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Summary 

Experimental characterization of the mecha.nical properties of biologica! tissue a.nd various 
technica! matenals reveals specHic diffi.culties due to the anisotropy a.nd inhomogeneity of 
these materials. Problems particularly arise from sta.ndard testing methods, that require a 
homogeneaus stress a.nd strain distribution in the central region of the specimen. Hence, for 
complex matenals alternative testing methods are needed that include more experimental 
freedom. 

Mixed numerical experimental methods for material chara.cterization are marked by 
the use of field qua.ntities in experimental situa.tions, where homogeneaus stress a.nd strain 
fields ca.n not be obtained. Hendriks et al. (1991) developed such a metbod tha.t is ba.sed 
on the combination of three elements: (i) maasurement of displacements a.nd strains on 
multi-a.xially loaded objects with arbitrary geometry, (ii) finite element modelling, a.nd (iii) 
parameter estimation. The third element embodies the comparison between experimental 
data a.nd the outcome of the finite element model, leading to qua.ntitative values of material 
parameters. 

In this thesis a.n overview is given of the mixed numerical experimental method. More
over, the efficiency of the metbod is explored from a.n experimental point of view. The 
investigations ma.inly concern a.n accurate and effective identification of material proper
ties, in particular for complex materials, i.e. fibre reinforeed composites a.nd biologica! 
tissues with empha.sis on a.nisotropic a.nd inhomogeneons properties. 

First, this mea.ns that we must design experiments that provide adequate data a.nd are 
physically fea.sible. Numerical simulations of experiments are carried out to investigate the 
infl.uence of test setup (test geometry, bounda.ry conditions a.nd material orientation) on the 
determination of parameters in a homogeneaus linear ela.stic, orthotropic material with high 
sti:ffness ratio. Simpletest setups are found for which a proper material characterization is 
possible. In general these tests lead to inhomogeneons stra.in fields. A suitable test setup 
is applied for an actual experiment on a mixed composite. Here material chara.cterization 
only partly succeeds, because the linear elastic model does not accurately describe the 
behaviour of the material under consideration. 

Next, the metbod is used todetermine the properties of a.n inhomogeneons orthotropic 
material, where the local axes of symmetry vary with position within the specimen. The 
distribution of the principal directions in the material is given by a continuous function of 
the position coordinates, while the values of the stiffness parameters are considered con-

13 



14 Summary 

sta.nt. This type of inhomogeneons behaviour is used to describe the mecha.nical behaviour 
of the biological tissue skin. The identification of the local mecha.nical properties of skin 
oomprises 

• numerical simulations to design a suitable test setup. 

• mecha.nical tests carried out on dog skin specimens in vitro; the experiments involve 
specimen preparation, development of testing environment, biaxial quasi-static a.nd 
consta.nt-rate-of-stretching tests a.nd examination of the inferred strain distributions. 

• parameter estimation basedon measured displacement fields, foliowed by a valida.tion 
of results. 

This procedure leads to the determination of the local material directions of the tissue, 
together with the three ratios in a linear ela.stic orthotropic model. The material direc
tions are characterized by a bilinear function of the position coordinates. Indications for 
modelling errors are obtained from trends in parameter estimates for increa.sing loads a.nd 
the structure in the residuals. 

Conclusively, it is found that for the characterization of highly a.nisotropic a.nd inho
mogeneons materials a mixed numerical experimental method is valuable a.nd e:fficienk In 
future research more complex material roodels should he applied. Furthermore, it must 
be investigated whether a.nd how the clues on model shortcomings ca.n lead to necessary 
model improvements. 



Notation 

a, A, a scala.r 
a column 
a, component of a 
A matrix 
A,; element of A 
AT transposed of A 
A-1 inverse of A 
/Ç(A) condition number of A 
E{A} expectation of A 
A tensor 
ä vector 
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Chapter 1 

Introduetion 

1.1 Problem Defl.nition 

In recent yea.rs, the importance of new material chara.cteriza.tion methods is increa.singly 
a.cknowledged. New and better wa.ys to determine the mechanical properties of ma.terials 
a.re necessa.ry to a.ssess relia.ble constitutive data, in pa.rticular for materials with complex 
behaviour. Often, these methods are marked by the use of field quantities in experimental 
situations, where homogeneaus stress or strain fields can not be obtained. Common solid 
material characterization involves specimen testing using boundary information - forces 
and (bounda.ry) displacements - to determine the material properties. However, for com
plex ma.terials like biological materials and many anisotropic technical materials, standa.rd 
testing often fails to give satisfying results. 

The need for new chara.cterization methods can he illustrated for fibre reinforeed com
posites. Over the years, composites have been a.pplied more and more as structural ma.
terials. The mechanica.l properties of composites can be designed to meet the mechanical 
dema.nds of a product. This, however, can only be a.chieved if the material's most·mani
fest properties, the anisotropy and inhomogeneity, a.re embodied in the analysis from the 
start. In some ca.ses micro-mechanica.l models can give accurate values for the material 
properties, but generally the most secure wa.y to find these properties is to mea.sure them. 
The standard chara.cteriza.tion methods, tha.t require homogeneaus stress and strain fields, 
may not lead to the desired informa.tion for composite ma.terials. The extreme anisotropy 
and/or an inhomogeneons distribntion of material properties over the specimen, eventn
a.lly dne to a va.rying fibre density or principal fibre direction, produces inhomogeneons 
stress and strain fields. Furthermore, a poor reliability of the material parameters may 
resnlt from a. clear dependency of the measnrements on the ma.chining and the alignment 
of the specimen, the grip design etc. (Pagano and Halpin, 1968; Hojo et al., 1992). The 
extraction of a test specimen from a. larger structnral pa.rt ma.y result in the destruction of 
the internal structure coherence, so that the test results no langer repreaent the material 
under considera.tion. In fa.ct, in many cases (nondestructive) mea.snrements on the tota.l 
structnre are preierred over testing of a specimen. 

17 



Figure 1.1: Langer's lines on skin of the huma.n back. The Jine segments indicate the local ori
entation of the anisotropy direction a.nd show the inhomogeneity of skin (Langer, 
1861). 

In the field of biomechanics, the mechanical behaviour of tissues can only be estah
lisbed by means of experiments. Biologica! materials exhibit nonlinearity, viscoelasticity 
and anisotropy. These properties vary with position, so that the material behaves inhomo
geneously, e.g. the anisotropy of skin (figure 1.1), given by Langer's lines (Langer, 1861). 
Although frequently reported in literature, standard testing of biologica! tissue is cantro
versial and leads to an unreliable repeatability and/or low accuracy of the measurements 
(Yin et al., 1986; Peters, 1987; Mansour et al., 1993). Moreover, a large number of exper
iments must be performed to determine the many material parameters in the constitutive 
models used. Particularly for biologica! material, the extraction of test specimen deterio-
rates the internal material structure. · 

Alternative methods that overcome the existing problems in the field of material char
acterization, are required. The present dilemmas call for a more general testing method, 
including more experimental freedom. Recent attempts to establish material properties in 
a non-traditional way resulted in a new type of characterization method, based on field 
quantities: the mixed numerical experimental approach. 
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1.2 Mixed Numerical Experimental Approach to 
Material Characterization 

Mixed numerical experimental methods offer an alternative for the characterization of com
plex materials. The concept of these methods demands a.n unconventionallook at material 
testing a.nd characteriza.tion. The requirement in traditional testing procedures, i.e. the 
presence of homogeneous stress and stra.in fields, is abandoned. Instead, extra. experimen
tal freedom is introduced by applying loads in a more general way. Therefore generally 
inhomogeneous stress and strain fields are produced, where the quantities required for 
the constitutive equations can only be measured indirectly. Sophisticated measurements 
are needed to obta.in the relevant field information and a numerical analysis of the experi
ments becomes an essential part of the method. The developments in computer technology 
(software, hardware and numerical methods) and that of the theory of three dimensional 
material models make it possible to perform such analyses in a. fast and accurate wa.y. The 
material properties are determined by comparing the output of the numerical model with 
tha.t of the measurements. Hence, a. mixed numerical experimental approach integra.tes 
numerical analysis and experiment as two complementary aspects of one characterization 
technique. 

The research, presented in this thesis, was inspired by an earlier study on the char
a.cterization of biologica! materials by means of uniaxial and biaxial tenalle tests (Peters, 
1987). Homogeneous stress and stra.in fields could not be obtained. This experience has 
focused the attention on mixed numerical experimental methods. Hendriks et al. (1988, 
1990) developed a method for material parameter determina.tion, basedon measured field 
properties. Marker displacement fields, measured by means of a contactleas Video Tracking 
System (Zamzow, 1990) and displacement fields, calculated with the finite element method, 
were linked to find material properties of linear elastic membranes, plates or shells (figure 
1.2). Parameter estimation was done with a sequentia! minimum varianee estimation al
gorithm, implemented in the finite element code DIANA (De Borst et al., 1985; Courage 
a.nd Hendriks, 1993). 

