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Context

Keloid chest scar formation Keloid shoulder scar formation
(Ogawa 2008) (Ogawa 2008)

DIC Speckle pattern

. (Chambert et al. 2019
Butterfly-shaped keloid (x=15mm, y=47mm) Jacquet et al. 2017)

(Chambert et al. 2019)
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QOutlines:

- Uniaxial tensile test on keloid-healthy skin
- FENICS framework of the inverse problem
- Validation

- Uncertainties

- Conclusion and perspectives
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Uniaxial tensile test on keloid-healthy skin

Experimental data
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(Jacquet et al. 2017)
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Uniaxial tensile test on keloid-healthy skin

Experimental data

X-displacement
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DIC Speckle pattern
(Jacquet et al. 2017)
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Uniaxial tensile test on keloid-healthy skin

Pad Reaction Force vs. Displacement (no residual)
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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Uniaxial tensile test on keloid-healthy skin

Pad Reaction Force vs. Displacement (no residual)
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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Uniaxial tensile test on keloid-healthy skin

Pad Reaction Force vs. Displacement (no residual)
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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Uniaxial tensile test on keloid-healthy skin

Pad Reaction Force vs. Displacement (no residual)
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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Uniaxial tensile test on keloid-healthy skin

Pad Reaction Force vs. Displacement (no residual)
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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FENICS framework of the inverse problem

FEﬂlCS 0 = {ekeloid: ehealthy skin}
PrOJECL 0 = arg ) (6,2)

2

2
dx+/1j dx

o= [ [|uf.0-u, i

k=1 rumST fmsr

(k) (K (k)
ffem (ufem' 9) ~ [msr
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FENICS framework of the inverse problem

FEﬂlCS 0 = {ekeloid: ehealthy skin}
PrOJECL 0 = arg ) (6,2)

2

2
dx+/1j dx

o= [ [|uf.0-u, i

k=1 rumST fmsr

(k) (K (k)
ffem (ufem' 9) ~ [msr

i!_x
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FENICS framework of the inverse problem

Nframes 9
dx + A J

J(6,2) = z j ||u}'§)m(0)—u,(ff3r i

k=1 rumST fmsr

FEﬂlCS 0 = {ekeloid: ehealthy skin}
DPOJECG 0 = argin ](k) (6,4)

2
dx

(k) (K (k)
ffem (ufem' 9) ~ [msr

lz x
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FENICS framework of the inverse problem

FEﬂlCS 0 = {ekeloid: ehealthy skin}
PrOJECL 0 = arg ) (6,2)

Nframes
_ (k) w0 ||? H [, & . o ||
J(6,4) = z j ”ufem(e) —Upor|| dx + AJ ”f om (ufem, 9) — fmsr || dx
k=1 rumST Ffmsr
4/"

mmmmmmmmmmmmmmmmmmm
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FENICS framework of the inverse problem

(Sutula 2018)

lver

/ A
Data processing

- Spatial filtering
- Temporal filtering

Geometry
- Keloid mesh Formulations
- DIC projection - Hyperelastic Behavior law.
- Interpolation - BCs

N

Postprocessinisg
- Stress fields
- Sensitiviy analy

Inverse solver

- FEM Nonlinear
- Optimization
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FENICS framework of the inverse problem

Experimental data:
- Force measurements —
- Displacement fields (DIC)
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FENICS framework of the inverse problem

Filtering data

DIC: Rescaled to Measurement Domain

o positions at time
« initial positions
°

y (mm)
Qo

T T T T T T T T T
-5 0 5 10 15 20 25 30 35
x (mm])
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FENICS framework of the inverse problem

Filtering data

Pad Reaction Forces

0al raw data
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0.3

0.2

Pad reaction force (N)

0.1

11
0.04 |

Time snapshot (#)
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FENICS framework of the inverse problem

Filtering data
Pad Reaction Forces
R [ filtered )
#
0.3 :’
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FENICS framework of the inverse problem

Filtering data

Pad Reaction Forces Pad Reaction Force vs. Displacement (no residual)
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FENICS framework of the inverse problem

Filtering data

DIC: Values Filtered in Time DIC: Rescaled to Measurement Domain
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FENICS framework of the inverse problem

Importing keloid-healthy skin geometry

Dirichlet BCs

A

<«---Zaunins

- Clamped pads

-
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FENICS framework of the inverse problem

Implementing hyperelastic models

Strain energy density as function of invariants
Soft tissue model: Neo-Hookean, Ogden, Gent, Yeoh ...

