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Stress and Strain
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Strain Measurement: Strain Gauge

Resistivity (£2'm)

l

. . . . . p l +—— Length of wire
Dimensional variation of the strain gauge change R =
its resistivity ' A
Resistance Cross su'lInn;{ i
(£2) of wire (mm<)

. a o
Wheatstone Bndge‘ i :




Strain Gauges limitations
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Why optical Methods?

Every time we are looking for:

A No contact

A No destructive
A High resolution
A High sensitivity

Which optical Methods?

Speckle Interferometry
Moire Methods

Fringe Projection Methods
Digital Holography ‘
Shearography

Photoelasticity
DIC
A B IOIO

Interferometric Implementation

Non Interferometric Implementation

o o Joo I I I Ix



Interferometric Methods
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Speckle Methods
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Principle of Fringe Analysis

Basic idea is the relationship between phase in the pattern and the quantity to be measured

Fringes Generated by Laser Interference

w(x, y, 1) = a(x, y;.ef[‘l’“%f}], This express the light wavefront at a given instant t

P(x,y) = _2ﬂh;"")"’ Phase can be express as a function of the travelled pathy)



Principle of Fringe Analysis
Fringes Generated by Laser Interference

X gkt W e GGYt JWUYs WaqVYWE¢e2WWas YWs¢e2Wn!l YUqWe UT WG Jakt

we(x,y) = a,(x,y)e' [P,

wi(x,y) = ar(x, y]ef[‘t‘*“'}'}],

Xx gkt Waet JWqé WaWRUqW! n3l ywyUwe Wt 21 né #1J
wix, y) = we(x, y) + we(x, p).

Leading to an intensity

I(x, 0, 8) = |we(x,9) + wi(x, )%,



Principle of Fringe Analysis

I(x,p,t) = I'(x,y) + I"(x,y) cos [ De(x, y) — Dr(x,p)],

Where I'(x,y) = ar(x,y) + a;(x,y) I"(x,y) = 2a,(x, y)as(x, y)
R P ———
ol ' We can set b(x,y) = &i(x,y) — D,(x,y),
1, |
sina - cosB = % sin(a+8)+sin(a—B)] |

e e o — e — - ——— e — — ————— —————

We get the fundamental equation of the fringe analysis

I(x,y) =I'(x,y) + I"(x,y) cos [ (x, )],




Principle of Fringe Analysis

Backgro»und

Contrast Phase

s YIA $
h(x,y) = ¢ (x, ) , \L/

27




Principle of Fringe Analysis

How | can extract the phasePHASE SHIFTING

Li(x,y) =I'(x,y) + I"(x,y) cos[dp(x, y) — «],
L(x,y) =I'(x,y) + I"(x,y) cos[d(x, y)],
Ii(x,y) =I'(x,y) + I"(x, y) cos[d(x, y) + a].

Three Step Phase Shifting

(1 —cosx)(I; — I3)
sinx(2, — I — I3)

$(x,y) = tan™" [



Principle of Fringe Analysis: one application

lllumination .
Drilling

system
controller

0,2mm
LASER Zoom Lens 0’1mm
SOURCE
+
Phase
Shifting
system
0,3mm
0,4mm

1 DPSY,=532nm, P25 mW lasersource

1 CCDramera640x480;

1 Electronicallycontrolledcutter

L PrecisioniTranslationastage Speckle is a noise on the fringe pattern
1 Compresseair cleaningsystem

1PC



Moiré Principle

Grid 1 Grid 2

All the methods allowing to exploit this effect, overlappingevenelectronically these two grids are called
moire



Moiré Principle




Moiré Method

Frange chiare
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Frange scure

A Geometric Moiré }

A Interferometric Moiré
A Reflection Moiré

A Shadow moiré w=KpNz ‘ Out of plane displacement

u=pNx  v=pNy ‘ In plane displacement



Moiré Method

G R dp)lé(dip) d=moire fringesdistance
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Moiré Method
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Moiré Method

U=pNx

Interferometric Moiré



Fringe Projection Methods

d

> DMD
»| '¢" _ r
I D C
i y -
M : Project
A i direction (D q)
Capture | £
direction b : A D
M i Optical
i . | axis
\\ ;
: |
object A N :
=k — : : . —— :
v ¥ L% Acquisition of a motor combustion chamber by fringe (stripe) projection; analysis
Rewpipay £ 8 A of the three-dimensional dataset (measuring area 100 x 100 mm)

If | subtract two phase map on the object and on the phase plane | get this:

PID caD  Similar Triangles
Adpy = &p — O} = O — D), = AD).. A A

DB:AC=(l-z)/d = zd=ACI -ACz—>z(d+AC)=ACl->z=ACl/(d+AC)

=ACI /¢ 2(xy) x A} = dp — ),



DIC

= How? Given a point and its signature in the
undeformed image, search/track in deformed
image for the point which has a signature which
maximizes a similarity function

Time ¢ Time ¢/ Time ¢*



DIC

= |n practice, a single value is not a unique
signature of a point, hence neighboring pixels

are used

= Such a collection of pixel values is called a
subset or window




DIC

s The uniqueness of
each signature is
only guaranteed if
the surface has a
non repetitive,
isotropic, high
contrast pattern

- Random textures
fulfill this constraint
(speckle pattern)