The method was tested on a linear elastic orthottopic membra.ne (Hendriks 1991, 
Oomens et al., 1992, 1993). The results obta.ined were quite satisfactory (five material 
parameters were determined from a single experiment), but the potentials of the method 
were not yet fully exploited. Perha.ps the most important feature of the mixed numerical 
experimental approach is its capability to achieve a local material characterization if the 
material is inhomogeneous. As a matter of fact, Hendriks (1991, p:87) recommended: 

"The ability to characterize inhamogeneaus materials is a key property of the 
identification method." 

Given this fact, this method should he used to identify the mechanical properties of biolog
ica! material, including the inhomogeneity. Of course, such approach can also he applied 
for inhomogeneous structural materials. 
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la.boratory measured 
test àisplacements 

parameter residuals data 
adjustment correlation 

l parameters 

:finite element computed 
model dzsplacements 

Figure 1.2: Diagram for the mixed numerical experimental method. 

1.3 Literature Survey 

The increasing interest in the mixed numerical experimental approach to material charac
teriza.tionis, a.mongst others, inspired by the works of De Wilde et al. (1984) and Sol {1986), 
Pedersen (1988) and Frederiksen (1991), and Rouger (1988). De Wilde et al. {1984) and 
Sol (1986) proposed a. coupled numerical experimental method to find anisotropic compos
ite plate rigidities, using measured resonant frequencies of a rectangular elastic test plate. 
With computed sensitivities of the resonant frequencies for variation in plate rigidity, the 
plate rigidities are determined using the discrepancies between measured and calculated 
frequencies. Their success has been extended with the applica.tion of the method to linear 
visco-elastic plates, while identification of inhomogeneons properties by similar means is 
studied. Related work, based on dynamical measurements, is done by Pedersen (1988) 
and Frederiksen (1991). All these investigations have the a.dvantage of accurate and fastly 
obtained results, a simple test set up, the nondestructive character of the test and the 
possibility to obtain all relevant parameters in only one experiment. However, these meth
ods cannot he applied to materials with nonlinear behaviour and are not suitable for soft 
tissue characterization. Rouger (1988) suggested a method, using static measurements to 
determine orthotropic properties of wood. Strains and displacements of a wooden speci
men in a 4 point bending test, calculated with a :finite element program, are coupled with 
the experimentalstrains and displacements, measured by strain gauges and LVDT's re
spectively. Other methods for material parameter identification have appea.red in the field 
of geomechanics (Nappi, 1988; Ledesma et al., 1991; Murakami, 1991) and in the field of 
biomechanica (Thomsen, 1990). 
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In general, these methods for material characterization can come up to their expecta
tions, although each method has its specHic complications and limitations. The method 
presented by Hendriks (1991), can easily he handled in most practical situations, since the 
material parameter estimation algorithm and the fini te element code are incorporated. The 
two-dimensional character of the method, which makes it suitable only for flat or slightly 
curved shells, plates or membranes, is dictated by the displacement data used for the iden
ti:fication. Until now, only linear elastic orthotropic membranes with small stiffness ratio 
have been actually characterized in physical experiments. By means of numerical simu
lations the methocl's ability todetermine inhomogeneons orthotropic properties has been 
stuclied and confirmed (Hendriks, 1993). 

1.4 Purpose and Scope of the Present Research 

The objective of the present research is to explore the efficiency of the metbod from an 
experimental point of view. Our major concern is an accurate and effective identi:fication 
of material properties, in partienlar for complex materials, i.e. :libre reinforeed composites 
and biological tissues with emphasis on anisotropic and inhomogeneons properties. Above 
all this means that we must design experiments, which provide adequate data and are 
physically feasible. Furthermore, we must supply mathematical roodels to simulate the 
experiments. Given the existing experimental freedom of the method, we assume that a 
combination of (i) experimental set up, (ii) strain field measurement, (iii) finite element 
modeHing strategy and (iv) parameter estimation can be found to gather the required 
material parameters. 

In this context, a partienlar problem refers to the definition of the test con:figuration 
and choice of loading and support conditions. This is equivalent to specifying the shape of 
the reference configuration of the specimen, along with force and displacement boundary 
conditions on the edge. The question is whether or not the measured quantities (strains 
and displacements ), induced by the imposed loading and support conditions, yield any 
information on the identifiability of the model. If so, this information may be used to our 
advantage. From this perspective, the manipulation of the imposed strain field (by select
ing the a.ppropriate boundary conditions) can open ways to a determination of material 
properties, that is more effective than is possible with standard tests. 

Before investigating this central idea, three main subjects of the metbod - the dis
placement and strain field measurement, the finite element modeHing and the parameter 
estimation - are stuclied in chapter 2. In chapter 3 some test setups for linear elastic 
orthotropic matenals with high stiffness ratio are studied. Here, we shall he concerned 
only with analyses in which the material has homogeneons properties. The investigation 
starts with a series of numerical simulations on several experimental configurations, using 
arti:ficially generated "experimental" data. This is foliowed by actual experiments on a. 
woven fa.bric composite. 
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In chapter 4 the investigations focus on the characterization of a biologica! material, 
skin in particular. Some preliminary numerical simulations involve experiments on roodels 
of skin to estimate the local material direction and the material properties. Furthermore, 
the effects of marker location are studied. These numerical studies offer insight in how to 
set up the actual experiments. 

Subsequently, experiments on dog skin are discussed. The applicability of the mixed 
numerical experiment al metbod for inhomogeneous materials is demonstrated by means of 
in vitro stretching tests in two directions. Since the skin exhibits nonlinear and visco-elastic 
behaviour, linear roodels can only he a.pplied at low strain. In chapter 5 the conclusions 
and some recommendations for further research are given. 



Chapter 2 

The Mixed 
Numerical Experiment al Methad 

2.1 Basic lngredients 

The metbod used in this thesis is basedon the combination of three elements: (i) measure
ment of displacements and strains on multi-axially loaded objects with arbitrary geometry, 
(ii) finite element modelling, and (iii) parameter estimation. The third element oomprises 
the comparison between experimental data and the outcome of the finite element model, 
leading to quantitative values of material parameters. These topics will now he discussed 
in more detail. 

2.2 Displacement and Strain Field Maasurement 

2.2.1 Measurement of Marker Displacements 

This section gives a short description of the technique for measuring marker displacements 
by means of a digital image system. The decision to use a digital image system is based on 
the important advantages that the technique is non contacting and that a large amount of 
information on the strain distribution can he collected. Furthermore, the system is fast, 
easy to handle and applicable to biologica! materials (Hendriks, 1991). 

The metbod uses a large number of markers attached to the surface of the specimen. 
The position of the markers is determined by a Random Access Video Tracking System 
(Video Interface 84.330, Hentschel GmbH, Hannover). This is a real time, high speed and 
high resolution, multipoint tracking system, based on random access cameras (Hamamatsu 
C1181). Retroreflective markers, illuminated by halogen spotlights placed around the 
camera lens, are used to achleve a good contrast of the markers on the surface of the 
object. 

Unlike normal CCD cameras, a random access camera does not use a photoconductive
effect vidicon. Therefore it has no lag and makes fast access possible to any point in the 
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field of view (Zamzow, 1990). This camera characteristic allows the tracking system 

1. to set windows around markers instead of the full scale picture; and 

2. to scan the windows with high speed, utilizing the short camera access time. 

These two points are elucidated briefly below. 

Sub 1. 
Before multipoint tracking is started, the positions of the markers in the full scale picture 
are automatically detected in the system search scan mode (maximum of 126 markers). 
The global coordinates of the markers are stored in the tra.cking memory. Each coordinate 
is represented by a number between 0 and 32,768 (15 bits resolution) and is expressed in 
pixels. Windows are placed on the stored marker positions a.fter change-over to window 
scan mode. 

Sub 2. 
The system resumes scanning from window to window in the field of view. A cycle is 
completed, when the system returns to the first window. Inside a window a marker is 
scanned by a high frequency sine (120kHz) for an accurate marker centre determination 
(8 bits resolution). The vector addition of the window position coordinates and the centre 
coordinates inside a window, produces the marker position in the field of view. The x and 
y coordinates are stored in the tracking memory and are used to reposition the windows for 
the next cycle. A cycle in which all windows in the field of view have been scanned once is 
called a frame1. During active measurement mode, the position data are also transferred 
to the host PC-386 computer with DMA interface. 