Hypothesis:
Same model on both keloid and healthy domains.
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FENICS framework of the inverse problem

Estimating parameters

| Nonlinear
nverse FEM
solver solver
Propriétés mécaniques de la peau et incertitudes en biomécanique. 25
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FENICS framework of the inverse problem

Estimating parameters

I Nonlinear Initial

LHErEE FEM <+ parameters
solver solver 0,
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FENICS framework of the inverse problem

Estimating parameters

| u From(Wpom) Nonlinear Initial
LHErEE fem J fem " em FEM <+— parameters
solver |*
solver 0,1
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FENICS framework of the inverse problem

Estimating parameters

| u From(Wpom) Nonlinear Initial
Nverse < femJ fem | Tfem FEM <— parameters
solver solver 0,
Updating 6, 1
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FENICS framework of the inverse problem

Estimating parameters

Inverse

solver

Updating 6, 1

<

ufem: ffem(ufem)

If not converging

Nonlinear
FEM
solver

|

Initial
<+ parameters
0,4
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FENICS framework of the inverse problem

If converging

Estimating parameters

Nonlinear Initial
final Ufem, u
aralmaeters Inverse < fem ffem( fem) FEM <+— parameters
P 07 solver solver 0,
’ Updating 6, 1
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FENICS framework of the inverse problem

Postprocessing

- Stress fields (Cauchy, Piola-Kirchhoff I). Moved pads Clamped pads

- Sensitivity analysis. \

Reaction force measurement zone

Stress Piola-Kirchhoff | XX (MPa)
" -7.2e-02 0.2 0.4 6.9e-01
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FENICS framework of the inverse problem

Postprocessing
Observed Cost for each observation time

. . . 1.0 1 —O— Cost of displacements mismatch

- Stress fields (Cauchy, Piola-Kirchhoff I). 07 Costof reaction forces mismatch
0.8 4
- Sensitivity analysis. o
§ 0.4
Nframes 2 2 N 0.2 1

j0.0= Y [ [ul@ - ul | ax 2 || (u0) - 192 ax

k=1 rumsr Ffmsr 0.0 4

0 10 20 30 40 50
Observation time, t
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Validation using dummy data

Material parameters
(arbitrary)
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
Gent model
: B, I, -3
¢(ﬂ,]m,11) — _E Jm lﬂ(l— . )
Jm
1, = Tr(FF")
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
l Gent model

Noise generator

. n. I, -3
(Gaussian distribution) IIJ(H,]m, 11) = _E JmIn (1 — 1]. )
m

l I, = Tr(FFT)

Dummy data

Propriétés mécaniques de la peau et incertitudes en biomeécanique. 35
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Validation using dummy data

Xpoise = X +6X; 86X ~N(0,s?)
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Validation using dummy data

Xnoise =X + 6X,

f_665 Magnitude
0.0e+00 | 2 3 4.0e+00

' C — |

Displacement field

85X ~V(0,s2)

Propriétés mécaniques de la peau et incertitudes en biomeécanique.
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Validation using dummy data

Xpoise = X +6X; 86X ~N(0,s?)

Displacement noise (Magnitude) (mm)
2.1e06 02 04 0.6 84e-01

' | o—

Noised displacement field

Spic — 0.05mm

Propriétés mécaniques de la peau et incertitudes en biomeécanique. 38
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Validation using dummy data

Xpoise = X +6X; 86X ~N(0,s?)

