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Abstract Many recent works in inverse identification
of constitutive parameters have pointed to the need
of tests which exhibit heterogeneous strain paths. The
present study details a new testing procedure based on
out-of-plane motion capture by Stereo-Image Correla-
tion (SIC). With the original test proposed hereby, a
unique sample is deformed on a tensile machine along
two perpendicular tensile directions, two perpendicular
shear directions and one expansion area. The choice
of the sample shape is discussed along with the stereo
imaging device, 3D reconstruction and measurement
uncertainties. The test sample is made from a sheet
of commercially pure titanium. A Finite-Element up-
dating inverse method is applied in order to identify
six parameters of an anisotropic plastic constitutive
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model. Results show that this new testing procedure
allows every constitutive parameter of the model to be
identified from one and only one test.
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Introduction

Within the last two decades, numerical mechanics
through the Finite Element analysis has been widely
used to predict structural behavior. Nevertheless, the
wide applicability of the FE approach is responsible for
the constant development of new material constitutive
models and their increasing complexity. Thus, plenty of
models that describes further and further the material
behavior have been proposed [1-5].

From an experimental point of view, the parameters
identification of such models appears to be time con-
suming and expensive. Indeed the complexity of the
phenomenon taken into account significantly increases
the number of parameters to be experimentally iden-
tified and implies a multiplication of the required tests.

As aresponse to such issues, the use of full field mea-
surements coupled with inverse approach has been de-
veloped for identification purpose. It aims at retrieving
as much parameters as possible from a single heteroge-
neous test. In many recent studies, the identification of
constitutive parameters is done using inverse methods.
As pointed in Grediac et al. and Auvril et al. [6, 7],
the use of such methods often requires (1) overdeter-
mined measured quantities and (2) a sensitivity of these
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measured quantities over every constitutive parameter.
In practice it appears that classical homogeneous ten-
sile/shear tests are not sufficient to satisfy these two
conditions when constitutive models to identify become
complex or anisotropic.

Several works have tried to setup heterogeneous
tests using uniaxial or bi-axial tensile devices. For ex-
ample, many authors have presented notched sam-
ples undergoing various levels of tensile strains [8-10].
Meanwhile, other studies [11-13] has proposed to add
holes to different samples shapes in order to heteroge-
nize the observed tensile strains. A sample geometry
that exhibits both shear and tensile behaviors is also
proposed in [12]. Finally, various cruciform sample
geometries [14-17] operated with bi-axial tensile de-
vices, present heterogeneous strain states namely ten-
sion (along two directions) and expansion. However,
these studies are based on in-plane sample motion and
assume in-plain stress state.

Subsequent works have been performed based on
the out-of-plane deformation of the sample. Several
testing procedures have been proposed for inverse
identification purpose such as three points flexion [18],
bulge tests using circular or oblong blanks [19] and a
wide range of deep-drawing operations [20, 21].

The present paper proposes a new experimental
procedure based on the use of a simple uniaxial ten-
sile device with a sample which leads to an out-of-
plane motion. Stereo-Images Correlation [22, 23] is
used for motion capture and an inverse identification
method is applied to obtained measurements. Firstly,
the experimental procedure is presented. Then the nu-
merical model and the investigated constitutive laws
are detailed. Finally, the results are discussed and
validated.

Fig.1 (a) Photograph of the
experimental device with
stereo imaging cameras. (b)
Sample and tooling

Experimental Developments
Heterogeneous 3D Test

The proposed experimental procedure is close to the
Nakazima test [21]. However, the sample geometry was
designed in order to exhibit highly heterogeneous strain
paths. Figure 1(a) presents the experimental setup.
A hemispherical punch, shown in Fig. 1(b) (diameter
215 mm), is used to apply the prescribed displacement
at the sample center. This latter is circular and is tightly
encircled and fastened between the die and the holder.
Two digital cameras are located above the sample and
capture the displacement fields along the x, y and z axis
during the deformation process.

In this paper, tests are performed using a INSTRON
5 kN testing machine. The prescribed displacement
speed is set to 5 mm/min.

Sample Design

The diameter of the sample is 100 mm and its thickness
is 0.5 mm. The sample has been designed in order to ex-
hibit tension (at 0° and 90° from the rolling direction),
shear (at 0° and 90°) and expansion. Samples were
manufactured by wire electrical discharge machining.
The principal strain directions and magnitudes, plotted
as arrows in Fig. 2, shows the sample geometry and
the three zones where tension, shear and expansion
occurs.