The precision of the position measurement depends on the window scan frequency and 
the window size. Both are variabie and allow the system to be user customized. The 
relation between the number of markers, window frequency and frame frequency is il
lustrated in figure 2.1. The window scan frequency f'IJ,uJ can be divided in binary steps 
from 937.5 to 7,500 windows per second. For the lower window scan frequencies, the time 
interval !:::.T mark in which a window is scanned, beoomes larger. This upgrades the ac
curacy of the position measurement (Zamzow, 1990). The time needed for one frame is 
I:::.Tjreme = Nmerk • I:::.Tmerk, where Nmerk is the number of markers in the field of view. For 
the frame frequency it follows /ireme = 1/ L'::.TJrame· Since the data transfer (a maximum of 
128 kB at once) to the PC limits the measuring time, the number of measured samples of 
one marker NJru.me depends on window scan frequency fws and the total number of markers 
Nm4 rk in the field of view. 

1 Notice that the definition of a frame differs from the common definition: inside a frame, the marker 
positions are sequentially measured, so that the final marker Nmark in frame k is measured just before 
marker 1 in the subsequent frame k + 1 (see figure 2.1). Still the position maasurement of marker 1 and 
Nma.rl: of frame k are considered parts of a corresponding frame, i.e. are attributed to the same point in 
time. 
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Figure 2.1: Window sca.n sequence during marker tra.cldng. Each window i (i= 1, .•. , Nmark) iB 
subsequently scanned. After tbe last window bas been scanned, the system returns 
to tbe first window of the next frame. 

Condition for successful tracking is that markers do not leave the windows from frame 
to frame. For fast movements it is useful to select large windows ( and higher windowscan 
frequencies). The window size can be changed in 7 steps by 2'12% (i= -2, -1, ... ,4) of 
the field of view (Zamzow, 1990). Since the quantization of the system is 15 bits and that 
of the window is 8 bits, a window increase can lead to coarser quantization of the system. 
This occurs for a window size larger than: 

window size 28 1 
field of view= 215 = 128 = 0·78125% (2·1) 

Therefore best accuracy is obtained for small window sizes. 

In the present research the video tracking system is operated in two ways: 

• The measurement of two or more (independent) quasi-static states of the specimen. 
Basedon the statistica! supposition of a Gaussian (=normal) distribution (see fig
ure 2.2), the measured position samples per marker can be a.veraged over one state. 
The standard deviation s on the mean position component x of a marker, is given by 
uz/vNJrame 1 where Uz is the standard deviation of the position measurement. Under 
laboratory conditions a standard deviation s = 2.5 pixel is measured (1:13100). 
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al., 1990; Breukink, 1994). This filtering technique is hased on the assumption that 
marker displacements are mutually rela.ted, since the markers are embedded in a. 
common continuum. Hence, components associa.ted with common displacements can 
he separated from those associa.ted with random noise. 
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Figure 2.2: Histograms showing tbe measured distribution of the quantities Z:z: and z11 for one 
marker (z111 = {Zj- P.~~:)/siiJ, j = 1, .. . ,Nfreme)· The height of each histogram is 
standardized so that the area underneath is equal to unity. The dasbed line shows 
the expected curve according to a Ga.ussian distribution with the same standard 
deviation. 

2.2.2 Experimental Determination of Strain Fields 
The measurements have been done with a single camera and thus are restricted to two 
dimensions. This means application to planar ohjects only, which do not translate out of 
their initia.l plane or to ohjects which curvature may he neglected. 

When the coordinates of the markers are known for both relerenee and deformed con
figuration, the displacements can he determined. From these displa.cements, the strain 
distribution on the surface can he estimated (Peters, 1987). The importance of a priori 
knowledge of the strain field is an essential issue in the mixed. numerical experimental ap
proach: if no precautionary measures have to be taken concerning the strain field, more 
experimental freedom is obtained. The boundary conditions may he varled in ma.ny ways, 
not only to study moreaspectsof the material hehaviour, but also to check the validity of 
the models used. A short description of the theory of strain field measurements, according 
toPeters (1987), is given in appendix A. It is important to note that hoth the location and 
the distance between the markers effect the inhomogeneity and accuracy of the measured 
strain field. 
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If estimates for the Green-Lagrange strains at the marker locations are determined, the 
strain distribution across the test specimen area can he investigated. The results can best 
he described in termsof the maximum and minimum principal strains e1 and e2, lying 
within the plane of the surface. The third principal strain es describes the deformation 
perpendicular to this plane and can not he obtained from the measurements. Typical plots 
show the local principal strains e1 and t2 as line segments, the length and orientation 
cortesponding to their value and principal direction respectively. Similar information is 
provided by altitude or contour plots of the magnitude of the principal strains. 

Another way to study the measured strain field is to examine the principal strain do
main. The principal strain domain is obtained by plotting the largest principal strain value 
versus the smallest principal strain value for all marker positions. Although no informa
tion can he gathered from this figure about the geametrical distribution of strains, the 
principal domain plot clearly illustrates the heterogeneity and magnitude of the considered 
strain field. An ideal homogeneaus strain distribution is represented by a single point in 
the principal strain domain. In most practical situations a homogeneaus strain field can 
not be obtained and a characteristic pattern for the performed experiment appears (e.g. 
figure 3.6 in chapter 3). 

2.3 Finite Element ModeHing 

A finite element analysis of a structure mainly requires two kinds of information: (i) the 
constitutive properties, descrihing the relations between stresses and strains, and (ii) ge
ometrical and loading data such as nodal point coordinates, element connectivities and 
the boundary conditions. Clearly, the subject of material characterization focuses on the 
first topic: to find the parameters, which describe the material under consideration. The 
integra.tion of the finite element method a.nd (sequentia.!) parameter estimation techniques 
for this purpose, implies the usage of the finite element method as a subroutine. For this 
reason, a. finite element package with a. modula.r structure like DIANA (De Borst et al., 
1985) is advantageaus. 

Considering the geometrical and loading data., two approaches can he distinguished to 
model the experiments (Hendriks et al., 1990): 

• The global approach which uses kinematic and dynamic boundary conditions, i.e. 
displacements and forces. 

• The local approach which solely uses kinematic i.e. displacement bounda.ry condi
tions. 

Particularly for biologica! materia.ls the techniques for measuring the geametry of spec
imens are poor, due to the complexity of the geametries involved and due tothefact that 
they easily defomi under the external loa.d. A sa.tisfactory but diflicult solution would he 
to pla.ce a.dditional markers on the edge of the specimen surface to measure the specimen 
geametry. Still, the boundary conditions for clamped edges are hard to model. This can 
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Figure 2.3: Local modelling of a part of the specimen: the positlon coordina.tes and the displace
men.ts ofthe border markers define the model geometry and the boUlld&ry conditions 
respectively. The coordin.ates and displacements of border nodes, which do not cor
respon.d to any marker, are linea.rly interpolated. 

also be the case for composites. The :fibres in the material may cause that only a part of 
the clamped edge is loaded. Slip in the clamps will introduce inaccuracies in the modelling. 

Modelling only a part of the specimen is a possible answer to these problems. This lo
cal approach uses a selected set of markers to define the edges of the part of the specimen 
under consideration (figure 2.3). The advantage of this approach is that the geometry of 
the model is relatively well defined, while the displacements of the corresponding markers 
can he used as boundary conditions for the element model. If the marker grid is more 
coarse than the applied element mesh, both coordinates and displacements can he linearly 
interpola.ted over the border. Moreover, the local approach opens up the possibility of 
in vivo measurements on biological tissue. This approach, however, implies tha.t forces 
cannot he part of the boundary conditions and thus stiffness parameters cannot he de
termined. Still, it may he possible to estima.te the ratios between the different sti:ffness 
parameters. An independent, dedicated test may then he designed to calibrate the sti:ffness. 

Finally, some remarks must he made a bout modelling errors. From a user point of view, 
our model should he judged solely on the accuracy of its prediction of the experiment. In 
genera.l, modelling errors are the result of the limitations and inaccuracies of the model. In 
the perspective of the material characterization method, three main classes of modeHing 
errors can be distinguished: 

• ModeHing errors related to the constitutive behaviour. This type of error is caused 
by a disagreement between the material behaviour observed and that assumed. The 
consequence of these errors are hard to predict, although validation checks before 
and after parameters estimation (section 2.4.3) often provide some insight. In the 
present experiments, for instanee visco-elastic effects, material inhomogeneity and 
nonlinear material behaviour can lead to deviations in the estimated parameter values 
or inconsistency in the results. 
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• Modelling errors related to the geometry and boundary conditions. Most evident are 
the position measurement errors on the boundary markers. Furthermore, modelling 
errors may be related to the assumed two dimensional chara.cter of the experiment. 
Errors of this type particularly must be reduced to a minimum, since it is difficult to 
detect the effects when the parameters are estimated. 

