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Context

- Benign tumor overgrowing beyond
original wounds.

- The growth of a keloid is governed
by many factors:

Keloid chest scar formation Keloid shoulder scar formation biological, genetic and

(Ogawa, 2008) (oga 2008) biomechanical.

Aims:

- ldentify keloid material parameters
(in vivo uniaxial and suction tests)

- Find the preferential directions of
keloid growth.

Butterfly-shaped keloid Keloid earlobe - Establish specifications of a

(c(l):::nst:::rti,e\:j7nz1$)g) (healthline.com/health/keloids) preventive clinical solution.
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Outlines:

- Uniaxial tensile test on bi-material soft tissues

-  FENnICS-based framework of the inverse identification
- Sensitivity analysis (noisy in silico data)

- Application to keloid scar surrounded by healthy skin

- Conclusion and perspectives
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Uniaxial tensile test on bi-material soft tissues

Experimental data: Force-displacement curve (FD)
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Uniaxial tensile test on bi-material soft tissues

Experimental data: Digital Image Correlation (DIC)
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Uniaxial tensile test on bi-material soft tissues
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Uniaxial tensile test on bi-material soft tissues
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Uniaxial tensile test on bi-material soft tissues
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Uniaxial tensile test on bi-material soft tissues
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Experimental data: Force-Displacement and DIC (Digital Image Correlation)
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Uniaxial tensile test on bi-material soft tissues

Pad Reaction Force vs. Displacement
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Uniaxial tensile test on bi-material soft tissues
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Uniaxial tensile test on bi-material soft tissues
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Uniaxial tensile test on bi-material soft tissues

99 FD-DIC snapshots
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FEnICS-based framework of the inverse identification
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FEnICS-based framework of the inverse identification
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FEnICS-based framework of the inverse identification
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FEnICS-based framework of the inverse identification

FENICS

Assumptions:
» Both keloid and skin have the
same hyperelastic constitutive law,
but different parameters.
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FEnICS-based framework of the inverse identification

Blood Vessels

FENICS
PMOJECU W——

- T e e - ——— = Sweat Gland 4———=

_L- Epidermis

—Dermis

considering sub-cutaneous links Exz = Eyz = €27 =0

(unlike ex vivo).

| Assumptions: I ) fHypoctimis
I+ Both keloid and skin have the : T e
: same hyperelastic constitutive law, | .
but different parameters. l
. " I y
I « Plane strain conditions are made :
: for the whole 2D structure ! X
[ |
: |
|

[Krueger et al. 2002]
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FEnICS-based framework of the inverse identification

Stress/strain curve

Hyperelastic behavior law (Puglisi 2015)

Gent model 30
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FEnICS-based framework of the inverse identification

Stress/strain curve

Hyperelastic behavior law (Puglisi 2015)

Gent model 30
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FEnICS-based framework of the inverse identification

Qs FEﬂlCS 0 = {ekeloidr ehealthy—skin}

DF‘OJECC 0 = arg i (6,1)
F0O g

2 dx + Aﬁ( s msr)]

N frames

J(6,2) = — [[$) () — ul),
Nframes kz=1 Qmsr || sem
Constant weights A: Lagrange multiplier
a = max ggr
k=0;1'---»Nframes Qmsr
B = max F,,(,L’fsl

k=0,1,---’NframeS
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FEnICS-based framework of the inverse identification

FEﬂiCS 0 = {ekeloidr ehealthy—skin}
DMNOJeECD 0 = arg i (6,1)

Nframes
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FEnICS-based framework of the inverse identification

ai FEﬂlCS 0 = {ekeloidr ehealthy—skin}

DPOJECG 0 = arg i (6,1)

Nframes
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b
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FEnICS-based framework of the inverse identification
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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
) ul. I, -3
YU, I1) = —3 JjmIn| 1 —— + 2In())
Jm
I, = Tr(FF")