The chosen identification method means that the test
has to be modeled in a Finite Element code. However,
numerical simulations face the problem of the knowl-
edge of the necking area locations which is not obvi-
ous in a classical tensile test. For this purpose, special
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Fig. 2 Sample geometry and
principal strain directions
after punch displacement

u; = 10 mm. E is the axial
component of the
Green-Lagrange strain
tensor

attention has been paid to the sample design in order to
know precisely where necking will occur. Moreover, the
sample was numerically designed in order to have an
isoprobability of fracture in the tension and the shear
zones (for an isotropic material).

Strain level in expansion remains weaker than in the
tension or shear zones (Fig. 2). A basic solution to this
problem would be to decrease the material thickness
in the vicinity of the center. However, such a solution
has been dismissed because of the changes in material
properties that this machining operation induces over
the processed surface (surface condition, hardening,
local heating...).

Stereo Image Correlation (SIC)
Stereo Imaging Device

The stereo imaging device is made of two Nikon D200
cameras (Fig. 1(a)) and 3D reconstruction is used to
assess the displacement fields over the sample surface.
Measurements can be led all over the deformation
process and several values of the displacement fields
are obtained at different step. The cameras are syn-
chronized and triggered with a remote control and the
capture frequency is set to 0.33 Hz. With the chosen
focal length the resolution is 0.03 mm/pix and the image
resolution is set to 2592 x 3872 gray level pixels and

Expansion zone

-
Ly g oman = 0.07)

stored as 8 bit. The diameter of the analysis area is
restricted by the holding parts (die) and equals 70 mm.
Images are post processed using an in-house developed
correlation software named 7D [24].

Calibration

Since the camera sensors transform a 3D scene into a
2D image, the depth data is lost. However, as shown in
Fig. 3, if two cameras are used and if their focal axis are
non-collinear, the depth data can be retrieved assuming
that the baseline vector between the cameras is known,
[23, 25]. Calibration consists of assessing this baseline
transformation 7. and also in calculating the intrinsic
parameters of the camera (focal distance, coordinates
of the projection center and the parameters of the
lens distortion). For this purpose several images of a
planar target are captured with various orientations.
The target (Fig. 3) exhibits an a priori known random
pattern printed on a planar surface.

Let’s consider now a point P(X, Y, Z) on the target.
Its coordinates in the camera bases are given by

Pixi,y1,z1) =T P(X,Y, Z),
Py(x2, y2,20) =Tr P(X,Y, Z), )
Py(x2, y2,20) = Tc Pi(x1, y1, 21)

= ’]"R]“Z1 P](x], yl’ Zl)7
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Fig. 3 Geometrical problem
of stereo-vision
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where T, and Ty are the transformation from the
target base to the left and right camera coordinate
systems respectively. Hence, the knowledge of T¢ gives
the matching of left and right images. However, such
a transformation depends on the intrinsic and distor-
tion parameters. In the present study, this problem is
solved using a Levenberg—Marquardt [26] optimization
algorithm.

Images Matching and Triangulation

Once calibration is completed, the coordinates of P,
and P, can be expressed in the same coordinate system
and triangulation can be achieved for any point which
appear in both images. Image matching is performed
through planar digital image correlation and a gray
level speckle is processed over the sample surface. De-
formed images (from left and right cameras) are com-
pared to the undeformed left image using 7D software.
The resolution of the extensometric grid and the zone
of interest around each point of this grid are both set to
16 x 16 pixels, corresponding to 0.48 x 0.48 mm?>. The
correlation coefficient is calculated using a zero-mean
normalized cross correlation formulation. In order to
avoid error propagation, each image is correlated with
the first left image.

Finally, a non-planar surface is obtained for each pair
of images and the displacement fields of each element
are then assessed.