• Modelling errors related to the solution of the boundary value problem. The error in 
the approximate finite element solution is related to the choice of the finite element 
discretisation. Hence, the discretization of fini te element mesh must be chosen in such 
manner that errors in the computed displacement field can he neglected compared 
to the measurement error of the observation data. 

2.4 Estimation of U nknown Parameters 

2.4.1 General Remarks 

In this study we assume that a deterministic mathematical model is a.vailable which gives 
a reasonable description of the behaviour of the material under consideration. An accurate 
and efficient numerical algorithm takes care for the solution of the boundary value prob
lem. The estimation problem then consists of finding the unknown model parameters from 
experimental data. In the field of identification, this problem is referred to as parametrie 
identification. 

In section 2.4.2 the subject of parameter estimation is approached from a statistkal 
point of view. The theory is a summary of the subjecte discussed in Norton (1986) and 
Hendriks {1991) in particular. The formulated estimator is a modi:fied version of a se
quentia! minimum varianee estimator, that allows "new" measurements to be added to the 
estimation process on a regular basis. At the end of section 2.4.2 the working metbod for 
the present investigation is given. 

Section 2.4.3 addresses the problem of validation of both the model and the :final esti
mates. Section 2.4.4 conaiders the quality of the observations and the loca.tion of observa.
tional points. 

2.4.2 Sequential Minimum Varianee Estimation 

To estimate parameters in a. material model a sufficiently large series of maasurement data. 
or ohserva.tions must he obtained. For computationa.l use, these ohservations are collected 
in a fini te set of columns with data {yk}, k = 1, ... , N. The index k can be interpreted 
as an ordering parameter, indicating either time step, load step or experiment number. In 
this work a. not strictly necessary assumption is made that a. column Yk = (y1, ••. ,ymf 
conta.ins displacement components of material points; other measurahle properties such 
as strains or pressures are also allowed, hut will not he considered here. The unknown 
material parameters Xi, i = 1, ... , n, quantifying the material hehaviour, are assembied 
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in a column x. This parameter column ma.y include Young's moduli, Poisson ra.tios, time 
consta.nts or a. nonlinea.r function of material consta.nts. Now let us a.ssume tha.t some 
algorithm is a.va.ila.ble to calcula.te y,. for a. known x. This algorithm, ba.sed on the finite 
element method, is represented by a function h,.(x), rela.ting the k-th observation directly 
to the material parameters x. This can formally he written 

(2.2) 

where v,. is a. column of observation errors, corresponding to the k-th set of observations. 
The estima.tion objective is to construct from Eq. 2.2 a. procedure or estimator to deter
mine the material parameters. This estima.tor uses the mea.sured displa.cements in Y1c to 
estimate the parameters in x, but will also require prior knowledge of the statistica of the 
observations a.nd the material parameters. One wa.y of combining the experimental data 
and a priori information on x is to minimize with respect to x the following quadratic form 
S (Hendriks, 1991) 

S~c = (Y~c+t-hN+t(x))TR,;;;1 (Yic+t-hn+l(x)) 

+ (x~c- x)TPh'1 (x,.- x) 
(2.3) 

The fust term of the object function S represents the weighted sum of aquared errors in the 
displacement residuals. A general weighted least squares estima.tion approach requires a 
choice for thematrices P1c and R1c+1 on engineering judgement. Often the statistica of the 
ohserva.tion errors are known and a priori information of x ba.sed on previous experiments 
is ava.ila.ble. In a minimum varianee estimator R1c+1 and P1c are a.ssumed to he error 
cova.riance matrices given by 

E{v~c+l} = 0 

E{xh- E{x~c}} = o 
E{v1c+1vf+1 } = Rk+l 

E{(xk - E{xk} )(x,. - E{xA:} )T} = P~c 

(2.4) 

(2.5) 

By repla.cing P1c in Eq. 2.3 by the sum of P1c and a. much smaller, nonnega.tive symmetrie 
matrix QA: we can prevent P,. from hecoming too smallor singular, lea.ding to convergence 
prohlems. In pra.ctice, Qk is often taken dia.gonal and wide-sense stationary, so Q/c is writ
ten Q. This modifica.tion proposed by Hendriks (1991 ), can he pa.rticularly effective when 
observation data are used more than once (Verheek, 1993). 

The optimiza.tion problem, defined by Eqs. 2.2 and 2.3 can he solved itera.tively, a.pply
ing the following scheme: 

parameter update 

(2.6) 
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weighting matrix Kh+t 

estimate error covariance matrix update 

Pk+t = (I- Kk+t Hk+t)(P~c + Qk)(I- Kk+l H,.+tf 

+ K,.+l Rk+t Kf+l 

with initial conditions 

{
Xo=Xo 

Po = Po 

{2.7) 

(2.8) 

(2.9) 

For the calculation of the weighting matrix Kk+l and the estimate error covariance update, 
the nonlinear function h,.+l is linearized with respect to the most recent estimation x,. 

H,.H = (ah,.(x)) 
8x x= X.~c 

(2.10) 

The iterative scheme of Eqs. 2.6 to 2.8 is implemented as module PAREST (Courage 
and Hendriks, 1993) in the DIANA finite element package. For each iteration, n + 1 finite 
element analyses are performed, since Hk+l is determined numerically (Hendriks, 1991). 
Important advantage of the implemented estimator is that it allows "new" observations to 
be added to the estimation process and thus is reasonably fiexible. 

In this thesis parameters are estimated using a single measured displacement field1 

so {Yic}, k = 1, ... , N can be written y. This column with displacements is collected 
from independent marker position measurements in a reference and a current state of the 
specimen. llliaddition (by averaging frames and computing standard deviations) the mea
surements provide knowledge on the errors on the displacements in y, that are expressed 
in the choice for R. 

With the algorithm Eqs. 2.6 to 2.8 the parameters may still be estimated. However, 
the application of the estimator in the case that only one displacement field is used, has 
a number of consequences. Firstly, since the algorithm is no longer used sequentially, 
k simply becomes the iteration counter. Secondly, matrix P is no longer related to the 
errors in the parameters and should be considered more as an "iteration" matrix. This 
means the estimator no longer yields an accurate estimation of the covariance matrix of 
the parameters. Alternatively, in this case simulations with disturbed experimental data 
can be performed to provide this information. 

In future research the displacement data should be provided in a different way so that 
parameter estimation in a sequentia! way becomes possible. For instance, this may be 
achieved by processing all frames of one (quasi-statie) measurement sequentially instead 
of one averaged frame. 
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2.4.3 Validation 

Identification is not a matter of applying standard techniques in a specified way a.nd getting 
guaranteed results. In fact we consider the intended use of the model, the observations 
obtainable and the possibilities for experimentations a.nd try to find the securest applicable 
strategy. Every step from model selection to parameter estimation is uncertain, a.nd com
mon experience is that each identification exercise raises some new problems. Therefore 
parameter identification should he carefully validated with checks before and during a.nd 
after estimation. Norton (1986) proposed a number of more or less informal tests, withno 
excuse that all eventualities are covered. 

• Checks on the measurements: valuable a priori information can he gained by looking 
at plots of the displacement set(s) Yk, k = 1, ... , nk a.nd plots of the obtained strain 
fields. Indications of instrument failure and transcription errors in the data must he 
looked for in particular. 

• Checks on parameter estimates: the estimates Xk in the light of background knowl
edge, during a.nd a.fter estimation. 

• Checks on residuals: the fit of the model to the mea.surements through the displace
ment innova:tions y,. - hk(Xk-l) during estimation a.nd the displacement residuals 
Yl< - hk(XN) at the :final iteration N. 

• The behaviour of the model a.s a. whole. A model's prediction of mea.surements other 
than used to estimate the parameters may reveal poor performance of the model. 

Depending on which problem is studied, one or the other test ma.y detect a poor perfor
mance of the model. Unfortuna.tely, it is hard to predict the best technique in a particular 
case. An informative test of a model is to run it over experimental data in simulation 
mode, tha.t is with calculated model displacements in place of the experimental observa
tions. Espedally when simulations are considered, two mea.ningful tests are: 

• The convergence of parameter estimates to the original values used for generation of 
the data. 