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Validation using dummy data

Material parameters

* Displacement fields | FEM nonlinear I (arbitrary)
* Reaction force solver
1 Gent model
Noi . Hi. 11 -3
Noise generator Y jm 1) = =5 [JmIn|1—— + 2In(J)
(Additive White Gaussian 2 Jm
Noise) I, = Tr(FFT)

1

Dummy data

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo "
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
l Gent model
: . p. I, -3
Noise generator YWjm 1) = =5 ljmIn(1—— +2In(J))
(Additive White Gaussian 2 Jm
Noise) I, = Tr(FFT)
Dummy data —— —p  Estimated
material
parameters

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Validation using dummy data

Material parameters

* Displacement fields FEM nonlinear — (arbitrary)
* Reaction force solver
k\
l Gent model 1
. I, -3 i
Noise generator Y, jm I1) = _E []-m ln<1 _ 1 ) +2In()) With some
(Additive White Gaussian g Jm discrepancies
Noise) Iy = Tr(FF") \
| \
Dummy data —— —p  Estimated
material
parameters

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo 16
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Sensitivity analysis
- Discretization error.

- Measurement noises standard deviation.
- Number of DIC frames.

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Sensitivity analysis
- Discretization error.

- Measurement noises standard deviation.
- Number of DIC frames.

81 * o e o e - 3500

A E‘J,'f"*'“’ " E-}l:.:-loid
g " W gfEatthy —skin % Efealthy —skin L 3000

Q‘ 6 - + E}Taﬂw—skin n E.}t:}althy—skjn

Quantification of parameter %5_ * Coon * Cum 2500
identification discrepancy with é [ o0o
respect to discretization error g 1 a . .
% 3 F1000

Hi - Hiref ) E 2 X N
& = 1<i<4 £ ] ; E . :. -

Hiref 2 . $ : + : X .
W RRTS

Number of elements

Computation cost (s}
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Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.

Discrepancy (%)

- Number of DIC frames. 7
Reaction force vs. x-displacement
—-- Reference _,
1.44 = Artificial data /
/ 4+ 6
127 A J mhealthy
Z 1.0+ .J."'
g 0.8 -x}
P < e
£ 0.6 e 1|
] P 7 Mhealthy
g
0.2 1 . P - 4
j mkeloié
3
ukeloid 2
10 8
O,
: ’brce { /h 1
o Displacement noise (Mugnl‘rude) (mm)
i 2.1e06 02 04 06 84e-0] .
T —— Adaptive mesh 1300 cells

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo
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Sensitivity analysis

- Discretization error.
-  Measurement noises standard deviation.

- Number of DIC frames. 7
Jmhealthly 5
-5
HMheaithy
O-DICmax =160 um L
o _ 10 mN jmkeloié
force v — 3
ukeloid 2
10
8 200
oreg 7 4 g0 120160 .
/h/V) 0 0 40 OpIC kpm\

Adaptive mesh 1300 cells

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
Correlation measurements in vivo
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Sensitivity analysis

- Discretization error.

-  Measurement noises standard deviation.

- Number of DIC frames.

Pad Reaction Force vs. Displacement (inverse solution)

Opic = 200 um ofppce = 20 MN

s  Dummy data
= Reference
0.20 1 == Inverse solution
z
Y 0.15 A
8
c
2
G 0.10 -
o
=
[1:]
o
0.05 -
0.00 ~

Pad Reaction Force vs. Displacement (inverse solution)

Dummy data

L - Reference

0.8 -

Inverse solution

Pad reaction force (N)

00 05 10 15 20 25 30

Pad displacement (mm)

3.5

4.0 00 05 10 15 20 25

Pad displacement {mm)

3.0

3.5

4.0

Weakly non-linear

Highly non-linear

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Sensitivity analysis

- Discretization error.

-  Measurement noises standard deviation.

- Number of DIC frames.