/ Repetitive
Anisotropic
High-contrast

,.;;i:if:"' §| Non-repetitive
'§ Anisotropic
' H|gh -contrast

Non-repetitive
Isotrcplc
ow-contrast

%@gégﬂetitive

High-contrast

Stress Concentration Airbus

T

Clear Aligners

losipescu FOAM



DIC

100 | 100 | 100 0 0 ] 100 | 100 100

100 | 100 | 100 0 0 ] 100 | 100 100

100 | 100 | 100 0 0 ] 100 | 100 100

] 0 0 0 0 ] 0 ] 0

] 0 0 0 0 ] 0 ] 0

] 0 0 0 0 ] 0 ] 0
100 | 100 | 100 0 ] 0 100 | 100 100

100 | 100 | 100 0 0 ] 100 | 100 100

Image after motion, in memory Image after motion, on screen

100 | 100 | 100 0 0 ] 100 | 100 100

100 | 100 | 100 100 1] o 0 100 100
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o 0 o 0 1] o 0 o 0
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o 0 o 0 1] o 0 o 0
100 | 100 | 100 100 1] o 0 100 100
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DIC

Image before motion Image after motion

100 | 100 | 100 1] ] 1] 100 | 100 | 100 100 | 100 | 100 | 100 1] ] L] 100 | 100

100 | 100 | 100 L] 0 1] 100 | 100 | 100 100 | 100 | 100 | 100 1] o 1] 100 | 100

100 | 100 | 100 1] 0 1] 100 | 100 | 100 0 1] 0 ] 1] ] L] 0 1]
] L] ] 1] ] 1] 0 ] L] L] 1] ] ] 1] ] L] L] 1]
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100 | 100 | 100 0 [ /] 100 | 100 | 100 100 | 100 | 100 | 100 /] ] L] 100 | 100
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Pixel coord., reference image | Pixel value at (x+i; y+) | Pixel value at (x+u+i;, y+v+j)

ni2
{:(x,}-‘,ai,v) — Z(I(I-I-f,"lf-l-j)—Jr*(.T+?f+f,‘U+V+j))2
t  ij=nn

Image before motion Image after motion

n: subset size (9 in our example)

Displacement (disparity)
Correlation function




DIC

= Example: subset at (x;y)=(5;5), displacement candidate (u;v)=(-2;-2)

1
C(5.5-2-2)= Y (I(5+i6+[)-I (5-2+i5-2+ )
J (00— 0) +(0-0) +(0-0)° +(0-0)° +(100-0) +
(0-1007 +(0-100)° +(0-100)° +(0-100)° +(0—-0)° +
(0—100F +(0-100% +(0—-100)* +(0—100)° +(0—0F° +
(0—100) +(0-100)° +(0—-100)° +(0—100)% +(0—0)° +
(1001007 +(0—100)° +(0—100)° +(0—100) + (100 - 0) 12,000

100 | 100 | 100 1] ] 1] 100 | 100 | 100 100 | 100 | 100 | 100 1] ] 0 100 | 100

100 1[m 1] 100 | 100 | 100 100 | 100 | 100 | 100 1] ] 0 100 | 100

100 | 100 | 100 1] ] 1] 100 | 100

100 | 100 00 | 100 1] ] 0 100

g _
4 ©
2 3
= o
g =

100 | 100 | 100 1] ] 1] 100 | 100 100 100 1] ] 0 100

100 | 100 | 100 1] ] 1] 100 | 100 | 100 100 100 ]

100 | 100 | 100 1] ] 1] 100 | 100 | 100 100 | 100 | 100 | 100 1]




DIC

Example: subset at (x;y)=(5;5), displacement candidate
(u;v)=(1;1)

Better correlation score than candidate (u;v)=(-2;-2) [18,000]
Indeed it is the smallest score achieveable (perfect match)

100 | 100 | 100 L] 0 L] 100 | 100 | 100 100 | 400 | 100 | 100 1] o L] 100

100 1[@ L] 100 | 100 | 100 100 | 400 | 100 | 100 1] ] L] 100

00 | 100 | 100 L] ] L] 100 | 100

100 | 400 | 100 | 100 1] ] L] 100

5
=]
4
g
s
g
S

100 | 100 | 100 LI} a L] 100 | 100

100 | 400 | 100 | 100 1] i) \ 100

100 | 100 | 100 L] a L] 100 | 100 | 100 100 | 100 | 100 | 100 0

100 | 100 | 100 L] a L] 100 | 100 | 100 100 | 100 | 100 | 100 0

100

100

2
o
g
g
o
=

C(5,5,1,1)=0

Perfect Match!



DIC
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Image after motion

102 3 ] 2 100
11 1 2 LI} 6
3 2 ] 1 2
0 2 1 1 0
0 1 1 2 2
103 1] 2 1 102
101 3 2 LI} L)
101 1] 1 1 L)
103 2 2 3 102

102

102

101

104

36

100

C(5,5,1,1)=0

Best Match!



DIC

= General circumstances:

= The subset in the deformed image has changed
shape, e.g. a square initial subset is likely to be non-
square

= Solution: model this displacement
transformation (called subset shape function)
and use it to define the deformed subset

Time ¢ Specimen defomran'q:n

Time t’




DIC current challenges and Machine Learning

A Improve Computational Time going toward real time evaluation
A Reduce error in calculating strain from displacement
A Manage with issue at high deformation up to paint breaking

Ru Yang, Yang Li, Danielle Zeng, Ping Guo, Deep DIC: Deep learbiaged digital image correlation
for end-to-end displacement and strain measurement. Journal of Materials Processing Technology,
302, 2022



DIC current challenges and Machine Learning

Three ideas:
A Two separate net for Displacement and Strain
A Displacement and Strain Calculated in the incremental way

A Accumulated displacement is used to update the ROI