Reaction force vs. x-displacement

—-- Reference
1.44 = Artificial data

121 /
1.01 7

0.8 w

Reaction force [N]

o
0.6 A Va
0.4 Rl

0.2 - P

, Displacement noise (Magnitude) (mm) g™
' 2.1e06 02 04 06 8.4e0] 00{ =%

| o—

Pad displacement [mm]

Noised displacement field Noised reaction forces

Spic — 0.05mm Sforce =0.03 N
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
l Gent model
Noise generator ] u I, —3
(Gaussian distribution) IIJ(IJ,]m, 11) — _E Jmin{1— j
m
l I, = Tr(FFT)
Dummy data —— —p  Estimated
material
parameters
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
5
1 \
Gent model \
Noise generator ] u . I, —3 With some
(Gaussian distribution) YW, jm, 1) = ) Jmin|1— j mismatches
m
l I, = Tr(FF") \
]
Dummy data —— —p  Estimated
material
parameters
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Uncertainties

Stress/strain curve

Hyperelastic behavior law (Puglisi 2015)

Gent model 30
. p. I -3 :
Y, jm 1) = 5 Jm In <1 — — ) 25
Jm
20 F
_ T
I, = Tr(FF") -
10 ¢
5 : -
0
k
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Uncertainties

Stress/strain curve

Hyperelastic behavior law (Puglisi 2015)

Gent model 30
. p I -3 :
Y, jm 1) = 5 Jm In <1 — — ) 25
Jm
20
_ T
I, = Tr(FF") -
10 ¢
S : -
0
k
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Uncertainties

Stress/strain curve

Hyperelastic behavior law (Puglisi 2015)

Gent model 30
. n o, I, -3 :
¢(ﬂr]mr11) = _E Jm ln<1_ P > >
Jm
20 F
_ T
I, =Tr(FF") 15k
10 F
Hypothesis : the same behavior law in both St -
materials keloid/healthy-skin .
Il " U ! ! ! ;
Omodel = {”keloidr]mkeloid: ”healthyr]mhealthy} ! 1 Zk . !
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.
- Geometrical sensitivity

Propriétés mécaniques de la peau et incertitudes en biomeécanique. 45
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.

— : - 2
- Geometrical sensitivity Xnoise = X + 0X; 6X N(O'S )

Propriétés mécaniques de la peau et incertitudes en biomeécanique. 46
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Uncertainties

Xpoise = X +6X; 86X ~N(0,s?)

Sforce = 0,02 N = relative error 3%
Spic = 0,15 mm = relative error 3%
Propriétés mécaniques de la peau et incertitudes en biomeécanique. 47
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Uncertainties

Xpoise = X +6X; 86X ~N(0,s?)

SfOTCB = O, 02N = relative error 3% Pad Reaction Force vs. Displacement

—— Reference

. 1.4
S =0,15mm = relative error 3%
DIC
1.2 1
1.0 1
0.8

0.6 1

Pad reaction force (N}

0.4 1

0.2 1

0.0 1

o 1 2 3 4 5 6 1 8

Pad displacement {(mm)
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Xpoise = X +6X; 86X ~N(0,s?)
SfOTCB = O, 02N = relative error 3% Pad Reaction Force vs. Displacement
. 1.4 ; ifr::zic‘iata
spic = 0,15 mm = relative error 3%
1.2 A
% 1.0
'E 0.8 4
E 0.6 -
& 0.4
0.2
0.0 1
0 1 2 3 4 5 6 7 8
Pad displacement {(mm)
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Xpoise = X +6X; 86X ~N(0,s?)
SfOTCB = O, 02N = relative error 3% Pad Reaction Force vs. Displacement
» Dummy data
. 1.4 1
spic = 0,15 mm = relative error 3%
1.2
% 1.0
'E 0.8 1
E 0.6 -
£ 0.4 1
0.2 1
0.0 eee’e"”
o 1 2 3 4 5 6 1 8
Pad displacement {(mm)
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Uncertainties
Xnoise = X + 6X; o0X "'N(O, SZ)
Sforce = 0,02 N = relative error 3% Pad Reaction Force vs. Displacement
» Dummy data
] == Inverse solution
Spic = 0,15mm = relative error 3% e
1.2
Bexact eestimated Erelative E 1.0
<08
Hieloid 50 kPa | 44,4kPa | 11% 5.,
jmkeloid 0,2 0,201 0,8% g 0.4 1 ___.’-,':"v’
0.2 1 g7
Rhealthy 16 kPa 14,42 kPa | 9,8% oo -_‘r.__'___.':' -
. 0 1 2 3 4 5
]mhealthy O’ 4 0' 399 O: 5% Pad displacement (mm)
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Uncertainties

- Measurement standard variations. Hkeloid
- Number of DIC frames.