Pad Reaction Force vs. Displacement (inverse solution)

Opic = 200 um ofppce = 20 MN

s  Dummy data
- Reference
0201 —— Inverse solution
=
3 0.15 ~
8
c
2
‘g 0.10 ~
o
=
[1:]
o
0.05 ~
0.00 ~

Pad Reaction Force vs. Displacement (inverse solution)

L] * .

Dummy data
= Reference
== Inverse solution

0.8 -

Pad reaction force (N)

00 05 10 15 20 25 30

Pad displacement (mm)

3.5

4.0 00 05 10 15 20 25

Pad displacement {mm)

3.0

3.5

4.0

Weakly non-linear

Highly non-linear

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Sensitivity analysis
- Discretization error.

-  Measurement noises standard devi
- Number of DIC frames.

ation.

Opic = 200 um ofppce = 20 MN

Pad Reaction Force vs. Displacement (inverse solution) Pad Reaction Force vs. Displacement (inverse solution)
« Dummy data . « Dummy data
— Reference . A — Reference
0.20 1 == Inverse solution 7o 08 = = [nverse solution
z z
a 015 7 a
2 =
2 2
| = =
S S
S 0.10 | 5
g v
=] =]
] 1]
o o
0.05 -
0.00 ~

00 05 10 15 20 25 30 35

Pad displacement {mm)

Weakly non-linear

4.0 00 05 10 15 20 25 30 35 40

Pad displacement {mm)

Highly non-linear

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Sensitivity analysis
- Discretization error.

-  Measurement noises standard deviation.

- Number of DIC frames. opic = 200 pm Gppce = 20 MN

Pad Reaction Force vs. Displacement (inverse solution) Pad Reaction Force vs. Displacement (inverse solution)
« Dummy data 4 « Dummy data
0.20 | — Reference ° . —— Reference
= = Inverse solution = = Inverse solution
0.8 |
Z 0.151 z
8 8
S S
g g
5 0.101 g
] ]
< o
& &
0.05 A
0.00 ~
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Pad displacement {mm) Pad displacement {mm)
Weakly non-linear Highly non-linear
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Sensitivity analysis
- Discretization error.

-  Measurement noises standard deviation.

- Number of DIC frames. opic = 200 pm Gppce = 20 MN

Pad Reaction Force vs. Displacement (inverse solution) Pad Reaction Force vs. Displacement (inverse solution)
« Dummy data » « Dummy data
—— Reference ,/ —— Reference
0.20 1 == Inverse solution ,/ . 08 = = [nverse solution
z =
S 0.15 - e
(=] (%]
s s
| = =
] ]
E 0.10 1 5
= =
& &
0.05 1
0.00 -
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Pad displacement {mm) Pad displacement {mm)
Weakly non-linear Highly non-linear
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Sensitivity analysis
- Discretization error.

- Measurement noises standard deviation.

- Number of DIC frames. opic = 200 pm Gppce = 20 MN

[ ] I3
[ 14 1 A “bic
20 A b ®  Eforce
° [ ] [
. 124 [y
A Epc . U
~ 5
< 151 ®  Eorce 2:"_9-‘ 10 I Jmhs
2 N ';"
o [ . 9
c S 8 A A
© s @ ° ] é A
o =2 °
v 10 [ o *
G O 6
9 A Eau“’
A
e A A A
4
5 -
2 4
O -

5 10 20 50 100 _ 20 25 40 100 200
Number of snapshots [] Number of snapshots []
Weakly non-linear Highly non-linear
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Application to keloid scar surrounded by healthy skin

Keloid + surrounding healthy-skin Healthy-skin (Colateral test)

Butterfly-shaped keloid

(x=15mm, y=47mm)
Neohookean model (Chambert et al., 2019)

2 parameters (healthy skin) + 2 parameters (keloid)
(Sutula et al., submitted)

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo £5
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Application to keloid scar surrounded by healthy skin

Keloid + surrounding healthy skin

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

4 parameters (keloid + healthy-skin)

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Application to keloid scar surrounded by healthy skin