• The convergence of the mea.n square s2 of the displacement residuals to theoretica! 
expectation of the mean square error ( no modelling errors) 

(2.11) 
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2.4.4 Measurement Information 
This section deals with the problem of measurement information. From previous experi
ence, we know that the accuracy of the identified parameters may he significantly infiuenced 
by the quality and quantity cA- the measured displacements. In our case the quality of the 
observations depends on the performed experiment and the measuring device, whereas the 
quantity is related to the numher of markers on the specimen. A way to further improve 
the quality of measurements is to consider optimallocations of ohserved points (Murakami, 
1991). In this context, the most important aspect of the minimum varianee estimator is 
the matrix P. The update can he written as (Hendriks, 1991) 

Pn+l = (Pï;1 + Hr+l R;;~t H.~:+It1 

This form adds in a simple manner the matrix 

ll~+I = (Hf+t R;;~t H.~:+Itt 

(2.12) 

(2.13) 

to the a posteriori estimate P~c. The "information" matrix fh+I is a measure of the cer
tainty of the estimate due to measurement data alone, i.e. if the a priori information on 
x is disregarded. Murakami (1991) notes that the inverse of ON (Nis the final iteration) 
permits the assessment of the effectiveness of tlie experimental program with respect to (i) 
the instrument accuracy, (ii) the number of measurement points, and (iii) the collocation 
of the measurement points. If there were no a priori information about he material param
eters, or formally Pö1 = 0, then iudeed the matrix On+l is the inverse of the corresponding 
parameter covariance. The larger the eigenvalnes of O~ç+1 , the smaller the eigenvalnes of 
Pk+t· If any eigenvalnes of On+l are zero at least two columns of 0&+1 are linearly depen· 
dent and the observations lack information in one way or the other. In this case not all 
parameters can he estimated, although some combinations of parameters probably could 
(Maybeck, 1982). ON will heusedas an additi<mal validation tool in chapter 3. 

2.5 Conclusion 

The key point for the material characterization metbod is the combination of displacement 
field measurement, finite element modelling and parameter estimation. Displacements are 
measured by a random access tracking system, that monitors a maximum of 126 markers 
attached to the specimen surface. From the displacements of the markers the strain dis
tribution may he inferred, according to Peters (1987). With regard to the finite element 
modelling two approaches are distinguished, i.e. the global and the local rnadelling ap
proach. The latter can be an answer to some practical modelling problems invalving the 
model geometry and the boundary conditions, but allows only ratios between parameters 
to he estimated. Material parameter estimation is performed using a sequentia! minimum 
varianee estimation algorithm, that is implemented as a subroutine in the finite element 
code. 
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Chapter 3 

ldentification of Linear Elastic 
Orthotropic Solids ·- A Study of 

Test Setups 

3.1 Introduetion 

The chara.cterization method, described in the previous chapter, provides more freedom in 
the design and execution of mechanica! tests. The question rises which (kind of) experi
ment is best suitable for material identification. A suitable experiment contains sufficient 
informa.tion to make the determina.tion of material parameters possible. In practice this 
means: 

• The measured marker displa.cements and the referred strains conta.in relevant infor
mation about the material behaviour. 

• The test setup can be accurately modelled within the finite element method. The 
starting point of the modelling part is an appropriate constitutive model for the 
material mechanica! behaviour. From the experimental point of view, it is important 
to gather accurate data on test geometry and the support and boundary conditions. 

• The sequentia! minimum varianee estimation, based on the measured marker dis-
placements, leads to the desired material parameters in the model. 

The purpose and scope of this chapter is to investigate which test setup leads to suitable 
estimation data for a. typical class of material models. It is assumed tha.t for each material 
in this class, at least one suita.ble test setup exists which can a.ctually he realized under 
physical experimental conditions. Only by selecting the appropriate loa.ding and boundary 
conditions in an experimental configuration, it is possible to estimate all parameters in 
the constitutive model from the measured displacement field. Therefore only in this case 
identification of material parameters can be successful. 

35 
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The survey for suitable test setups is approached from two directions: 

• Firstly, a quantitative characterization is clone by means of numerical simulations of 
a number of realistic experimental configurations. Here, rnadelling errors will not he 
considered (section 3.2). 

• Secondly, a quantitative characterization is done hy meani! of experiments on a woven 
fabric composite, trying out the validity of a testing contiguration (section 3.3). 

Both studies must he seen as complementary: numerical simulations give the opportunity 
to study the effect of the test setup without any disturbance of modelling errors, but are 
merely an extension of ~heory. Physical experiments are far more valuable, but must he 
performed with great care to avoid large modelling errors. In the present research the 
numerical simulations as well as the experiments are restricted to 

1 homogeneous, linear elastic orthotropic materials with a high stiffness ratio. Fibre 
composites and biologica! tissue generally show this type of material behaviour. For 
these materials, shear moduli and contraction coefficients are particularly hard to 
find by standard testing (Vautrin et al., 1991). On the other hand, these materials 
are relatively easy to describe with a limited number of parameters. 

• plane stressorstrain prohlems (in particular membranes and plates). 

1 realistic tensile loa.ding and support conditions i.e. to the available loading apparatus 
and the displacement field measurement system. 

These restrictions make the conclusions of this study valid only fora small class of materials. 
The working method, however, is assumed to he generally a.pplicable. 

3.2 Numerical Simulations on Orthotropic Solids 

3~2.1 Setup of the Simulations 

Simulations are carried out on a number of different test setups to design a suitable exper
iment. Each numerical experiment exists of a physically and geometrically linear DIANA 
fini te element analysis with known parameters. The calculated displacement fields are used 
for material parameter estimation. If the material parameters can he traeed back from a 
single displacement field, thia indicates tha.t the setup of the numerical experiment (in 
theory) is successful for material characteriza.tion. The changes in test set up are produced 
by variation in 

1. the test geometry 

2. the support and loading conditions, and 

3. the material orientation. 
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Each finite element model has identical material properties and consiste of 4-noded plane 
stress elements (DIANA membrane element QSMEM, 4 integration points). The inner 
nodes of the element mesh will be regarcled as the markers. The marker displacement field 
is disturbed by random noise with an amplitude of about 0.01 percent of the maximum 
displacements (u = w-3). Finally, in all simulated experiments the forces will betaken into 
account in the identification process, i.e the global modeHing approach is used (section 2.3). 

3.2.2 Constitutive Behaviour 

The material is assumed to be linear elastic orthotropic and homogeneous. Generally, the 
strain-stress relations under plane stress conditions are given by 

where 

and 

( 

cos2a 
T = sin2a 

-2sinacosa 

sin2a 
cos2a 

2sinacosa 

2sinacosa ) 
-2sinacosa 

2cos2a -1 

(3.1) 

(3.2) 

(3.3) 

In Eq. 3.1 e111 , e11 and 711111 (= 2e11111 ) are the linear strain componentsin a Cartesian coordinate 
system (:c, y, z), while u:, u11 and T:11 are the Cauchy stress components. The compliance 
matrix S in 3.2 is symmetrical and contains only 4 independent material parameters - the 
Young's moduli E1 and E2, the contraction or Poisson's ratio 1112 and the shear modulus 
G12)- since 

(3.4) 

where E2/ Et is the stifiness ratio. Furthermore, 1121 • 1112 < 1 must hold. 
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y 

Figure 3.1: Tbe material symmetry direction is given by o:, the angle from the x-axis to the 
material 1-axis. 

Transformation from the coordinate system (x, y, z) to a coordina.te system along the 
axes of symmetry of the ma.terial, is represented by matrix T in Eq. 3.3, where a is the 
angle from the x-a.xis to the material1-axis (figure 3.1). Thus, the material's mechanica! 
beha.viour ca.n be described by 5 parameters in column x 

(3.5) 

3.2.3 Numerical Experiments 

Test setups are stuclied using orthotropic models, where 

(3.6) 

Figure 3.2 shows the finite element meshes for 4 geometrically different models. Their 
shapes will be referred to as square, rectangular, open square and trapezium respectively 
(max. dimensions 100 x 100 x 0.1). The dimensionless material properties are given by 

Et = 0.1 
1112 = 0.2 . lQ-l 

E2 = 0.1·101 

G12 = 0.5 
(3.7) 

The displacement fields depend on the material orientation and the applied loading. The 
angle a is chosen either 0°, 20°, 45•, 80°, or 90°. In figure 3.3 the boundary conditions 
for four separate tests are plotted schematically. The degrees of freedom of the nodes on 
loaded edges are coupled in such a. manner, that the edges translate as a. rigid line and do 
not rotate. The maximum translation is equal to 10. 

The "experimental" displacement fields for the boundary conditions in figure 3.3 are 
illustrated for models with a square geometry a.nd with a = 45°. The figures 3.4 a.nd 3.5 
show the distributions of the displacement components, dx and dy respectively, over the 
surface of the specimen. As is shown in the top panels of figure 3.4, the loading conditions 
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1/L 
x 

Figure 3.2: Geometries of the studled models: square, rectangular, open. square and trapezium 
geometry. 