. / P, (x,,y,,2))

\@/ yZ
I 1‘\
" left camera T

" coordinate system

~"right camera
coordinate system

3D Measurements Uncertainties

The uncertainties of the SIC measurements are related
to miscellaneous factors and are therefore difficult to
assess. The numerical acquisition procedure described
above exhibits a sensitivity to several parameters [25,
27-30] such as camera noise, lighting, focal distance,
magnification, speckle size, strain gradient, efc. The
measurement error epme,s can be classically split in a sum
of a systematic error Ay and a random error o;,:

€meas = Ay + 0p. (2)

Systematic error

In order to assess the systematic error, a 3D digitization
of a Reference Part (RP) is performed (Fig. 4). This dig-
itization is then compared to measurements obtained
by a Coordinates Measuring Machine (CMM) which
exhibits a £1 um accuracy . As seen in Fig. 4, the RP
is made of 6 planes, facing each other two by two.

The distances between the centers of the associated
mean square planes and the angles between their nor-
mals are estimated and compared in Table 1.

It can be seen in Table 1 that the SIC digitization
provides slightly smaller distances between associated
planes that the CMM measurement. This may be re-
lated to the target measurement (calibration step) that

Table 1 Measured distances

d aneles bet Planes Distance Distance Difference  Angle Angle Difference

and angles between o o °

associated planes SIC (mm) CMM (mm) (pm) SIC(°®) CMM() (°)
<a>and<b > 10463 10.466 2.70 0.080 0.057 0.023
<c>and<d> 17.595 17.617 214 0.109 0.097 0.012
<e>and < f> 15995 16.017 21.5 0.190 0.229 —0.039
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Fig. 4 Measurements of the 6
planes of the reference part
by SIC and CMM

Left image

is hereby performed using manual caliper. However,
further research will address this precise topic. In this
paper, such a size magnification is assumed to remain
constant during the test and therefore not to affect the
assessment of displacements.

Random error

In the present study, the random error is assessed by
computing the difference between two digitisations of
the RP after a displacement of 9 mm and a rotation
of 10°. The capture and post-processing parameters are
the same as during the real test. Two pairs of images
are successively acquired. The obtained 3D surfaces (6
planes) are then adjusted by a mean-square routine and
normal distances are estimated. Figure 5(a) shows the
normal distance field and Fig. 5(b) presents their dis-
tribution. It can be seen that the random error exhibits
a zero-mean normal distribution with a standard devia-
tion of 5 um. Subsequently, measurement uncertainty is
assumed to be a normally distributed random variable
such as: emeas ~ 4 (0 pm; 5 pm).

Furthermore, assuming that, most of the parameters
involved remain constant during the tests (lighting,
focal distance, magnification, speckle size, pattern size,
angle between the cameras, calibration), their system-
atic error does not affect the measurements. Thus, as

Fig. 5 (a) Measured distance (a)
field between two

digitizations of the reference
part (RP) after a
displacement of 9 mm and a
rotation of 10°. (b) Histogram
of the measured distances
and random error distribution
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described in [31], if the influence of the parameters
on the systematic error is dismissed, measurement er-
ror can be approximated by the random error. In the
present study, this approximated normal distribution is
assumed to represent the experimental measurement
noise. One must notice that such a procedure does
not take into account the influence of strain gradient
and part deformation. Therefore, it provide a weak
approximation of the measurement error. More de-
tailed assessment of SIC measurement uncertainties are
addressed in [23, 32, 33].

Inverse Identification
Material Behavior

In the present study, an anisotropic elastic-plastic be-
havior is assumed and six parameters are investigated.
The elastic behavior is herein defined by an orthotropic
model. Previously identified using a standard iden-
tification approach [34], the elastic parameters are sum-
marized in Table 2.

Hardening behavior is described using a Ludwick’s
flow rule such as:

oy =0) + K(e)", (3)

(b)

250
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100

50
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Table 2 Parameters of the elastic orthotropic model

0
Parameters E, E, Vxy Gyy o

Y
99.5GPa 111 GPa 029 51.7GPa 368 MPa

Values

where &, is the equivalent plastic strain, oy is the
current yield stress, oyo is the initial yield stress. Finally,
K and n are two parameters to identify.

Moreover, an orthotropic plastic material behavior
is assumed and the Hill 1948 criterion is used [1]. This
criterion is commonly used for sheet metal anisotropic
behavior including titanium laminates [35]. In the case
of plane stress, which is assumed here, the Hill’s crite-
rion gives:

F (o) = \/Fazzz + Gofy + H(of, — 03) +2Nop,,  (4)

where the o;; are the Cauchy stress tensor compo-
nents. Therefore, the description of material anisotropy
requires four parameters to be identified: F, G, H
and N.