Measurement uncertainty quantification

Pad Reaction Force vs. Displacement

254 -+ rawdata i
=== filterad

/
2.0 ‘.-'
/
H
/
/

1.0 1 f

1.5 1

7.8 MmN <10 mN

Pad reaction force (M)

0.5 7

0.0+

0 1 2 3 4
Pad displacemeant {mm}

Data filtering with Moving-Average method

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
Correlation measurements in vivo
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Application to keloid scar surrounded by healthy skin

Measurement uncertainty quantification

Pad displacement (mm)

—— Pad displacement setpoints

0- —— Captured pad displacement (DIC)
0 20 405nap5th 0 60 80 100
Captured pad displacement with DIC DIC with pyDIC library
128 um < 160 um https://qgithub.com/ladisk/pyDIC

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo a1
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Application to keloid scar surrounded by healthy skin
Inverse identification

f_1296 Magnitude
06

Discard between consistent (generated) and the experimental displacement fields

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo -
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Application to keloid scar surrounded by healthy skin
Inverse identification

0
%

o0

§ 0K
-

Splited and jointed optimization domains

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
Correlation measurements in vivo
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Application to keloid scar surrounded by healthy skin

Cost weights  ZOI configuration Local optimum & &g Edisp  Eforee + Edisp
. . f . . di = 9.26 kPa

I n V e r S e I d e n t I I C at I O n Constant Splited i’::‘ ;:ggi‘:}a 1.13%  4.92% 6.05%
Jmps = 0.169
pp =8.11 kPa
S =0.0142
Hps = 5.58 kPa
Jwns =0.163
g = 6.686 kPa
Sy =0.0127
Hpe = 4.404 kPa
Jns =0.153
g =TkPa
Sy =0.0124
pps =443 kPa
Jmps = 0.157
pe =913 kPa
S =0.0155
pps = 1.03 kPa
Jns =0.169
pp =835kPa
S =0.0142
Hps = 5.99 kPa
Jmns = 0.167
pp = 882 kPa
S = 0.0168
Hps = 4.39KkPa
Jns =0.159

Summary of local optimums

Constant Splited 0.97% 5% 5.97%

Variable Splited 5.01%  5.17% 10.28%

Variable Splited 1L.8%  5.1% 6.9%

Constant Jointed 1.09%  5.34% 6.43%

Constant Jointed 1.32%  5.4% 6.72%

Variable Jointed 2.3% 5.4% 7.7%

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo a
Legato team group meeting. 24/04/2020 — Aflah ELOUNEG
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Application to keloid scar surrounded by healthy skin

Cost weights  ZOI configuration Local optimum & &g Edisp  Eforee + Edisp
. d . f . . de = 9.26 kPa
I n V e r S e I e n t I I C at I O n . Constant Splited i’::‘ ;:S;i;a 1.13%  4.92% 6.05%
Jmps = 0.169
Inverse solution 4 = 8.11 kPa
S =0.0142
Hps = 5.58 kPa
Jwns =0.163
Lso b g = 6.686 kPa
,{:. Q@ viiavle Splited f‘ " ;if&flPa
Jns = 0.153
g =TkPa
Sy =0.0124
pps =443 kPa
Jmps = 0.157
pe =913 kPa
S =0.0155
pps = 1.03 kPa
Jns =0.169
pp =835kPa

J— . S =0.0142
. . . . . . . . . Constant Jointed sins = 5.99 kPa

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 Jois = 0.167
H mns —
Pad displacement (mm) i = 882 kP

. ) i Sy = 0.0168 _ o o
Inve rse solutlon Variable Jointed s = 4.39 kPa 2.3% 5.4% 7.7%
Jns = 0.159

Summary of local optimums

-—- data

H 0.97% 5% 5.97%
i
1.75 4 F

. Constant Splited

5.01%  5.17% 10.28%
1.25 4

1.00 +

Variable Splited 1L.8%  5.1% 6.9%

0.75 1

Reaction force (N)