— : ~ 2
- Geometrical sensitivity Xnoise = X + 0X; OX ~V (O'S )

Sforce [N]

0,01 0,02 0,03 0,04 0,05
(~1,5%) | (~3%) | (~45%) | (~6%) | (~7,5%)

0,1 (~2%)

Spiclmm
prcl | 015 (~3%)

0,2(~4%)
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Uncertainties

- Measurement standard variations. ]mkeloid
- Number of DIC frames.

— : - 2
- Geometrical sensitivity Xnoise = X + 0X; oX N(O'S )

Sforce [N]
0,01 0,02 0,03 0,04 0,05
(~1,5%) (~3%) (~4,5%) (~6%) (~7,5%)
0,1 (~2%) 0,7% 0,5% 0,2% 1,2% 1,5%
Spic[mm]
0,15 (~3%) 2% 0,8% 0,9% 0,4% 0,3%
0,2(~4%) 1% 1,3% 0,6% 2,7% 0,2%
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Uncertainties

- Number of DIC frames. Hhealthy

-  Measurement standard variations.

— : ~ 2
- Geometrical sensitivity Xnoise = X + 0X; OX ~V (O'S )

Sforce [N]

0,01 0,02 0,03 0,04 0,05
(~1,5%) | (~3%) | (~45%) | (~6%) | (~7,5%)

0,1 (~2%)

S mm
picl | 0.15 (~3%)

0,2(~4%)
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Uncertainties

- Number of DIC frames. ]mhealthy
- Measurement standard variations.

— : - 2
- Geometrical sensitivity Xnoise = X + 0X; oX N(O'S )

Sforce [N]
0,01 0,02 0,03 0,04 0,05
(~1,5%) (~3%) (~4,5%) (~6%) (~7,5%)
0,1 (~2%) 0,3% 0,5% 0,2% 1,4% 1,3%
Spic[mm]
0,15 (~3%) 1,6% 0,1% 0,8% 0,2% 0,3%
0,2(~4%) 0,9% 0,5% 0,8% 2,6% 2,6%
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.

Mygtoig VS MU mber of DIC frames
G t . I .t. .t DB T T T T T T T
- Geometrical sensitivity . P 1
0.8 .
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* - . _
07k * % ﬁ*** * Sbm'ﬂ'smm' s{m-ﬂﬂN
* *% '*'_*_
* *****
_ 0.6 [ ******
g **#**
o 05 ¥y
2 %
B o4 ***
o ko
0.3 * %
*
*x
L ¥y
02 ***********
o 3 e
011 g% ]
*TH *
* 3 o o g
. . ikt ik e L T I Ir—

10 15 20 25 30 35 40 45 50
Number of frames

Hieloid
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.

Proalthy VS- MY mber of DIC frames
G trical sensitivit v ]
- eometrical sensitivity x, ¥ 5,o=005mms,__=00N
081 * * 5D|C=ﬂ.1mm;sfm=ﬂ.[]5N
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Number of frames
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Uncertainties

-  Measurement standard variations.

- Number of DIC frames. I, ketoig VS- Number of DIC frames
Ll I [ ] [ ] L[] 025 T T T T T T T
- Geometrical sensitivity Py ey T
* 5D|C=ﬂ.1mm;sfm=ﬂ.[]5N
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.

vs. number of DIC frames

lI'I'I aal
L3 I [ [ . 015 * T h Ilhy T T T T
- Geometrical sensitivity Py T——rTY
* * 5D|C=ﬂ.1mm;sfm=ﬂ.[]5N
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*
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Number of frames
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Uncertainties

- Measurement standard variations.
- Number of DIC frames.
- Geometrical sensitivity

Principal Model Cost Sensitivity (1)
with Respect to Displacement Measurements

2
j (uexact - uestimated) dx
Q

2
(uexact)

T T
0 20 40 60 80 100
X {mm)
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Conclusion and perspectives

An operational numerical tool for mechanical characterization on bi-
material soft tissue by combining force measurement and Digital
Image Correlation.
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Conclusion and perspectives

An operational numerical tool for mechanical characterization on bi-
material soft tissue by combining force measurement and Digital
Image Correlation.

- To apply the tool on real data with controlled uncertainties.

- To extend it by automating DIC processing.

- To exploit the results and conceive a clinical solution of prevention
against keloid growth.
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Thank you for your attention !

Questions ?
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