Finite Elements Model and Boundary Conditions

Since the identification problem is solved using a Finite
Element Update (FEU) inverse method, a numerical
model that duplicates the experiment has to be built.
The experiment is modeled using ABaQus-ExpLicit FE
code. The sample geometry is meshed using approxi-
matively 18,000 quadrangular solid elements (3 layers
through thickness). The punch and the die are consid-
ered as analytical rigid bodies. Prescribed displacement
at each step is imposed according to the SIC measured
displacement at the sample center. Two boundary con-
ditions are applied according to the following consider-
ations:

Punch-blank interaction The friction under the punch
is taken into account by a Coulomb’s type law. The fric-
tion coefficient is set to 0.25 according to former studies

Fig. 6 (a) Principal strain
measurement at the end of
the test highlighting the
localization ring of the
maximal principal strain. (b)
Model prediction using finite
element analysis at the same
instant of the deformation
process (f = 0.25)

performed with the same materials [36]. In order to
verify that the chosen value is able to model properly
the friction phenomenon, a comparison between ex-
periment and model is done. In practice, the friction
induces a localization of the maximum expansion strain
on a ring around the sample center (Fig. 6(a)). The
diameter and the magnitude of this ring is directly
related to the value of the friction coefficient [21, 37]. It
can be seen in Fig. 6 that assuming a friction coefficient
of 0.25, the strain distributions at the center and on
the ring are identical. Therefore, the chosen value of
the friction coefficient is assumed to provide a reliable
prediction of the stain and displacement fields.

In addition, one should notice that the sample ex-
hibits a central symmetry which ensures the displace-
ments under the punch to remain low.

Die-blank interaction This interaction has been mod-
eled as a fixed boundary condition applied over the
sample periphery. However, as can be seen in Fig. 1(b),
the contact surface of both die and holder with the
sample are flat. Therefore it must be verified that no
slipping of the sample occurs. For this purpose, radial
displacement has been measured all along the sample
diameter at the end of the deformation process. An
extrapolation of this measurements has been computed
in order to verify that the displacement is zero at the
die-blank contact location.

As it can be seen in Fig. 7, the radial displacement
of the sample on the inner diameter of the die equals
zero. Subsequently, the manual torque applied to the
six screws is assumed to ensure that no slipping occurs
between the sample and the holding parts.

Identification Strategy

As presented in Fig. 8, the surface displacement fields
along x, y and z axis and the global reaction force F
are retrieved from the FE simulation and compared to
the experimental ones in order to build a mean-square

Maximal principal strain
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Fig. 7 The measurement of
radial displacement over the
sample allows to verify that
no slipping occurs between
the blank and the holding
parts (punch displacement
u; = 10 mm)

cost-function [38]. Parameter update is performed with
a Levenberg—Marquardt optimization algorithm that
minimizes the residual gap between experimental and
numerical calculations [26].

As proposed for instance in [12, 18, 39] and many
others, displacement fields are chosen as field output of
the problem. Besides, the comparison of force data is
also taken into account. Finally, output data are nor-
malized in order to process dimensionless quantities.
Therefore, the cost-function can be written as:

2
exp EF

O Measurements
— Extrapolation

0.8F=--|

Uy Displacement (mm)

|
L H H 3
35 -30 20 -10 0 10 20

where N, is the number of material responses and N,
the number of time steps considered, p is the parameter
vector.

Mapping of Experimental and Numerical Data

Since the assessment of the cost function requires the
experimental and the numerical displacement fields
to be compared at the same location, data must be
expressed in the same coordinate system. For this pur-
pose, a three-step mapping procedure that evaluates
the six components of the related rigid transformation
(r, ry, 7 and t,, t,, t;), has been developed. This
geometrical operation transforms displacement from
the experimental coordinate system (x,, y., Z.) to the
numerical coordinate system (x, y, z) which is set on the
sample geometry (Fig. 9).

— First step: a mean square plane P, is fit to the
outer periphery of the measured grid. This plane
is assumed to be the plane (x, y) of the sample
coordinate system and allows the estimation of r,,

N, N, EF €xp
for= | 3 (e G P
o\ max) max (uy?)
s J= ij Lj
41
EF exp 2 EF eXp 2|’
uz,ij(p) - uz,ij N Fi (p) — Fi
rrl;ax(u‘;"‘p) ' max (FP) ’
] I
)
Fig. 8 Iterative solving FEM analysis
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Fig.9 Three steps procedure

X Step 0 z
developed for data mapping

ry and t,. The angular error has been estimated to
remain under e¢; = 0.025° [38].

