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Publishable summary

The objective of deliverable D5.3.5 was to improve the material models of the HUMOS2 50"
percentile male model with damage and failure description in order to be able to describe injuries
on a tissue level. For this objective three different studies were performed on material models for
damage and failure of human tissues.

In the first study a new material model for damage and failure was developed for bony structures.
This new material model was implemented in a FE model of the human clavicle. The modelling of
the clavicle spongeous and cortical bone with the ESI-Wilkins-Kamoulakos (EWK) material
permits to simulate the clavicle behaviour up to failure during two dynamic 3-point bending tests,
at 4 m/s and 6 m/s respectively. The clavicle model responses are in good agreement with the
experimental results.

The objective of the second study was to develop a 3D model that describes bone damage
accumulation and fracture for dynamic loading. At this stage of the work, a 3D elastoplastic and
asymmetric model was developed dedicated for bone. This model describes damage
accumulation as well as failure. The model showed its sturdiness to describe a quasistatic
bending test and a dynamic tensile test. This damageable law is able to reproduce the aspect of
bone behaviour for bending and tensile loading with various velocities. It also gives a good
estimation of fracture stress value and fracture location.

In the third study two models proposed by the National Technical University of Athens were
implemented and tested: KEFALAS model describing Stress-Strain Relations for Flexible Foams

(Strong Rate Sensivity), and a Non-Linear Visco-elastic model for soft tissue. The two models
proposed by NTUA models were implementated in the Radioss code (Law 39).
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1 Material models for damage and failure for hardt  issues:
application to the clavicle

1.1 Introduction

To improve the capabilities of the HUMOS2 50" percentile male model to predict injury, ESI has
defined a specifc material model including a physical damage. This material model has been
calibrated for bones and in particular for the clavicule. Both bony structures, the trabecular and
the compact bones, have been characterised through the simulation of experimental tests.

1.2 New material model for damage and failure: the  clavicle

During the HUMOS project, the University of Heidelberg has performed several experimental
tests to characterise the behaviour of differents bones up to failure, under quasi-static and
dynamic loadings. Some of them have been re-analysed during the HUMOS2 project ([1]). In
particular the report concerns the experimental 3-point bending tests on the clavicle at two
velocities, 4 m/s and 6 m/s.

These specific tests have been simulated in order to characterise the elastic-plastic material
model with ‘EWK’ damage and failure for both bony structures of the clavicle:

the spongeous bone, meshed with solid elements

the cortical bone, meshed with shell elements.

b) Simulation
Figure 1.1: 3-point bending test device and its sim  ulation of clavicle

The ESI-Wilkins-Kamoulakos (EWK) model is a computer model of ductile fracture that correctly
predicts the fracture initiation and eventual propagation within structure components. Fracture
occurs when the time integrated product of the equivalent plastic strain rate and two functions of
the local distribution, related to the mean tensile stress and to the stress asymmetry respectively,
exceed a critical value over a critical dimension.

The fundamental assumption is that the extension or the initiation of a crack can be treated as a
constitutive property of materials. Fracture will then depend explicitely on the current mechanical
state and past history of the local region.

Material constants of the model are defined by comparing computer simulations to actual
specimen tests. The original model is the fracture model suggested by Dr Wilkins which is based
on the ductile fracture theory from Prof. McClintock. The parameters of the Wilkins model are
similar to those of the EWK model and their identification procedure is the same.

From the behaviour of the different tested clavicles, the material paramaters of both structures
have been defined in the dynamic case at 4 m/s. Figure 1.2 presents the clavicle reponse for this
3-point bending test at 4m/s in comparison the human clavicle responses. The clavicle model
response is in good agreement with the experimental results.
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CLAVICLE 3-POINT BENDING at 4m/s

Clavicl 3ptBend v4-Exp34
3.3k Clawviel 3ptBend wi-Exp35
Clavicl_ 3ptBend v4-Expds
- Claviel_ 3ptBend vi-Exp37
3 t-|= = Clavicl_ 3ptBend wv4-Expl04
- Clavicl_ 3ptBend v4-Expl05
= == Clawviecl 3ptBend v4-Expl0é

2.7 Clavicl 3ptBend v4-Expl0s
Clavicl_3ptBend v4-Expl03
5 wm— Simmlation-wd

......................................................................................

-
& e - | w F ™y -
I S -

Figure 1.2: Clavicle 3-point bending test at 4m/s: Experiments/Simulation
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Figure 1.3 illustrates the history of the element elimination due to total damage inside the
compact and the trabecular bones.

o maam®

at0Oms at 2.7 ms At 3 ms

e~ NS NS

at 3.3 ms at 8.7 ms at11.4 ms
Figure 1.3: Clavicle 3-point Bending at 4 m/s: Elem  ent Elimination due to total damage
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These clavicle material characterisations have been evaluated in the 3-point bending test at 6

m/s, see Figure 1.4 and Figure 1.5.