0.50 4

' Constant Jointed 1.09%  5.34% 6.43%

0.25 4

0.00 4

1.32% 5.4% 6.72%

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo a5
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Application to keloid scar surrounded by healthy skin

Cost weights

Z0I configuration

Local optimum &

Eforce

Edisp

Eforee + Edisp

Inverse identification o 00154
) Jog = 0.0154 R
@ consan Splited o eogkpa 1% 492%  6.05%
. T = 0.169
Inverse solution i, =8.11 kPa
Tk = 0.0142
-—- data H i mk J -
. ; @ consum Splited o osgkpa 09T 5% 5974
75 [ Jons = 0.163
- Jix = 6.686 kPa
- " Variable Splited g = 0.0127 5.11% 5.17%  10.28%
~ -~ p pips = 4404kPa T T0E '
Z 125 - T = 0.153
S Lo e = 7kPa
S 1.00 - [ iy =0.0124
A s - of. y
é ‘:::. Variable Splited sins = 4.43 kPa 1.8%  5.1% 6.9%
S 0.75 - Q Ty = 0.157
v oo
o I HE = 9.13 kPa
0.50 - o ) Sy = 0.0155
' Constant Jointed sins = 7.03 kPa 1.09%  5.34% 6.43%
0.25 - - T = 0.169
= 4y, = 8.35 kPa
4 = g
0007 | | | | | | . | Constant Jointed Tomic = ;]'g;i;a 132% 54%  6.72%
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 j”': _&} 167
. mhs — *
Pad displacement (mm) i = 882 KPa
. _ ) Jup = 0.0168 o o
Inve rse solutlon Variable Jointed s = 4.39 kPa 2.3% 5.4% T.7%
Jons = 0,159

Summary of local optimums

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
Correlation measurements in vivo
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Application to keloid scar surrounded by healthy skin

Cost weights  ZOI configuration Local optimum & &g Edisp  Eforee + Edisp

Inverse identification Tne ~0015¢
) Juy = 0.0154 R
Constant Splited sins = 6.98 kPa 113%  4.92% 6.05%
. Jins = 0.169
Inverse solution i, =8.11 kPa
. = 2
--- data Constant Splited i = 0.0142 0.97% 5% 5.97%
175 Hps = 5.58 kPa
7 Jins = 0.163
Jix = 6.686 kPa
= Variable Splited i = 0.0127 S11%  5.17% 10.28%
_ P iy, = 4404 kP2 S0 O '
Z 125 T = 0.153
S e = 7kPa
S 1.00 - Jog = 0.0124
i i ar, X
é Variable Splited sins = 4.43 kPa 1.8%  5.1% 6.9%
7 0751 Juns = 0.157
2 ix = 9.13 kPa
0.50 - ) Jog = 0.0155
' Constant Jointed sins = 7.03 kPa 1.09%  5.34% 6.43%
0.25 Jns =0.169
4 = 8.35 kPa
4 o . = 2
0007 | | | | | | . | Constant Jointed Tomic = ;]g‘;i]:'a 132% 54%  6.72%
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 j,”': —0.167
H mns — .
Pad displacement (mm) i = 882 KPa
. _ _ T = 0.0168 o o
Inve rse solutlon Variable Jointed s = 4.39 kPa 2.3% 5.4% 7.7%
Jouns = 0.159

Summary of local optimums

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo
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Conclusion and perspectives

A primary material parameter set of keloid/healthy-skin has been
identified by taking into account measurement noise admissibility criteria.

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image

Correlation measurements in vivo ag
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Conclusion and perspectives

A primary material parameter set of keloid/healthy-skin has been
identified by taking into account measurement noise admissibility criteria.

- Develop a full 3D or pseudo-3D FE model.

- Model selection.

- Use stochastic method - Bayesian inference- to identify a global optimum. (?)
- ldentify earlobe keloid parameters through suction test

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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Thank you for your attention !

Questions ?

Mechanical parameters identification of keloid and surrounding healthy skin using Digital Image
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