— Second step: the center of the sample is localized
in both experimental and numerical coordinate sys-
tems. The two planar translations ., ¢, are then
assessed within e, = +1/+/2 pixel accuracy [12].

— Third step: the planar rotation r, is evaluated from
the given coordinates of a geometrical singularity
(corner) in both systems. The assessment also ex-
hibits a 41/+/2 pixel accuracy at the chosen geo-
metrical singularity. Note that the value of e;(r)
may increase or decrease depending on the radius.

However, an expression in pixel of the mapping
error is not relevant if it is not related to the observed
displacement gradients. Actually it is noticed that such
an error has no effect on constant fields and a major
influence on highly heterogeneous fields. Therefore,
the three identified errors (in pixel) are added and mul-
tiplied by the displacement gradient in order to assess
the metric mapping uncertainties along each displace-
ment fields u,, u, and u,. Figure 10 shows the maximum
errors fields in um. Displacement gradient fields are
evaluated for a punch displacement of 12.2 mm.

Fig. 10 Fields of maximum
mapping error in pm.
Gradients of displacement
fields are evaluated for a
punch displacement of

12.2 mm

Maximum error on u
»
(in i)

Step 2

(r)

<

Results and Discussion
Inverse Identification of Plastic Model

The initial set of Hill’s parameters are arbitrarily cho-
sen to fit the isotropic case and K and n are chosen
according to their known orders of magnitude. For the
sake of calculation time, only six time steps of the de-
formation are considered (N, = 6). The stop criterion
is set to end the iterative process if the greatest update
value is inferior to 1% of the previous parameter value.
In other words, convergence is reached at step k if:

(p(k_]) — p(k)) < p(k_l) x 0.01. (6)

Finally, six parameters of an anisotropic plastic con-
stitutive model are simultaneously identified. Conver-
gence is reached after 11 steps of the updating process.
Results are summarized in Table 3.

Figure 11(a) presents the measured and calculated
reaction force of the punch versus displacement for
the initial parameter set (arbitraily chosen) and the
identified set. Figure 11(b—c) shows the displacement
fields along x, y and z measured and calculated with

Maximum error on u
v
(in m)

Maximum error on u
(in )
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Table 3 Identified plastic parameters

Parameters K n F G H N
Initial values 550 0.5 0.5 0.5 0.5 1.5
Identified values 348 0.39 0.31 0.18 0.82 1.9

the identified parameter set. The residual difference
between these fields are depicted in Fig. 11(d). It is
observed that the identification procedure leads to a
good fit between the experimental and numerical re-
action forces. A good match of the calculated and the
measured displacement field along z is acheived as well.

In addition, it can be seen in Fig. 11(d) that residual
displacement fields exhibit significant relative error on
uy and u,. The magnitude of these residual errors is
related to the sum of mapping error, measurement
uncertainties, constitutive models approximation, FE

Fig. 11 (a) Global punch

modelling, etc. It is also noticed that the mapping error
is responsible for about 40% of the residual error at
high gradient locations (Fig. 10).

Validation: Sensitivity Analysis

Since the parameter set is identified, a first validation
can be performed regarding the stability of the iter-
ative procedure. As pointed in many former studies
[10, 11, 15, 16, 40-43], investigating the noise sensitivity
of the inverse identification procedure allows us to
estimate the stability of the minimum reached by the
optimization method. In other words, if the obtained
parameter set is dependent only on the measurement
noise and not on the material behavior itself, iden-
tifications using over-noised data will lead to divergent
calculated material behavior. In practice, the noise of
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Table 4 Parameter sets identified from over-noised data

Parameter K n F G H N ftin?
Reference value 348 0.39 0.31 0.18 0.8 1.9 1.09
Noised value 323 0.44 0.31 0.14 0.86 1.8 1.09
Relative difference (%) 7.2 10 0 22 7.5 53 0

4Final value of the cost function

Fig. 12 Residual

displacement fields between I."P?
exp ~exp
u®P and u » P\
B

Residual (pm)

Fig. 13 (a) Deep-drawing (a)
device. (b) Experimental cup
shape

Blank-holder

(b)