CLAVICLE 3-POINT BEWNDING at ém/s
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Exp 110
Exp 111
Exp 112
Exp 113
Exp 114
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Figure 1.4: Clavicle 3-point bending test at 6 m/s: Experiments/Simulation
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Ty ® e ® =

at0ms at 1.5 ms at 1.8 ms

at2.7ms at 3.6 ms at4.2 ms
Figure 1.5: Clavicle 3-point Bending at 6 m/s: Elem  ent Elimination due to total damage

1.3 Conclusion

The modelling of the spongeous and cortical bone of the clavicle with the ESI-Wilkins-
Kamoulakos (EWK) material permits to simulate the clavicle behaviour up to failure during two
dynamic 3-point bending tests, at 4 m/s and 6 m/s respectively. The clavicle model responses are
in good agreement with the experiments results.

1.4 Reference

[1] HUMOS2 deliverable D20: “Report on Injury Mechanism Database”, REF: 4ESI-030901-E0-
DB.
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2 Material models for damage and failure of bone ti  ssues

2.1 Introduction

Bone mechanical behaviour focus on elastoplastic models™. Damage accumulation was mainly
studied in fatigue”™™ or cyclic loading case. Little! was investigated for both damage and
mechanical behaviour for quasistatic loading. Few studies® deal with damage and fracture
behaviour under dynamic loading.

In human body finite element simulation, these laws are not systematically integrated into FE
codes. Elastoplastic laws are usually used like Johnson-Cook or Zerilli-Armstrong models. These
laws were designed for metals™® and their parameters are fitted to model bone behaviour. In
such laws, damage and failure processes were whether not described, or simplified: element is
deleted or principal stress components are set to zero once strain threshold is reached.

The objective of this work is to develop a 3D model that describes bone damage accumulation
and fracture for dynamic loading. In agreement with experimental results, the law should display
an asymmetric behaviour in traction and compression for both compact bone’® and trabecular
bone™ ™!, This behaviour law will be used in FE models with the non linear explicit FE software,
Radioss. It implies that the law should be stable and that the convergence should not be too slow.

Due to difficulties in identification of mechanical parameters through available experimental data,
the number of mechanical parameters should be limited.
To sum up, the law is supposed to satisfy six requirements:

to describe damage,

to describe fracture ,

to show an asymmetric behaviour,
to be robust for dynamic loadings,
to be adapted to a FE formulation,
to have few parameters.

2.2 Definition of the Garcia-Jundt model

2.2.1 Rheologic Model description

The 1D rheological model consists in an elastic spring connected in series with a damageable
spring mounted in parallel with a plastic pad (see figure 1).
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Figure 2.1: Garcia’s rheological model N

Each element constitutes the governing factor in a specific response of the model:
- The elastic spring accounts for instantaneous elastic response.
- The plastic pad accounts for plastic damage due to microcracks.
- The damageable spring accounts for elastic damage due to microcracks.

Therefore, it can describe the three modes of bone under tensile and/or compressive loading:
- pure elasticity with modulus E,,
- generation and opening of microcracks leading to a reduction in modulus and an
increase of additional strain.
- closing of microcracks with friction and leading to residual strain.

The second (respectively third) regime is set when the damageable (respectively plastic)

D p
threshold (respectively St) is reached. The asymmetric behaviour is guided by the
thresholds values: the subscript “+” correspond to tension loading whereas the subscript “-”
consists in compression case.

The model is designed with the result that damage can occur only if the plastic pad is sliding and
when damage occurs, the total stress remains constant. We assume that the thresholds increase
proportionally with the accumulated damage:

s2(t)=- cD)H( e°(t)) and s (t)= cD{t)H [+ e°(t))
with € the hardening coefficient, D current damage state, H heaviside function.

2.2.2 The Thermodynamic formulation
The model is characterized by three state variables: total strain , damage D and plastic strain .

Associated variables are respectively total stress s, strain energy density release rate Y and
plastic stress s”.

