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keloid growth.
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preventive clinical solution.
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DIC Speckle pattern
(Jacquet et al. 2017)

Experimental data: Force-displacement curve (FD)

Uniaxial tensile test on bi-material soft tissues
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DIC Speckle pattern
(Jacquet et al. 2017)

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

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

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

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

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

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

Experimental data: Force-Displacement and DIC (Digital Image Correlation)

99 FD-DIC snapshots
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FEMU flow chart (Sutula et al., Elouneg et al., submitted)
https://github.com/aflahelouneg/inverse_identification_soft_tissue
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FE nonlinear model

• Bi-material

• Hyperlastic behavior: Gent

• 2D geometry

FEMU flow chart (Sutula et al., Elouneg et al., submitted)
https://github.com/aflahelouneg/inverse_identification_soft_tissue
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Assumptions:

• Both keloid and skin have the 

same hyperelastic constitutive law, 

but different parameters.
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𝜀𝑥𝑧 = 𝜀𝑦𝑧 = 𝜀𝑧𝑧 = 0
x

y

z

[Krueger 𝑒𝑡 𝑎𝑙. 2002]

Assumptions:

• Both keloid and skin have the 

same hyperelastic constitutive law, 

but different parameters.

• Plane strain conditions are made 

for the whole 2D structure 

considering sub-cutaneous links 

(unlike ex vivo).
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Gent model

𝝍 𝝁, 𝑱𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝑱𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝑱𝒎

𝑰𝟏 = 𝑻𝒓 𝑭𝑭𝑻 = 𝝀𝟏
𝟐 + 𝝀𝟐

𝟐 + 𝝀𝟑
𝟐

Stress/strain curve
(Puglisi 2015)

Hyperelastic behavior law

FEniCS-based framework of the inverse identification
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Gent model

𝝍 𝝁, 𝑱𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝑱𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝑱𝒎

𝑰𝟏 = 𝑻𝒓 𝑭𝑭𝑻 = 𝝀𝟏
𝟐 + 𝝀𝟐

𝟐 + 𝝀𝟑
𝟐

Stress/strain curve
(Puglisi 2015)

Hyperelastic behavior law

FEniCS-based framework of the inverse identification

Incompressible material:

𝑱𝒎 < 𝝀𝟏
𝟐 +

𝟐

𝝀𝟏
− 𝟑
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𝐽 𝜃, 𝜆 =
1

𝑁𝑓𝑟𝑎𝑚𝑒𝑠


𝑘=1

𝑁𝑓𝑟𝑎𝑚𝑒𝑠

න
Ω𝑚𝑠𝑟

1

𝜶𝟐
𝒖𝑓𝑒𝑚

𝑘
𝜃 − 𝒖𝑚𝑠𝑟

𝑘
2
𝑑𝑥 + 𝝀

1

𝜷
𝐹𝑓𝑒𝑚

𝑘
− 𝐹𝑚𝑠𝑟

𝑘
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𝜽 = 𝜽𝑘𝑒𝑙𝑜𝑖𝑑 , 𝜽ℎ𝑒𝑎𝑙𝑡ℎ𝑦−𝑠𝑘𝑖𝑛

𝜽 = arg𝑚𝑖𝑛 𝐽(𝜃, 𝜆)

𝛽 = max
𝑘=0,1,…,𝑁𝑓𝑟𝑎𝑚𝑒𝑠

𝐹𝑚𝑠𝑟
𝑘

𝛼 = max
𝑘=0,1,…,𝑁𝑓𝑟𝑎𝑚𝑒𝑠

𝒖𝑚𝑠𝑟
𝑘

Ω𝑚𝑠𝑟

Constant weights 𝜆: Lagrange multiplier
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𝑘
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𝜽 = 𝜽𝑘𝑒𝑙𝑜𝑖𝑑 , 𝜽ℎ𝑒𝑎𝑙𝑡ℎ𝑦−𝑠𝑘𝑖𝑛

𝜽 = arg𝑚𝑖𝑛 𝐽(𝜃, 𝜆)
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Validation using dummy data

Material parameters

(arbitrary)FEM nonlinear

solver

Gent model

𝝍 𝝁, 𝒋𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝒋𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝒋𝒎
+ 𝟐𝒍𝒏 𝑱

𝑰𝟏 = 𝑻𝒓(𝑭𝑭𝑻)

* Displacement fields
* Reaction force

43
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Validation using dummy data

Material parameters

(arbitrary)FEM nonlinear

solver

Noise generator

(Additive White Gaussian

Noise)

