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To prevent abdominal organs traumas, the definition of efficient safety devices should be
based on a detailed knowledge of injury mechanisms and related injury criteria. In this
sense, FE simulation coupled to experiment could be a valuable tool to provide a better
understanding of internal organs behaviour under crash conditions.

This work proposes a methodology based on inverse analysis which combines
exploration process optimisation and robustness study to obtain mechanical behaviour of
the complex structure of the liver through FE simulation. The liver characterisation was
build on Mooney Rivlin hyperelastic behaviour law considering whole liver structure
under uniform quasi-static compression. With the global method used, the model fits
experimental data. The variability induced by modelling parameters is quantified within
a reasonable time.
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1 Introduction
Abdominal organs and particularly the liver are highly injured during crash situations
leading to severe traumas with high morbidity (Laumon 2002). To prevent this,
modelling can provide efficient tools for injuries prediction once it is well calibrated.
The current simulation tools suffer from the lack of data concerning dynamical
loading and damage and failure identification (Haug et al. 2004).

The liver is a complex structure considered as an assembly of three tissues:
parenchyma making up most of its volume, vascular and biliary structures forming a
ramified network within parenchyma, and Glisson’s capsule wrapping the whole
organ and insuring its cohesion (Netter 1999). Hence, the direct identification of liver
hyperelastic or viscoelastic mechanical behaviour becomes tricky considering this

complex structure. To achieve these objectives, some works simplify the geometry by
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studying tissues samples (Chui et al. 2007, Saraf et al. 2007) or by freeing from
structure effects and measuring local behaviour (Carter et al. 2001, Mazza et al.
2007). In both cases the local information obtained has to be extended at the structure
level considering whole organ shape and border effects.

Another solution consists to use inverse analysis (Miller 2000, Tillier et al.
2003, Durand-Reville et al. 2004, Egorov et al. 2008) at the structure level. A
numerical model of the liver governed by a finite number of parameters must then be
built. Model response is compared to different target responses obtained
experimentally so that parameters values can be isolated to be those for which the
model best fit the experimental reality. This last solution is easier to implement than
the direct characterization but is subject to uncertainties created by the induced
variability of numerical phenomenon inherent in modelling.

The objective of this work is to define a methodology based on inverse and
robustness analysis to obtain mechanical behaviour of the complex structure of the
liver through FE simulation. The inverse analysis is applied to the identification of a
hyperelastic behaviour of the whole liver under quasi-static loadings up to damage
and failure. Then the robustness analysis is performed to quantify the variability

induced by all modelling parameters to model response.

2 Materials & Methods

2.1 Testing conditions
The reference test used in this work was a uniaxial quasi-static rear to front

compression: the liver lied on is posterior face and was compressed between two
horizontal plates (Figure 1) at a uniform velocity of 80 mm/min. The experimental
test was made with a hydraulic press on a whole liver sampled on PMHS (Post

Mortem Human Subject) female, 81 years old. The PMHS (obtained from the
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Marseilles University Faculty of Medicine) was treated with Winckler solution
(Winckler 1974) to ensure proper preservation of soft tissues and then held at +3°C
until liver removal. In order to avoid organ degradation out of the body, the test was
performed few hours after the organ removal from the cadaver abdomen. The two
plates between which the liver was compressed were first coated with petroleum jelly
to avoid frictions with the organ surface. Compression was carried out until 60% of
the initial thickness with no initial preconditioning.

The simulation test was performed using a Finite Element (FE) model built
from CT-scans data (Labé et al. 2006). This model includes a volume part meshed
with tetrahedral elements describing the parenchyma and a surface part describing the
Glisson’s capsule using a continuous 3D surface mesh. The mesh size used for these
simulations is about 4 mm. The Glisson’s capsule was assumed as elastic whereas
parenchyma was set hyperelastic with a Mooney-Rivlin law commonly used to
describe biological materials (Miller and Chinzei 1997, Farshad et al. 1999, Tillier et
al. 2003, Miller 2005, Snedeker et al. 2005, Harrison et al. 2007). The Helmholtz free
energy function then follows equation (1).