1 2 

Figure 3.3: Boundary conditions of the studled models: test 1 (upper lelt) test 2, (upper right), 
test 3 (lower lelt) and test 4 (Iower right). 
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Figure 3.4: Distribution oftbe zand 11 components oftbe displacements for testsl (top) and test 
2 (bottom) in tigure 3.3. Computations are made using a square modeland a= 45°. 

of test 1 result in a homogeneaus deformation of the model. In the other cases, the 
models deform in a. more inhomogeneous way, e.g. if damping effects are induced (test 
2) or when the specimen is loaded in more than one direction (test 4). In test 3 the 
horizontal displacements are suppressed. Similar conclusions about the inhomogeneity of 
the experimental data can be drawn from corresponding strain fields (figure 3.6)- The 
strain distri bution in case of test 1 is homogeneous, while those in the cases of test 2 and 4 
are grossly inhomogeneous. The results for test 3 are markedly different, since one of the 
principal strains is very small at each point. 

These tests - in combination with a. varying material orienta.tion and test geometry -
are regarded as sufliciently discriminating in the context of this study. To investigate the 
effect of the various test setups, we a.ttempt to identify the material parameters from ea.ch 
single displacement field. The setting of the initia! conditions, weighting matrices and the 
results are discussed in the next section. 
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Figure 3.5: Distribution oftbe zand y components oftbe displacements for tests 3 (top) and test 
4 (bottom) in ligure 3.3. Computations are made using a square model a.nd a= 45°. 

3.2.4 Parameter Estimation 
The recursive parameter estimator is started with an initial guess x0 for the parameter 
values. We only consider diagonal matrices Po and take the main diagonal elements equal 
to the aquared errors in the initial guess. In table 3.1 the values for x0 and Po are given. 
The diagonal elements of the covariance matrix R 1 of the "measured" displacements are 
set equal to 10-6 • The confi.dence in the assumed model can he expressed by a proper 
selection of the matrix Q. Even with a perfect model, it is wise to make Q sma.ll but not 
zero, because of convergence reasons (Hendriks, 1991 ). Here, matrix Q1 is taken diagonal 
with Q1 = fl0-4 , 10-4 , 10-4 , 10-4, IQ-4 J. The estimation of parameters is repeated over a 
maximum of 15 itera.tions. When all parameters have reached convergence and the residual 
bas beoome sufficiently small, the estimation process is stopped. 
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Figure 3.6: Principal stra.in doma.in plots, inferred from the displacement tields in tigures 3.4 
and 3.5. The stra.ins of test 1 (upper left) are homogeneously distributed, while the 
other tests yleld stra.in fields th&t are grossly inhomogeneous. 

A selection of estimation results is given in three tables: the effects of the material 
orientation (table 3.2), the boundary conditions {table 3.3) and the model geometry (ta
bie 3.4). Each table gives the relative error in the parameter estimate at the final iteration 
N, where convergence has been established. This error is defined as the quotient of the 
difference between the estima.ted and true parameter value, and the true value. The fit 
of the displacement field is checked by camparing the square root of the mean square of 
the residuals to the standard devia.tion of the "observation" error i.e. by computing the 
quotient 8 = sfu at the final iteration N (u = 10-3). For a good fit, 8 is approxima.tely 
equal to unity. 

All computations in ta.hle 3.2 were made with a square geometry. The results in the 
top half of the ta.ble (test 1) generally show large errors in the estima.ted parameters, 
particularly for Poisson's ratio, the shea.r modulus and the transverse stifness. Only in 
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i Parameter True value lnitial guess V'(Po)si 

1 Et 0.1 0.25 0.15 

2 E2 0.1 . 101 . 0.75 0.25 

3 "t2 0.2 ·10-1 o.35. 10-1 0.15 ·10-1 

4 G12 0.5 0.15 0.35 

5 tano:, 0.0,0.36, 0.25, 0.61, 0.25 

0.1 . 101
' 0.57. 101 0. 75, 0.54 . 101 0.25 

cota 0.0 0.25 0.25 

Table 3.1: True value of the parameters, the initial guess and the root of the cortesponding 
diagonaJ element of P. 

Model N Relative error in estimate Residual 

Test a Et E2 1112 I G12 tana ó 

1 0" 6 0.28 ·101 0.00 0.28. 101 0.71 - 0.98 

1 20° 15 0.11 0.14 0.32 · 101 0.19 0.21 0.11. 101 

1 45" 15 0.25 0.15 0.39 0.54 0.23 0.10. 101 

1 80" 9 0.35 ·10-2 0.59 0.25 0.33 0.54 ·10-1 0.99 

1 goo 8 0.33 ·10-1 0.11 0.49 0.92 - 0.10 ·101 

4 oo 9 0.18 ·10-2 0.30 ·10-3 0.85 ·10-2 0.20 ·10-3 - 0.10 ·101 

4 20° 15 0.10 ·10-2 0.10 ·10-2 0.00 0.65 ·10-2 0.40 ·10-3 0.10 · 101 

4 45° 6 0.30 ·10-3 0.20 ·10-3 0.35 ·10-2 0.20 ·10-3 0.00 0.10. 101 

4 80° 9 0.00 0.00 o.15. 10-2 0.80 ·10-3 0.60 ·10-3 0.10. 101 

4 90° 15 0.40 ·10-3 0.10 ·10-3 0.20 ·10-2 0.00 - 0.10. 101 

Table 3.2: Parameter estimation results for varlation of a. The computations in this table were 
made using a square model geometry. The test numbers refer to those îndicated in 
tigure 3.3. N is the number of iterations needed to reach convergence. 
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Model N Rela.tive error in estima.te Residua.l 

Test a I Et E2 Vt2 G12 ta.na 6 

1 oo 6 0.28 ·101 0.00 0.28. 10t 0.71 - 0.98 

2 oo 10 0.20 ·10-2 0.00 0.10. 10-2 0.60 ·10-3 - 0.99 

3 oo 15 0.30 ·101 0.16. 10-1 0.35 ·101 0.54 - 0.98 

4 oo 9 0.18 ·10-2 0.30 ·10-3 o.85. w-2 0.20 ·10-3 - 0.10. 101 

1 450 15 0.25 0.15 0.39 0.54 0.23 0.10 ·101 

2 450 11 0.20 ·10-3 0.30 ·10-3 0.35 ·10-2 0.00 0.00* 0.10 ·101 

3 45° 6 0.12 ·10-2 0.00 0.75 ·10-2 0.20 ·10-3 0.10 ·10-3 0.10 ·101 

4 450 6 o.3o ·10-3 0.20 ·10-3 0.35 ·10-2 0.20 ·10-3 0.00 0.10 ·101 

Table 3.3: Parameter estimation results for varlation of boundary conditions. The computations 
in tbis table were made using a square model geometry. (* Initial guess tan a:= 1.25). 

Model N Rela.tive error in estimate Residua.l 

Geo. Test Et ~ V12 G12 ta.na 8 

re. 1 9 0.31 0.22 0.76 0.60 0.28 0.95 

sq. 1 15 0.25 0.15 0.39 0.54 0.23 0.10 ·101 

op. 1 9 0.20 ·10-3 o.1o. w-2 0.65 ·10-2 0.18 ·10-2 0.00 0.10 ·101 

tr. 1 9 0.00 0.30 ·10-2 0.10. w-1 0.12 ·10-2 0.20 ·10-3* 0.10. 10t 

re. 4 6 0.20 ·10-3 0.20 ·10-3 o.25. 10-2 0.00 0.00 0.10 ·101 

sq. 4 6 0.30 ·10-3 0.20 .lQ-3 0.35 ·10-2 0.20 ·10-3 0.00 0.10 ·101 

op. 4 7 0.20 ·10-3 0.30 ·10-3 o.4o. 10-2 0.12 ·10-2 0.00 0.10 ·101 

tr. 4 6 0.20 ·10-3 0.20 ·10-3 0.25 ·10-2 0.00 0.00 0.10 ·101 

Table 3.4: Parameter estimation results for tb.e model geometries rectangular, square, open 
square and trapezium. All computations in this table were made witb. a: = 45°. 
(* Initial guess tana: = 1.25). 
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Figure 3.7: Principa.l strain domain plots fora specimen with square and trapezium geometry. 
Botb specimen are loaded according to test 1 a.nd a: = 45°. The trapezium geometry 
lorces tbe stra.ins to distribute in inhomogeneously through the specimen. 

the case that the loading direction corresponds with one of the material directions 0° 
or 90°, the longitudinal stiffness is estimated correctly. Still, the residual becomes small 
in all computations, as appears from the values for ó. The results in the bottom half 
of table 3.2 show smal! parameter errors. Therefore these roodels are more suitable for 
material characterization. 

In table 3.3, estimations results are given for various boundary conditions. For all 
computations in this table, a square geometry was used. All errors are small with the 
exception of those tha.t go with test 1. Generally, the results in the cases where a = 45°, 
are best. The results in ta.ble 3.4 show that most of the investigated model geometries are 
suitable for material characterization. The errors in the estimates are small, in some cases 
even when test 1 is a.pplied (e.g. the open square and trapezium geometry). 

