate

[— :
Assumption :

Shape of segment around P is
spherical in u-v plane.‘

o

Substituting 3 reference points P, P,, P,
\ 4 (u I Cu,0)2 " (V B Cv,0)2 = R(XP’ yp’é’)2

Discrimination of convex/concave shape

I

\ D 4 L
Calculation of R of all segments

In various u-v planes
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Estimation of Object Position
Anal¥5|s of dots Qa Inted on sensor surface

@ : contacting dot
@ : non-contacting dot

: Contacting dots move/rotate with object.
Contact reference dot (CR dot) is always Iin contact.

CR dot : whose displacement

from initial position is biggest. When CR dot doesn t slip to object,

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll L8
- n

\ Objects CR dot’s
. displacement :=: displacement

. rotation angle = rotation angle
Initial pad shape Dot’s positions/displacements are
— Deformed pad shape calculated by shape-sensing method.
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Estimation of Object Orientation

Rotation angle of CR dot are obtained from rotation matrix R
Pi_1j1 - CR dot

*
o*

3 basis vectors n,, n, and n, around CR dot
n, = ql/‘ql‘ n, = %/‘qz‘ n; =N, XN,

1 pi— J+
0, = Z(pi+1,j+k - pi—l,j+k) : average of <— 1J 1

k=—1

*
*
*
*
*
.
*
.
‘O
*

1
d, = Z(pi+k,j+1 - pi+k,j—1) : average of <
k=—1
p;; : position of dot (i-th from left and j-th from top)

S
Assumption : Eight dots adjacent to CR dot are in contact with obiect. \

[ -

Pi+1,j+1

Positional relation of nine dots is not changed.

n, n'

n" |="R"| M MR" - rotation matrix from m to n
2 2 m, n : sampling index

n, n,

Prof. G. Obinata
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Estimation of Object Orientation

Divide of rotation angle

MR"— mRn mR“ mR“ MR, MR",, MR" : rotation matrix around x, y, z-direction
7 <7 <7 Obtain ne,, "d\, ", : rotation angle around X, y, z-direction
e, me, "y
Consideration of change of CR dot
I e - Not satisfied
@ : CR dot O
CR dot changes. @ : contacting dot meonbj ="6,
@ : non-contactingdot| _ °
Qobjy 6’y
mgonbJZ mezn

m& i - rotation angle of object

Rotation angles of object = Sums of rotation angles of CR dot at each step

n-1
kk+1mn kk+1mn k Ak+1
}j e’ 2: N )
k=m

S men Obj ,
(when CR dot doesn't slip to object)

obj y
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Experimental Description

Tactile Sensor oposed method calculates

contact region, object loc

Comparing

Actual
contact region

Touch

Actual position/angle of
object is obtained

ST WA = o 8
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Estimation Result of Contact Region

Object contacts with square/ring shaped object.

50 ‘ ‘ ‘ ‘ ‘ ‘ ;
Estimated contact region |
| Shape of object o
a0 JU S W S O S
- P S S S S S
S
>
20— b L e S
10—~ .
N R
Y I | ] | I | ] | I
0 10 20 30 40 50
X (mm)

Advanced 7 Bio-Inspired System

50 ‘ ‘ ‘ ‘ ‘ ‘ ;
Estimated contact region |
| Shape of object o
a0 JU S W S O S
o O S O S S S S
S
E 4 B L Ol e e R
>
20— b N amh S
04 e’
N T T T T I
Y I | ] | I | ] | I
0 10 20 30 40 50
X (mm)
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Experimental Movie of Contact Region Estimation
|

e

@ Contact region ey,

i .
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Experimental Movie of Contact Region Estimation
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Estimation Result of Object Position

Object moves on x-z plane without rotation.
2
G) > - I
‘_E 5 — Estimated p(_)smon ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
o — 4 — Actual position
A i B e e e
S N\ N
2 0
(@) d e\ LN
S Af N NS
> S
—t—t 1 - - -
% ol Estimated position
= T e S — Actual position
§ c  _
5 &2
S  -3-
Q@ i
Sttt
0 20 40 60 80 100 120 140
Time in number
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Estimation Result of Rotation Angle of Rolling Object
Object rolls on sensor surface.