W =C,o(1, —3)+Cyy(I, -3) 1)
where 1, et I, are the two first invariants of the Cauchy tensor C defined by equation

(2) and Cyp et Cy; are two parameters of the law expressed in MPa..

l, =tr(C)
12 —tr@z) ()
2

For the reference compression case, the plates set as rigid, were kept parallel

I, =

one to the other during the whole simulation. As the lower plate is fixed, the upper
plate velocity is 0.2 m.s™. Symmetrical interfaces between liver and plates were

defined and consisted in two unilateral contacts without Coulomb friction. Penalty
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algorithms detected both plates’ nodes and edges penetrating a 0.3 mm gap between
liver and plates.
2.2 Inverse analysis
After a convergence analysis confirming that 4mm element size was effectively in the
mesh convergence area of the model, the inverse analysis process followed three
steps.
2.2.1 Influent parameters determination: exploration step
The first step of the inverse analysis was the determination of the influent parameters
for the model response. For this model the potential influent parameters are the
parenchyma density d, Poisson coefficient v and the two modules of the hyperelastic
law Cyo and Coz. The space of potential responses of the model for these four
parameters was explored using a two levels full factorial design of experiments 2*
without repetitions (Schmidt and Launsby 1994) . These levels are the extremities of
our exploration space and are chosen as follows:
e Density is varying between 0.005 and 0.0015 g.mm around water density,
e Poisson coefficient is varying between 0.2 and 0.495 to cover a broad range
from compressibility to incompressibility,
e Moduli are varying between 0.001 and 0.1 MPa to define a range that includes
values already used for biological materials in literature (Miller and Chinzei
1997, Miller 2000, Snedeker et al. 2005).
The response of a given treatment was the evaluation function Y defined by
equation (3). Y was the average of relative difference between the force needed to

reach a relative displacement u; in the treatment configuration Fea(ui) and in a

reference one F(u;) chosen arbitrarily with plausible values of the parameters.

_ ‘ treat ref X
Y= Z ref (U ) (3)

N is the number of points of the response curve. The reference configuration is: d =

0.001 g.mm™, v = 0,495, Cyo = 0.003 MPa and Co; = 0.011 MPa.
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The aim of this step is to narrow the space of search for the set of parameters
that best fit the experimental data. Influent parameters are discriminated as being the
significant variables of a linear regression (p-value < 0.01). Hence, their variation
ranges could be bounded comparing the responses curves with an experimental one
that is representative of this solicitation speed.

2.2.2 Model fitting with experiment: optimisation step

From the space of candidate solutions, a NLPQL optimisation algorithm
(Schittkowski 1985-1986) was used to find the set of parameters which best fit to the
experimental data. The optimisation function definition was the same as for the
evaluation function replacing the reference curve in equation (3) with the
experimental curve of the Erreur ! Source du renvoi introuvable. and the Erreur !

Source du renvoi introuvable. :

Yopt _ % i‘Ftreat(:J:i )_ I:exp(uiX <02 (4)
i1

exp(ui)

2.3 Robustness evaluation
The last step of the process was a robustness evaluation of the optimized model

obtained after the inverse analysis. This evaluation was then performed on the
reliability of the model parameters, of the geometrical modelling choices, and on the
running simulation variables. The evaluation function introduced in equation (3) was
used a new time to quantify the difference in model responses induced by parameters
variations taking the response of the optimized model as reference data.

2.3.1 Mechanical parameters

The investigations are performed on the influent parameters isolated in the
exploration step considering = 10% variation around their optimal value. This

variation range seems large enough to check the model stability. The space of study
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then defined was described with a minimal number of treatments using an Optimal
Latin Hypercube sampling (Sacks et al. 1989, Park 1994).

2.3.2 Boundary conditions parameters

By reference to experimental set up, boundary conditions parameters (candidates to
dispersion) were the horizontal angles of tilt o and  in the two directions (Figure 2),
the Coulomb friction between liver and plates and the speed vit of the upper plate.
Each of these parameters was changed separately, the others remaining at their
optimal value. Values taken by the angles of tilt were 1, 2 and 3 deg positively and
negatively (6 runs), those taken by upper plate speeds were 0.001, 0.005, 0.01, 0.05,
0.1 and 0.5 m/s and the Coulomb friction coefficient varied from 0.01 to 0.1.