Hence, on the examina.tion of the estimation results in the tables 3.2 to 3.4, the fol
lowing main conclusions can be dra.wn. Firstly, for most cases stuclied convergence of the 
material parameters is established. In a number of cases, parameter estimation is ter
minated, because the maximum number of iterations is reached. The rea.lized fit of the 
model to the measurements is good, i.e. the residua.l displacements column y,.- h,.(:X:N) 
is small. Secondly, with respect to the varlation of boundary conditions, geometry and a 
respectively, it follows: 

• The estimation of material parameters (and the distribution of displacements and 
strains) is strongly effected by the boundary conditions applied. Tests become more 
suita.ble when inhomogeneons experiment al data are attained. Hence, generally test 1 
results in bad parameter estima.tes. 

• The competence of test 1 can he improved by altering the test geometry. In this way 
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the stresses are forced to distribute in a.n inhomogeneous way through the specimen, 
leading to more suitable inhomogeneous displacement a.nd strain data ( figure 3. 7). 

• The transverse stiffness, shear modulus a.nd Poisson's ratio are hard to identify when 
loading occurs only in the material's stiffest direction. A different a alters the char
a.cteristics of the displacement field, so this fact ca.n be used to positively effect the 
suitability of the observations for parameter estimation. 

These main observations may be illustrated by the "measurement information" present 
in ea.ch experiment. In section 2.4.4 it was pointed out that the "information" matrix 
n (Eq. 2.13) is related to the quality of the observational data. If n is numerically ill
conditioned, or, worse, singular, the observational data lack information for a.n accurate 
determination of some of the material parameters. Table 3.5 shows the condition number 
n(O} (the quotientof the largest a.nd smallest eigenvalue) at the final iteration N forsome 
cases. The va.lues in this table confirm that matrix 0 is ill-conditioned for those cases 
represented by a homogeneous strain field. 

Shape a Condition number ~~:(0) 

rr;t" 1 Test 4 

recta.ngular 45° 0.39 ·1011 0.61 ·106 

square oo 0.54. 1014 0.12 ·107 

square 20° 0.30. 1010 0.70. 104 

square 45° 0.56 ·1011 0.13 ·106 

square so• 0.31 ·1014 0.18 ·108 

square go• 0.34 ·1015 0.12 ·107 

open square 45" 0.34 ·107 0.71 ·105 

trapezium 45° 0.27 ·107 0.53. 105 

Table 3.5: Condition numbers x(n) computed at the final iteration forsome of the models. 

3.2.5 Condusion 

This section has addressed the problem of material identification for linear elastic or
thotropic materials. Numerical simulations of experiments are performed to investigate 
the infl.uence of test setup (test geometry, boundary conditions a.nd material orientation) 
on the determina.tion of material parameters. The "measured" displa.cements were dis
turbed by a random error. 

With respect to the premises of the introductory section 3.1 it appears, that for linear 
elastic orthotropic ma.terials simple test setups suffice for a proper material identifica.tion. 
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However, test setups which lead to an inhomogeneons distribution of stra.ins should be 
preferred. For homogeneaus ma.terials, an inhomogeneons stra.in distribution can be in· 
duced by damping or geometrie e:ffects, or by multia.xia.lly loading. To decide whether or 
not the desired inhomogeneous data. actually can be obta.ined under physical experimental 
conditions, actual experiments have to be ca.rried out. This will be the ma.in subject of the 
next section. 

3.3 Experiments on a Mixed Composita 

3.3.1 Tbe Experiments 

In this sectien experiments on a mia:ed composite are discussed. The objective is to cha.ra.c
terize this material and to validate the outcome of the previous section. Mixed composites 
are formed by the combination of (unidirectional) tapes and woven fabrics. The overa.ll 
performance of these materials is superior to that of the tapes or the woven fa.bric alone. 
The material in question {HAB-12E, used for high duty conveyor beits) is a pla.in weave 
fabric material system built up from two la.yers. The top layer (thickness 1.0 mm) is fab
ricated of a.crylo-nitrile-buta.diene rubber and has isotropie properties. The bottem la.yer 
(thickness 1.0 mm) is a. coated polyurethane woven fabric. This woven fabric layer is con
sidered to domina.te the in plane material behaviour. 

Strictly spea.king the mechanica! behaviour of woven fabric is complex due to the dis
pla.cements of the individual yams and fibres in the structure during deformation. In spite 
of this fact, the composite is modelled as a linear elastic continuum. Because of the biaxial 
weave structure (figure 3.8), an orthotropic model seems appropriate ( directions of sym
metry e1, e2 and e3). To determine whether this simplification of the material beha.viour 
is a.llowed, is one of the objectives to accomplish. 

I I I I 

-
1 

r-
warp 

- ._ 

I I I I 

Figure 3.8: Structure of the woven fabric, that is considered dominant with respect to the in 
plane material behaviour of the mixed composita. 
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A uniaxialload-extension test has been carried out on a 100x100.0 mmz square speci
men (Zwick 1484, 200 kN). The specimen is loaded 45° off-axis in sma.ll steps up to 2.0 mm 
extension in the direction of the moving tabs (figure 3.9). A grid of 121 retrorefiective 
markers (0. 7 mm diameter) is atta.ched to the rubber surface of the specimen. The marker 
displacements are measured with the video tracking system ( chapter 2). Under the present 
experimental conditions, an average standard deviation of 0. 75 pixel on the position mea
surement is reached fora 1.4% window size and fw,=937.5 Hz. Aftereach loading step, 

1000 

800 

- 600 z -] 400 

200 

0 
0 0.5 1 1.5 2 2.5 3 

extension (mm) 

Figure 3.9: Loa.ding pa.th for the 45° off.axis test an.d the labels of the loa.ding cases. 

the material is relaxed for 120 seconds before the (quasi) static state is a.ctually recorded. 
For each loa.ding case labelled a, b, ... , g, (in figure 3.9) the displacement field is calcu
lated with respect to the unloaded reference configuration. The material parameters can 
be identified independently with ea.ch separate set of displacements. 

When off-axes tests are performed using some type of mechanical clamp to grip the 
specimen, strongly inhomogeneous stress and stra.in fields develop, induced by the grip. In 
figure 3.10 the principal stra.in doma.ins for a 45° off-axis test and an on-a.xis are compared. 
Clearly, the stra.ins for the 45° off-a.xis test cover a larger part of the doma.in and, thus, the 
stra.in field is more inhomogeneous. Considering the conclusions of the numerical simula
tions, this field data may be particularly suitable, when a mixed numerical experimental 
approach is applied. This presumption will he investigated hereafter. 
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Figure 3.10: Prineipal strain domains for an on-axis test and tbe 45° off-axis test on the mixed 
composite. Loading case c. Clearly, the off-axis test leads to a more inhamogeneaus 
strain field than the on-axis test. 

3.3.2 Numerical ModeHing 

The experiment is analyzed numerically using the finite element code DIANA. For the rea
soos mentioned insection 2.2.1, the local modelling approach is applied. This means that 
the model geometry is determined by the positions of a selected set of boundary markers. 
The displacements of these markers are used as the boundary conditions of the model. The 
current mesh consistsof 400 4-noded isoparametric, plane stress elements. The position of 
the border nocles tha.t do not correspond to any marker, are computed by linea.r interpo
lation between nea.rby boundary markers. 

The material is a.ssumed linear elastic, orthotropic and homogeneous. Therefore, the 
quantitative beha.viour is described by the five material parameters in Eqs. 3.3 and 3.2. By 
using the finite element code to a.nalyze the stress and strain state in the specimen, dis
placement oomponents are oomputed a.t the nocles of the tnodeL The marker displa.cements 
are determined by interpolation between the noclal displacements (Hendriks, 1991). 

3.3.3 Parameter Estimation 

It is obvious that absolute sti:ffness parameters can not be identified, since no information 
on forces is inoorporated in the model. In this section we will investigate whether or not 
information is available about the ratios between stiffness parameters. In that case the 
following dimensionless parameters are identified: 

T Ez Gt2 - ·. - . 
x = (E

1
, v12, Et , tana) = (E2, v12, G12, ta.naJ (3.8) 

First, the material parameters are estimated using only the set of displacements of 
loading case c and the initial values of the material parameters shown in table 3.6. The 
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Parameters Initia! guess Estimates a = 45° 

(zo)i /(Po)ii (xt)i /(Pzo)ii 

ËJ 0.50 o.32. 10-1 0.36 0.23 ·10-1 

VJ.2 0.50 0.32 .1Q-l 0.56 0.18 ·10-1 

G12 0.10 ·10-1 0.32 ·10-2 o.n. 10-1 0.66 ·10-3 

ta.na 0.10 ·101 o.32. w-1 0.10 ·101 0.65 ·10-2 

Tabla 3.6: The initiaJ guess a.nd the estima.tes for ~. vt2, G12 a.nd ta.n a of the mixed composite 
(20 iterations, loading case c). 

diagonal elements of the cova.ria.nce matrix R 1 are set according to the measurement errors 
in the displacement components. Matrix Q1 is taken diagonal with the same valnes as 
before 

Ql = rw-4
' w-4, w-4, w-4

' w-4 J 
Convergence of parameters is established a.fter 20 iterations (0 = 1.4e+4). 