Helmholtz specific free energy
Using parallel and series properties of rheology, the free energy expression is:

y(eD)==2 (- e°f +E01-D 2

E 2r D
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The first term accounts for the elastic spring and the second term for the damageable spring.
Replacing the free energy in the Clausius-Duhem inequality[lzl, we obtain the expression of the
associated variables according to the state variables:

S :Eo(e— ep)

sP =E0(e— ep)— Eo%eIO
1 E
D% 2

Dissipation
Dissipation depends on the plastic pad and the damageable spring:

J (€°.D,D)=s"le?] + Wy ()

The second term accounts for the dissipation related to damagem]:

(s2f

W, (Y)=Y - h(D):Y-m

When we express this dissipation, we obtain the damage evolution law:

SD

D= *
D

s
E, e’ +—
0

ep

2

Algorithm

The algorithm is set up from the thermodynamic equations. As it will be used in a FE software,
the algorithm should express the value of the stress for a given state of strain. On the other hand,
the rheological model distinguishes the tension and the compression cases. Therefore, the
algorithm will be established for the tensile loading case and then adapted to the compressive
one.
In the tensile case, the rheological model describes:

The elastic spring elongation,

Both plastic pad sliding and damageable spring elongation,

The plastic pad sliding alone.

These phenomena give the following algorithm:

If the elastic spring is elongated, the total stress is the only variable to be updated:

s = Eo(e- ep)
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If both plastic pad is sliding and the damageable spring is elongated, then the stress in
the damageable spring is superior to the damage threshold (S D3 .S‘+D). Not only the
total stress needs to be updated, but also the plastic strain and the damage variable:

D
o mp. St *SY
EO
ep
D= D
e’ +—*
0
sP3s

P
If the only plastic pad is sliding, then + . Both plastic strain and total stress are

updated:

s

e’ =D e-
0

D D

3
S+)is

We assume that the total stress becomes constant when the damage mode (5
reached.
In the compressive case, we replace SP/" by - S_D/p that implies sign switching in some

equations.

2.2.3 From a 1D model to a 3D material law — Basic assumptions

To adapt this model to a Radioss user’s law™ for (3D or 2D) solid elements, we first assume that
bone is an isotropic material. At this stage, no specific coupling between space directions is
added.

To model fracture, we have two choices: delamination ™% or element deletion”’. As we plan to
use the law on model with accurate mesh, we assume that material loss is low regarding element
size, so we choose the element deletion method. The threshold criterion for deletion is based on
the critical value of the damage parameter.

2.3 First results

2.3.1 Theoretical Behaviour in 1D

In order to illustrate the different modes of behaviour of this model (as presented in the rheologic
model section of 3), the 1D case was analytically solved for different loading. The most relevant
loading case is the cyclic one because it shows the different phases the model describes.

For a triangular strain loading (see figure 2), we observe the following stress-strain curve:
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Figure 2.2: The triangular loading example
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Figure 2.3: Stress-strain curve — Response of ther  heological model
The elastic spring is elongated until the damage threshold is reached.

Then, the total stress remains constant, but the damage parameter increases. This impliesa
reduction of the total modulus and an increase of the plastic strain.

As strain decreases, the elastic spring returns to its initial shape. This means a proportional
decrease of the stress to the strain.

Only the plastic pad is sliding, the plastic strain is the only variable that is updated.
When the strain increases again, the elastic spring is elongated. So we have linear elasticity with
the same slope as at the beginning. The damageable spring didn’t recover its initial length so only

the plastic pad is sliding.

2.3.2 Model evaluation under Radioss

Skull sample bending tests
The first validation test is a quasistatic bending test on skull samples : a cylinder (diameter : 20
mm) impacts a skull sample (height : 40 mm, width : 11 mm and thickness : 5 mm). The impactor
velocity is a ramp curve with a maximum value of 0.2 mm/s.

As the orientation of the sample is important[m], we take mechanical parameters for a sample
along the sagittal suture and so we validated the law with a comparable set of experimental data.
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The skull is a sandwich structure : the diploe (cancellous bone) is between two layers of compact
bone, the inner and outer tables. The skull sample is meshed with brick elements without any
difference between the diploe and the tables. The material properties of the corresponding
structure are taken in agreement with Delille’s data™® (Table 2.1).

Table 2.1: Mechanical properties of the F.E. model

Young modulus E = 5500 MPa
Mass density r =0.002 g/mm3
Poisson’s ratio u=0.22
Threshold in tension sP =100 MPa
Threshold in compression sP =110 MPa

The damageable law provides a good behaviour as the FE curve is inside the experimental
corridor and fitted quite well the typical curve (figure 4). The curve can be divided in two parts : an
elastic part which is quasi linear, a damage part that ends up with fracture. The model behaviour
was relevant with these phases.

Figure 2.4: Force — displacement curves. The FE cur  ve is shown in black, the filtered FE
curve is shown in light blue, the experimental corr idor is shown in dark blue and red and
the typical curve is shown in green.