2.3.3 Computing parameters

Isolated parameters influencing the computing process, and then the model response,
are the elements order and the calculation time step. For the elements order, number
of integration points was changed from 1 to 4. For the calculation time step, its
definition is of great interest because it can also accelerate running process. Instead of
keeping it free, eleven time steps are tested: the mean time step of the optimised
model run (0.04 ms) and ten multiples of the maximum time step (0.1, 0.2, 0.3, 0.4,

0.5, 0.6, 0.7, 0.8, 0.9 and 1 ms) reached by the optimised model.

3 Results
3.1 Inverse analysis

3.1.1 Influent parameters
For the 16 treatments of the exploration step, the evaluation function took values from

0.555 to 13.6. Results of the linear regression show that the model was independent of
the density (p-value = 0.6). On the other hand, with the used behaviour law the model

exhibited a high sensitivity to v (p-value = 0.003), Cy (p-value = 0.0005) and Co; (p-
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value = 0.0002) with a high dispersion of the responses (Figure 3). The initial slope of
curves increased with the modules and decreased with v. Finally, as Cy1p and Cy; had a
similar effect, their variation ranges were assumed as the same. Three configurations
were then selected, giving the following variation ranges: C1o and Co; between 0.001

and 0.005 MPa and v between 0.2 and 0.495.

3.1.2 Optimal set of parameters
Optimisation is performed on the three influent parameters v, C19 and Cp; within the

variation ranges given previously. Confrontation with the experimental curve is made
only on the elastic phase of the compression process where damage has not occurred
(Erreur ! Source du renvoi introuvable.) as failure and damage are not integrated in
the model yet. After 25 runs of the NLPQL algorithm, the optimised set of parameters
is: v=0.4, C10 = 0.005 MPa and Cy; = 0.003 MPa. For this set of parameters, the
optimisation function scored 0.18, which represents a suitable deviation between

experiment and simulation in the elastic phase.

3.2 Robustness analysis

3.2.1 Mechanical parameters influence
With the three influent mechanical parameters, the space of study for robustness

analysis is three-dimensional. According to the Optimal Latin Hypercube algorithm,
20 simulations are enough to describe efficiently the 10%-variation space then
defined. The mean value of the difference with optimised model computed is 5.1 %
with a minimum at 0.9% and a maximum at 10.8%. Response curves keep the same
shape as the optimal one and are well distributed around it without absurd response
(Erreur ! Source du renvoi introuvable.). Hence, the optimised model can be
considered as stable with regard to those parameters in the neighbourhood of their

optimal values.
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3.2.2 Boundary conditions influence
The angle of tilt influence on the model response exhibits the liver asymmetry

incidence. The response is less influenced by the angle of tilt for the positive values of
a and B than for the negative ones (Erreur ! Source du renvoi introuvable.). As it
could be expected, the more the angle of tilt increases, the more the difference with
the optimised model is important (tilt being positive or negative). It was observed that
[-tilt has a much higher influence than o-tilt.

The loading speed does not have any major incidence up to 0.1 m/s. With 0.5
m/s the structure behaviour show oscillations around reference and lower speed
curves (Erreur ! Source du renvoi introuvable.).

3.2.3 Interactions description influence

The differences between tests and optimised model observed for all the modifications
made on the interface descriptions are range from 0.7 to 3.6%. Those modelling
parameters have thus no significant influence on optimized model response in the
studied variations ranges.

3.2.4 Computing parameters

With mesh element formulation, the volume elements order does show a 1.88%
difference between first and second order. Then, the optimised model meshed with 4
mm first order elements is robust in regard to the mesh.

Keeping the time step fixed or free is a so strong modelling hypothesis that the
model cannot give results for a time step over 0.7 ms. Below this value, difference
between tests and optimised model responses is larger than 10% for time steps bigger
than 0.3 ms. Between 0.3 and 0.7 ms, model response oscillates around optimised
model response and is even jammed by noise. In conclusion, model robustness in

regard to this parameter is limited and suggests keeping a free time step.
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4 Discussion
This work investigates human liver behaviour from experimental investigation under

compression to behaviour law identification in a generic finite element model. The
methodology focused on inverse identification method coupling exploration,
optimisation and robustness analysis. Results lead to consider liver under quasi-static
loadings as a hyperelastic structure described with a Mooney-Rivlin law.