Dummy data

* Displacement fields
* Reaction force

44

Gent model

𝝍 𝝁, 𝒋𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝒋𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝒋𝒎
+ 𝟐𝒍𝒏 𝑱

𝑰𝟏 = 𝑻𝒓(𝑭𝑭𝑻)
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Validation using dummy data

Material parameters

(arbitrary)FEM nonlinear

solver

FEM-Updating solver

* Displacement fields
* Reaction force

45

Estimated
material

parameters

Noise generator

(Additive White Gaussian

Noise)

Dummy data

Gent model

𝝍 𝝁, 𝒋𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝒋𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝒋𝒎
+ 𝟐𝒍𝒏 𝑱

𝑰𝟏 = 𝑻𝒓(𝑭𝑭𝑻)
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Validation using dummy data

Material parameters

(arbitrary)FEM nonlinear

solver

FEM-Updating solver

With some
discrepancies

* Displacement fields
* Reaction force

46

Estimated
material

parameters

Noise generator

(Additive White Gaussian

Noise)

Dummy data

Gent model

𝝍 𝝁, 𝒋𝒎, 𝑰𝟏 = −
𝝁

𝟐
𝒋𝒎 𝒍𝒏 𝟏 −

𝑰𝟏 − 𝟑

𝒋𝒎
+ 𝟐𝒍𝒏 𝑱

𝑰𝟏 = 𝑻𝒓(𝑭𝑭𝑻)
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Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames.
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Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames.

Quantification of parameter 
identification discrepancy with 
respect to discretization error

𝜺𝒊 =
𝜽𝒊 − 𝜽𝒊𝒓𝒆𝒇

𝜽𝒊𝒓𝒆𝒇

; 𝟏 ≤ 𝒊 ≤ 𝟒
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Adaptive mesh 1300 cells

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames.
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Adaptive mesh 1300 cells

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames.

𝝈𝑫𝑰𝑪𝒎𝒂𝒙
= 𝟏𝟔𝟎 𝝁𝒎

𝝈𝒇𝒐𝒓𝒄𝒆𝒎𝒂𝒙
= 𝟏𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Weakly non-linear Highly non-linear

Sensitivity analysis
- Discretization error.
- Measurement noises standard deviation.
- Number of DIC frames. 𝝈𝑫𝑰𝑪 = 𝟐𝟎𝟎 𝝁𝒎 𝝈𝒇𝒐𝒓𝒄𝒆 = 𝟐𝟎𝒎𝑵
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Application to keloid scar surrounded by healthy skin

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

Neohookean model
2 parameters (healthy skin) + 2 parameters (keloid)

(Sutula et al., submitted)

Butterfly-shaped keloid
(x=15mm, y=47mm)

(Chambert et al., 2019)
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Application to keloid scar surrounded by healthy skin

Keloid + surrounding healthy skin

Gent model
4 parameters (keloid + healthy-skin)

Butterfly-shaped keloid
(x=15mm, y=47mm)

(Chambert et al., 2019)
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Measurement uncertainty quantification 

Data filtering with Moving-Average method

7.8 mN < 10 mN

Application to keloid scar surrounded by healthy skin
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DIC with pyDIC libraryCaptured pad displacement with DIC

128 µm < 160 µm https://github.com/ladisk/pyDIC

Measurement uncertainty quantification 

Application to keloid scar surrounded by healthy skin
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Application to keloid scar surrounded by healthy skin

62

Inverse identification

Discard between consistent (generated) and the experimental displacement fields
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Splited and jointed optimization domains

Application to keloid scar surrounded by healthy skin

Inverse identification
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Summary of local optimums

Application to keloid scar surrounded by healthy skin

Inverse identification



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

Correlation measurements in vivo

Legato team group meeting. 24/04/2020 – Aflah ELOUNEG
65

Summary of local optimums

Inverse solution

Application to keloid scar surrounded by healthy skin

Inverse identification



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

Correlation measurements in vivo

Legato team group meeting. 24/04/2020 – Aflah ELOUNEG
66

Summary of local optimums

Inverse solution

Application to keloid scar surrounded by healthy skin

Inverse identification
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Summary of local optimums

Inverse solution

Application to keloid scar surrounded by healthy skin

Inverse identification



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

Correlation measurements in vivo

Legato team group meeting. 24/04/2020 – Aflah ELOUNEG

Conclusion and perspectives

68

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

69

- Develop a full 3D or pseudo-3D FE model.
- Model selection.
- Use stochastic method - Bayesian inference- to identify a global optimum. (?)
- Identify earlobe keloid parameters through suction test
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Thank you for your attention !

Questions ? 

70