S —— Estimatedangle
= | — Actual angle i o NG
S ©

o3

(qo] N’

@

(@)

-

<

y value of
CR dot (mm)

| |
0 20 40 60 80 100 120 140
Time in number
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Experimental Movie of Object Location Estimation

| CCD camera | Side camera
| 3D Shape |Rotation angle | — estimated angle

— actual angle
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Conclusion

This paper proposed method to obtain ...
m Contact region

to evaluate grasp stability, object shape and contact pressure

m Object location
to archive complex manipulation tasks

Our sensor was developed to more practical level.

\
m Normal force m Shape/irregularity
m [angential force m Contact region
m Moment m Object location
m Degree of slippage

4

Future work

Implementation of developed sensor to robot hand to verify
proposed method
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Thank you for your kind attention.
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Estimation Result

— 0
E ,1 \
ET )
;, 6 1 v\ A )
R — %
Q10F
2121 ‘
© ul Estimated inner shape
g 161 Estimated outer shape
i ——
0 5 10 15 20 25 30 35 40 45 50
X [mm]
A0— Contact region_| |
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Estimated Depth | [mm]

\

[

\

Y,
N\

\
AN

N

O R~ADNOOOO PA~ADNO
Ll b 1 ¢ 1 1

N~
N =

Estimated inner shape

Estimated outer shape

] ] 1 ] P | 1 ] 1 |l | 1 | P
| ' | ' | ol ' | ' [ | ' | ol
0 5 10 15 20 25 30 35 40 45
X [mm]
40— Contact region | |
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Estimation Result of Object Orientation

___________________________________________________________ — Estimated angle
15 ~_ | — Actual angle

N
T

Angle around x-axis (deg)
o1
I

Time In number
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Simultaneous Acquisition

: : : :| —— Estimated angle

0
o e I — Actual ar_1g|e
0—

P

Angle around x-axis
(deg)

200 bbb =

J4 LI immml ,,,,,,,,,,, bmmm! ,,,,,,,,,,, bmmm! ,,,,,,,,,,, bmmm! ,,,,,,,,,,, #mmm! ,,,,,,,,,,, t ,,,,,,,,,,, ,,,,,,,,,,,

30 S i . P

S E - - S S S R
m ~— | n n

= 8 20__ B

2o 154 S o Nas——— R 64 il isipn

O e T— - S —

| | h E | |

| | I I | |
30 40 50 60 0
Time in number

LA N N LR A N LN N LA N N AN N LN N
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
x (mm) x (mm) x (mm) x (mm) x (mm) x (mm)

Time in number=10  Time in number=20  Time in number=30  Time in number=40  Time in number=50  Time in number=60
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Calculation of rotation angle 6, 8, 6,
Divide of rotation angle

‘cosg, -sing, 0] cosd, 0 sing,[1 0 0
R=R,(6,)R,(6,)R(6,)=|sin6, coss, 0] 0 1 0 |0 cosf, -sing,
0 0 1| —-sing, 0 cosg, |0 sind, cosh, |

C0s 6, oSO,

1. We can obtain 4,. 2. After obtaining 6, we can calculate 4, 6,
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Calculation for Theory of Contact Region Estimation

Calculation of curvature radius of each segment

We assume that the contact surface of the object is convex/flat.

Although we regard this segment as in the non contact region, it may satisfy
the condition when R’(6) is a small negative number. Therefore, when R’(x, y,
0) is negative, we set R(x, y, 0) to -« that yields 1/R’(x, y, 6)=0.

I z ..‘
o *
~ *
S *
R4
L4
o
&
L4

R’(X, Y, 9): —00
When R’(x, y, 6)<0, =’ 1 0

R'(x,y,0)
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Consideration of Calculation Error