4.1 On the liver behaviour modelling

The liver properties identification was performed on the whole liver organ. This
choice was motivated by the willing to take into account the structure effects such as
geometry or Glisson’s capsule incidence. This study should be extended by the
investigation of liver morphology incidence on its behaviour and the incidence of the
hepatic vascular tree (Kerdok et al. 2006).

The parenchyma mechanical behaviour was described using a hyperelastic
behaviour law with a Mooney-Rivlin model; capsule behaviour being set using
specific complementary data (Brunon et al. 2010). With this law, the identification
process was facilitated due to the limited number of parameters to optimize.
According to the space of admissible parameters for optimisation and optimisation
results, the obtained parameters set is relevant with physical properties of the liver
described in the literature (Saraf et al. 2007). Additionally to describe high non
linearity of loading, the Mooney-Rivlin law can be extended to the second order if
needed. This liver model could be improved with behaviour law taking into account
for the viscous effects of the structure (Miller 2000), and considering damage
phenomenon up to the failure.

4.2 On the inverse analysis approach
The identification methodology used in this work was based on the coupling between

exploration of solution space and optimisation on the relevant parameters. This two
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steps method allows focussing on the influent parameters and reducing of the
admissible solution space before optimisation. So the optimisation step required a
lower number of iterations and is focused on a dedicated part of the search space.
As most of optimisation technique, it remains the possibility to converge to a
local optimum without any physical relevancy. The NLPQL optimisation algorithm
used in this work is based on SQP method (Schittkowski 1985-1986). The choice of
such a method leaves the opportunity to add optimisation constrains for further
calibrations of the damageable model (maximal relative displacement or force at the
first failure time for example). Nevertheless a gradient method could also be used for
the optimisation method treated here. The 0.18 of the evaluation function for the
optimal set of parameter allows a suitable description of the experimental response.
This score could be improved both by using a more dedicated law (as describe
previously), improving liver structure description and running a new time this
optimisation process. The method presented here could also be improved by
modifying the sampling method used for robustness analysis considering robust
design methods (Zang et al. 2005).
4.3 On the model robustness
The robustness analysis on model mechanical parameters shows a good stability with
a mean dispersion of 5.1%. This point ensures a good reliability of the model
response. The robustness of the model response is also dependent on the testing
conditions. The angle of tilt incidence on model response seems to be strongly
dependent to the intrinsic geometry of the liver and its positioning during
solicitations. The model response could be considered as stable with an angle of tilt
ranged between -2 to 2°. This condition should be also carefully respected during

experiments to keep results consistency. With loading speed, the low sensitivity of the
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model up to 0.1m/s of imposed velocity let to increase numerical loading speed to
improve computation time.

The time step control during calculation could induce some discrepancy in
model results. This point is strongly related to the explicit FE algorithm used with
Radioss software. This analysis suggests keeping a free time step during the
optimisation process whatever the cost for calculation time.

The robustness analysis performed could further integrate the coupled effects of the
studied modelling parameters. For example, it has been showed that the mesh size
influence on a FE model response could depend on loading speed variations (Schmidt
et al. 2009).

At least, the variability induced by modelling parameters is quantified within a
reasonable time: calculus time necessary for the whole exploration, optimisation and

robustness analysis process does not exceed a week using six processors in parallel.

5 Conclusion
This study shows the feasibility of an integrated approach coupling exploration,

optimisation and robustness analysis for a FE model of the liver in compression with
a hyperelastic parenchyma. The model successfully fits experimental data and is
robust enough to take into account the experimental variability. This methodology
will thus be extended to more complex model such as hyper-viscoelastic model
including damage and failure so as to characterize liver, or other human organs
behaviour under impact situations.
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Figure 1. Experimental set up for the uniaxial liver compression. The upper plate goes
down at a constant velocity toward the anterior face of the liver.
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