~30 mm

2

Fig. 14 Comparison of
predicted anisotropic profiles
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the measuring tools may be responsible for the high
deviation of the obtained results. As said above the
accuracy of the SIC method is limited and to assess
the measurement uncertainties is a tough task. In the
present study, the experimental data have been over-
noised according to the uncertainty approximation per-
formed above. Thus, random variables are added to the
measured displacement fields such as:

i
p—ux P+ emeas/ /3,

~eX

uy P —uy p+emeas/\/_ with emeas ~

~e
Xp _uz p+emeas/N/_

A7(0 um; 5 um),

(7

Then, the identification procedure is run again which
leads to a new parameter set. The results of this iden-
tification are presented in Table 4.

Significant drift of the parameter values is observed
in Table 4. However, since the six chosen parameters
are not fully independent, a shift of their values may
not be relevant of a massive change in the prediction
of the whole model. Therefore, the displacement fields
predicted by the noised and the noiseless parameter set
are compared at the 6th time step (Fig. 12). Despite
significant drift of the parameters values (Table 4), the
prediction error remains low and below 2%. However,
such an error may locally represent up to 10% of the
identification residuals on u, and u, (Fig. 11).

Finally, even though the noise influence on the iden-
tified parameters is obvious, the ability of the model
to predict the material behavior appears to be glob-
ally unaffected by the assumed measurement noise.
In other words, the convexity of the cost function is
poor due to dependence of the parameters among them
but the number of experimental responses (number of
measured points over the sample surface) ensures an
acceptable convergence of the optimization algorithm.

Validation: Comparison with a Deep Drawing Test

In order to check the quality of the identified para-
meter set, validation tests are carried out. The iden-
tified parameter set is used to simulate a deep-drawing
operation and results are compared to experimental
measurements.

On one hand, a deep-drawing device (Fig. 13(a)) is
used to obtain 3 experimental cup shapes. The elastic
strength of both springs is known and the device is oper-
ated using the same tensile machine as described above.
Three circular blanks (diameter 60 mm) are formed
while the operating force is recorded. The shapes of
the three obtained cups are then measured. As shown

in Fig. 13(b) the upper profile of the cups exhibits
anisotropic horns and their magnitude and frequency
are investigated and measured. A Coordinate Measur-
ing Machine (CMM) is used to measure the height of
120 points evenly spread along the upper periphery.

Next, a FE model is developed in order to simulate
the experimental deep drawing process. Solid elements
are used to model the blank while die, blank-holder
and punch are considered as analytical rigid surfaces.
The applied load on the blank-holder is picked from the
experimental measurements. The friction coefficient is
set to f = 0.25 in agreement with former results [36].
Furthermore, it has been checked that this parameter
does not influence horns anisotropy profiles in a range
of 0.1 < f < 0.3. The upper profile of the cup is then
compared to the experimental measurement (Fig. 14)
and also compared with a parameter set identified from
planar tensile and shear-like tests in [44] using the same
material. The parameter set identified from tensile tests
is obtained using standard identification method based
on specimens cut along 3 different directions.

It can be seen in Fig. 14 that the shape prediction
obtained based on non planar test is better than with
the planar test. These results are in agreement with
previous studies (such as [7, 44]): the increase of the
strain field heterogeneity leads to a better assessment of
the material behavior through constitutive parameter
sets.

Conclusions

In the present paper, an heterogeneous testing proce-
dure, based on out-of-plane deformations and stereo
image correlation is presented and applied to parame-
ters identification of material constitutive models. The
sample geometry has been designed in order to in-
crease the strain heterogeneities and to exhibit tensile,
shear and expansion behaviors. Then, a Finite Element
Updating inverse method is used to identify the para-
meters of an elastic-plastic constitutive model. Results
show that a single test can lead the identification of a
complete anisotropic plastic model. A study of the map-
ping error distribution has shown its responsibility for
a significant part of the observed residual fields. Noise
sensitivity has been investigated and the influence of
measurement random error on the obtained results has
been discarded. Validation test compare the obtained
results with the parameters set assessed by the mean
of planar inverse identification on the same material.
Results show that identification based on heteroge-
neous tests lead to better material behavior retrievals.
Further study will focus on the extension of the pre-

SEM



962

Exp Mech (2012) 52:951-963

sented procedure to the identification of more complex
plastic models and also elastic and thermal models.
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