Modification of condition for P to belong to contact region

\ Actual shape J Estimated shapeg 1 <0 Not satisfied
T R'(x,y, )
/R’ =

o X o0 K00

Condition for point P to be in contact region
1 <5, (O <0< ﬂ[rad]) Er : average values of 1/R’
R'(x,y,0) B o : standard deviation of 1/R’
Oy = min{ER(x, Y, 9)_ 20, (X, Y, 9)} when touch pad doesn’t contact
- -Smaller o are desirable.
f (X )E izn: 1 5 E; : average values of f
| N Rr(x_ v} ﬁl\ f o; . standard deviation of f
\ e n) when touch pad doesn’t contact
5, =min{E, (x,y)-20,(x, y)| o, <oy ois decreased.
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Measurement of Contact Force

m Normal force
m Tangential force

= Moment LIREs
° 0
. E::
] (% & 9 o
6 g we
e, -

189

'
N 1 3

N
N TN

—
1

Radius of contact (mm)
[41)

o

(@
N -

4 6 8 10 12 14
Normal force (N) Refrence
Xydas, Kao: Modeling of contact mechanics and friction
Relation between normal force limit surface for soft fingers in robotics with experimental
. results, International Journal of Robotics Research, Vol.18
and contact radius " No. 8, pp.941-950 (1999).
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Measurement of Contact Force

m Normal force
m Tangential force

m Moment

12

E

= 08
38 :
N & 06 s
T O
e S 0.4
2 5 o2

©

0
0 1 2 3 4 5 6
tangential force (N)

Relation between tangential force
and displacements of dots
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Measurement of Contact Force

m Normal force
m Tangential force

= Moment
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Relation between moment
and rotation angle of contact surface
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Estimation of Slippage Degree
Partial slippage by non linear pressure distribution

\\lormal fory
Contact jon S
Sensor I ‘ I “ l ontact region S,

Object Stick region S,
Tangential force F F<uN Stickaaiiipe i
Incipient slippage o
region F>uN

Stick ratio indicates slippage degree.

@1 ¢EO.
Perfect sticking Partial slippage Macroscopic slippage

I Keeping ¢ > 0 == Preventing object from slipping ‘
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Stick Ratio Estimation Method

Discrimination of stick/slippage region
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I _ =\~--’ﬁ, | .-u:::..l-_’
Contact region ::.:;_;:.:; Ec::: o
Initial image Current image
Displacement d,—d,|<6 In stick region

d, : Each dot
d, : Central dot = Object [do—d,|>J In slippage region

S. N | T |
Stick ratio ¢=—"2=— N, : Number of dots in stick region

S. N, N,:Number of dots in contact region
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Forecasted Question

Size of sensor

CCD camera: 8x8 x40 mm

640 pixel

LED light : 60 X 60 X 60 mm

Curvature radious : 20 mm

Thickness of membrane : 1 mm
Processing speed

a1

Although the processing speed is about 2Hz currently, we can process
the method faster by using high spec PC and parallel computing
method such as CUDA .
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Forecasted Question

BlEL - FITREIMEL>T-5E 555D ? When the movement and rotation occur
simultaneously, it is hard to define the position of the object. For example, when
we define the object position as the position of the weighted center of the object,
we cannot estimate the displacement with the rotation.

S 1)a—23T L ? The silicon rubber is hardly influenced by the environment.

Vision-based LIS\ Dt P ->TEALGTDHH LD ? electrical resistance,
capacitance, electromagnetic component, piezoelectric/ ultrasonic/ component,
strain gauge.

HEfAh SRS 5 R BE (L ? We estimate the contact region, changing the center point P
of the segment by Spixel (0.4mm). It is the resolution. When we estimate changing
P by smaller distance, the resolution is increased.

MALLIE 43 fiZBEE ? The resolution of the object location depends on the shape
estimation of the touch pad. the resolution of the estimated shape is about 1 ym
but mean error is 0.5 mm. Therefore, the resolution of the object position is 1 um
but maximum error is about 0.5 mm.

Yk A E 2 f28Eld ? The resolution of the rotation angle is about 0.04 deg which is

= N N B N R R

calculated from the resolution of the pad shape and the equation to acquire the
angle. (Distance between 2 dots is 1.5 mm and resolution of shape is 1 um.) But
maximum error is about 10 deg. This is due to the error of the shape estimation.
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Forecasted Question

— %1% (X ? X —57T )L ? The shape and size of the touch pad is arbitrary.
However, the sensor requires the resolution of the CCD camera to detect the
position of dots. Therefore, when we change the CCD camera, we have to change
the number of dots. And when we estimate the force and slippage, the elastic
body must have the convex surface.

rlFZESD->TRDAB ?ris determined as 1.92 mm (25pixel) which was obtained
experimentally. The size of r has trade-off between the variation of the calculated
curvature radius and the estimation accuracy for a sharp curve.
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