Figure 2.5: Von Mises stress distribution (MPa).
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First element deletion occurs between 8.5 and 9 ms (see figure 5) for a force of 155 N and a
displacement of approximately 3 mm. Complete fracture occurs between 10 and 10.5 ms. The
only difference with experimental data is the ultimate displacement: 3.5 mm instead of 3.3 mm for
FE model. So fracture seems to be more abrupt in the FE model than in reality. This can be
probably due to the deletion programming and threshold. Nevertheless, fracture in FE model is
observed at the same location as in the experiment with a similar failure profile.

Tensile tests on bovine cortical bone
The second test, is a dynamic tensile test on bovine dried cortical samples“g]. In this test, the
sample only consists of compact bone taken from the diaphyses of bovine femurs. The specimen
is a rectangular plate with a reduced middle region (height : 100mm, width : 15mm, reduced width
: 7 mm and thickness : 3mm). The sample is embedded in two jaws. The lower jaw is fixed
whereas the upper one has an imposed displacement of 1 m/s.

In agreement with experimental values'™ it was decided to test a range of values for the Young
modulus and the threshold in tension:

Table 2.2: Mechanical properties of the F.E. model

Young modulus 10£ E £22GPa
Mass density r =0.0019 g/mm?®
Poisson’s ratio u=0.3

Threshold in tension 33£s? £50 MPa

Threshold in compression s° =50 MPa

Figure 6 shows that the FE damage phase seems to be almost non-existent. This could be
explained by the deletion programming and threshold too. Nevertheless, the experimental curves
peculiarly display a ductile fracture whereas bone is a material with a fragile rupture. From an
ultimate stress point of view, the FE curves enclose quite well the experimental curves:

Table 2.3: Comparison between FE and experimental u  ltimate stress values (MPa)

FE values experimental values
lower dashed curve 30 33
35
upper dashed curve 36 37
38

Fracture occurs between 1.2 and 1.4 ms. The Von Mises stress distribution respects the
symmetry of the sample. However the experimental fracture profile displays three parts with a 30°
angle between the parts. This could be explain by :

mesh needs to be refined to follow fracture propagation;

the law doesn’t take into account both anisotropy and non-homogeneity of bone tissue.

This test emphasizes that the damage description of the law really needs to be softened.
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Figure 2.6: Stress - strain curves. The FE curves a  re shown in blue, the experimental
corridor is shown red and the typical curves are sh own green.

Figure 2.7: Von Mises stress distribution (MPa)

2.4 Conclusion

At this stage of the work, we have a 3D elastoplastic and asymmetric model dedicated for bone.
This model describes damage accumulation, but also failure. It can be used with Radioss for brick
FE model.

This model showed its sturdiness to describe a quasistatic bending test and a dynamic tensile
test. This damageable law is able to reproduce the aspect of bone behaviour for bending and
tensile loading with various velocities. It also gives a good estimation of fracture stress value and
fracture location.

2.5 References
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3 Implementation of Kefalas-NTUA models for softti  ssues in
Radioss

3.1 Introduction

This work reports the implementation in Radioss of two models proposed by NTUA (National
Technical University of Athens):
KEFALAS model : Stress-Strain Relations for Flexible Foams (Strong Rate Sensivity)
Non-Linear Visco-elastic form of NTUA soft tissue law 1.0

The two models are implemented through Law 39 of Radioss. The user selects one of the models
by a given flag.

3.2 Implementation of the KEFALAS model

3.2.1 Description of the KEFALAS model

A stress strain relationship is defined for each principal direction. The behavior in compression is
obtained by the addition of the three following components:

Air pressure:
Pi=-Po.(1-r*).(L/(e+1) -1)(1- exp(-e_dot/Ty))
Component due to cellular Structure Network:
P,= [Gce. (1-aY(e) +[Gc.(1—-(1-aY(e))]. (- exp(-e dot/T))].((e + 1f-1). [1L-F (e) ]
Component due to densified solid rubber network:
P3 =[Gse + Gs. (1 — exp(-e_dot/T3)].[((e+1)/149)- ((e+1)/1439)?IF (€)
The behavior in tension is obtained by the addition of the two following components:

Air pressure:
P1=-Po.(1-r*).(L/(e+1) -1)(1- exp(-e_dot/Ty))

Component due to cellular Structure Network:

P, = [GCe.+ Ge . (1 - exp(-e_dot/T,))].[ (e + 1)- (e + 1)* ]
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Where:
Y(e) = 0.5 [1 - erf (1/2°° (e-l o)/b)]},
F (e) = 0.5[1 -erf (1/2°° .(e-xg)/d)],
X =r+6.d, X =Xi-1, lge=lo -1
P, . Pressure air
r* ( R): relative density
a : % of buckling of initial number of chains
Gce (C1) : Quasi-static modulus of the cellular structure
Gc (C2) : Dynamic contribution to modulus of the cellular structure
Gse (C3) : Quasi-static modulus of the solid modulus
G; (C4) : Dynamic contribution to solid modulus in the densified state
T, : Relaxation rate controlling the air contribution trapped inside the foam
T, : Relaxation rate of the dynamic response of the cellular structure
T3 : Relaxation rate of the dynamic response of the rubber structure
b : Standard deviation of the normal distribution controlling the buckling mechanism
d : Standard deviation of the normal distribution controlling the densification
| o : point of initial peak due to buckling

3.2.2 Implementation in Radioss and validation
The model was implemented in Radioss through Law 39 of Radioss with IFLAG = 0.

The one element test (described in the figure) is used to test this option:
A) The element is compressed up to 90% of his volume with a velocity of 10 m/s.
B) The element is stretched up to 90% of his volume with a velocity of 10 m/s.

10 mm
v
A A
A Py

Figure 3.1: Compression test example
The material input is listed as follows :
#---1----|----2----|----3----|----4--—-| ----5----|- ---6----|----7----|-
---8----|----9----|---10----|
#- 2. MATERIALS:
#---1----|----2----|----3----|----4----|----5----|- ---6----|----7----|-
---8----|----9----|---10----|
IMAT/LAW38/1
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foam
# Init. dens. Ref. dens.
2000E-13 0
# IFLAG EO RATEDAMP
0 0.05
# C1 C2
C4
0.2e+00 1.5e+00
0.1e+00
# T1 T2
100. 100.
#o--1----|----2----|----3--=-|----4--=-| ----5----|-
---8----[----9----|---10---|
# ALPHA LAMDAO
0.9 0.93
# PO R
D
0.1 0.079
0.075

3.2.3 Validation results

C3
0.023e+00
T3

300.
S B S

0.1

The figures below see the correlation in compression and tension of the KEFALAS models for

analytical and radioss models.

Figure 3.2: Compression test of radioss and analyti

cal models.
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Figure 3.3: Tension test of radioss and analytical models title

3.3 Implementation of non-linear viscoelastic form of ‘NTUA’ soft tissue
law 1.0

3.3.1 Description of the ‘NTUA’ model

This law is an adaptation of the Langevin model for non-linear elasticity. The stress strain
relationship is defined for each principal direction as follows:

s(l ) = [Ee + E [1 — exp(-e_dot/T1)]].n>> [[31:7/n%> + 9/5 (1,P/M®>3] -1, 2P [3/(1,F.n)°° +
9/5 [1/(17.n)°°P°]

Where:

I'; : Principal stretches

E¢(C1) : Equilibrium modulus

E(C2) : dynamic modulus

T1 : relaxation rate

n : Number of links of free orientation chain

P : parameter representing the characteristic length

3.3.2 Implementation in Radioss and validation
The model is implemented in Rdioss through Law 39 of Radioss with IFLAG = 1.

The one element test (described in the figure 3.4)) is used to test this option.

A) The element is compressed up to 90% of his volume with a velocity of 10 m/s.
B) The element is stretched up to 90% of his volume with a velocity of 10 m/s.
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10 mm
v
A A
A A
Figure 3.4: Compression test example.
The material input is listed as follows:
IMAT/LAW39/1
foam
# Init. dens. Ref. dens.
2000E-13 0
# IFLAG EO RATEDAMP
1 0.05
#---1----|----2----|----3----|----4----| ----5----|- ---6----|----7----|-
---8----[----9----|---10----|
# C1 Cc2 Tl
N P
0.0012e+00 0.01e+00 180.
2. 2.35

3.3.3 Validation results

The figures below (Figure 5, Figure 6) show very good correlation in compression and tension of

the non-linear Visco-elastic form of NTUA models between analytical and radioss models.

23/24




APROSYS Project AP-SP53-0006
FINAL

Figure 5: Stress-strain curve for compresion test.

Figure 6: Stress-strain curve for tension test.

3.4 Conclusions

Two models proposed by NTUA models are implementation in Radioss code (Law 39). The user
can select the KEFALS model for Flexible Foams or a Non-Linear Visco-elastic form of NTUA soft
tissues by a given flag.

3.5 References

1- HUMOS project : work package 3 : biomaterial characterization
2- SIDECAR project , task 3 : material investigation and modelling
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