(3.9) 

The estimation results are summarized in table 3.6. Three observations ca.n be made 
on the final estimates. Exa.mination of the parameter valnes points out that each of the 
material parameters satisfy their thermodynamica! constra.int (E1 > 0) 

- - - 1/2 
E2 > 0 i G12 > 0 i lvt2l < E2 (3.10) 

Secondly, the composite shows a poor in-pla.ne shear resista.nce; this is a general charac
teristic of bia.xia.lly woven fabrics. The estimated (inverse) stiffness ratio suggests a high 
modulus weave, which is commonly applied to avoid shrinkage in the load hearing bia.xial 
yarn system. Finally, the estimated value of ta.n a indicates a.n off-a.xis a.ngle of 44.9°, in 
good agreement with the test orientation of 45". 

In figure 3.11 a graphical representation of the residuals is given, computed with the 
parameters in table 3.6. Note that the differences between the two sets of data are mul
tiplied by a factor 500. An accurate reproduetion of the displacement field is obta.ined, 
although some structure in the residuals ca.n be distinguished. This structure points at 
the existence of some small modelling errors, probably due to inaccuracies in the model 
geometry a.nd boundary conditions. 

3.3.4 Additional Parameter Estimation 

In section 2.3 we alrea.dy mentioned modelling errors as a possible cause for deviations 
in material parameters. The most plausible modelling error in the perspective of this 
experiment is related to the material behaviour. To check the assumed material model for 
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Figure 3.11: Distrlbution of tbe residuà.ls after 20 iterations (x 500). Tbe structure in the dif
ference between the measured marker positions and the corresponding computed 
positions points at the existence of some small modelling errors. 

the composite, material pa.ra.meters a.re identi:fied for some slightly smaller a.nd larger loa.ds 
tha.n the previously used loa.d. Applying equal initial conditions, pa.ra.meter estima.tions 
are ca.rried out with the collected displacement data. of the cases a to g on the loading 
path (:figure 3.9). The pa.ra.meter estimates for the a.ngle a, the (inverse) stiffness ratio, 
Poisson's ratio a.nd the shea.r ratio a.re shown in figure 3.12. Clea.rly, from the path of 
ea.ch pa.ra.meter it is noticed tha.t the material does not beha.ve linea.rly since the material 
properties depend on the deformation. This nonlinea.rity is ca.used prima.rily by a structural 
change in the fa.hric during deforma.tion, where the deforma.tion itself is not in:finitesimal 
but finite (Chou a.nd Ko, 1989). For this reason, most authors in litera.ture consider the 
fabric as a structural body a.nd not as a continuum. Fina.lly, to come to a better description, 
probably both a. physically a.nd geometrically nonlinea.r constitutive model must he applied. 
This consideration, however, is beyond the scope of this investigation. 

3.3.5 Condusion 

In this section we discussed experiments on a. mixed composite. The material behaviour of 
the composite was prima.rily a.ttributed to its woven fahric layer. Displacement data. were 
collected from a. unia.xial 45° off-a.xis test on a square specimen at a number of points on 
the loading path. 

Rega.rding the estima.tion of pa.ra.meters, two main observa.tions can be made. First, it 
appea.rs that the observa.tions in the off-a.xis test conta.in accurate information about the 
material beha.viour. The identi:fica.tion of material pa.ra.meters itself is successful, whereas 
their values a.re plausihle. 
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Figure 3.12: Parameter estimates, determined with the displa.cements a.t the loading cases a to 
g in tigure 3.9. The material does not behave linearly, since the estima.tes nota.bly 
change for each loading case. 

Secondly, the material exhibita physically and/or geometrically nonlinear behaviour. 
The fa.ct tha.t the material properties depend upon the loa.ding pa.thway, demonstratea 
that alinear elastic orthotropic material model does not a.ccurately describe the behaviour 
of the material under consideration. Note that little informa.tion about the existence of 
modelling errors was a.cquired from the initial parameter estima.tion. 

3.4 General Conclusions 

The scope of this cha.pter was to investiga.te which kind of test setup leads to suitable 
estima.tion data. for linear elastic orthotropic materials. The survey of suitable setups was 
ca.rried out by mea.ns of numerical simula.tions and experiments. 

The numerical simulations showed tha.t parameter estimation is possible, particula.rly 
if the field information used is inhomogeneously distributed. Thls conclusion, seen in a 
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more broader context, mea.ns that the locations of the observa.tion points in rela.tion to 
the expected stra.in distribution are particula.rly important. These locations influence the 
quality of the observation data. directly. 

In the face of large modeHing errors, the conclusions from the simulations were con
firmed by the experiments on a. mixed composite. Material characteriza.tion only partly 
succeeded, since the linear ela.stic model could not accura.tely descri he the beha.viour of the 
material under consideration. Hence, simula.tions have proved to he valuable, but do not 
alwa.ys guara.ntee success in experimental situations. 
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Chapter 4 

ldentification of the Mechanica! 
Properties of Dog Skin 

4.1 Introduetion 

The experimenta.l characterization of the mechanica! properties of biologica.! tissues re
vea.ls specifi.c difficulties due to the anisotropy and tbe inhomogeneity of these materials. 
Problems witb respect to the inhomogeneity of the sample, the disruption of the interna.l 
material structure and clamping effects particularly arise for the standard uniaxia.l and 
biaxia.l tests, usually performed on small specimens. Hence, for biologica.! tissues, such as 
skin, a mixed numerical experimental approach offers better prospects than tbe standard 
testing methods (Hendriks, 1991). 

Previous numerical studies by Hendriks (1991, 1993) and Menwissen et al. (1993) 
showed that the metbod can he used to determine the properties of inhomogeneons or
thotropic materials, where loca.l axes of symmetry vary with position within the structure. 
In the model of the experiment, the distribution of the orthotropic directions in the ma
teria.l is given by a continuons function over the structure's surface, while the valnes of 
the stiffness parameters are considered constant. The numerical studies performed ma.inly 
served to provide usefu1 know-how on the subject. Still, experimenta.l investigations have 
to learn whether a mechanica.! characterization of an inhomogeneons material works in 
practice. 

The ma.in objective of this chapter is to identify the local mechanica.l properties of skin. 
For this, mechanica.! tests are carried out on dog skin specimens in vitro. A partienlar 
type of inhomogeneity must he modelled over the region of the specimen based on a pri
ori knowledge of the distribution of the material properties. For skin tissue, some prior 
knowledge can be obta.ined from the material structure. 

In the following inhomogeneons orthotropic material behaviour is shortly discussed and 
the structure of skin tissue is reviewed in this perspective. Next, simulations are carried out 
to investigate the intended test set up for the dog skin experiments. Fina.lly, the experiments 
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on dog skin, the modeHing and the parameter estimation are dealt with, including (i) the 
specimen preparation, storage and the testing environment, (ii) the specimen loading and 
the inferred strain distributions and (iii) the material parameter estimation. Finally, this 
chapter is completed with a discussion on the outcome and the conclusions. 

4.2 Inhomogeneons Material Behaviour 

The skin is a complex structure, composed of an epidermis, a superficial cellular layer, and 
a dermis which contains specialized appendages, and glands as well as connective tissue 
components (Silver, 1987). The tissue is anisotropic in its mechanical properties, possess
ing probably orthotropic symmetry (Lanir and Fung, 1974). Like many other biologica! 
materials, the skin exhibita a local va.riation of material properties, adapting its architec
ture and composition to the functional requirements to which it is exposed. For this reason, 
skin in general is considered as an inhomogeneous materiaL 

On a microstructurallevel, all existing materials have inhomogeneons properties: a 
biological tissue may even he regarcled as a composite of its constituent components at 
each distin ct level. However, in the background of the present investigation, we assume a 
continuous, smooth distribution of the properties over the considered structure. For now, 
we shall only he concerned with a somewhat restricted problem in which the material has 
linear elastic, orthotropic properties and in which we assume plane stress conditions. The 
constitutive equation reads 

(4.1) 

where the column c contains the linear strain components in a Cartesian coordinate system 
(x, y) and tT contains the Cauchy stress components. 

The componentsof the symmetrical, (3x3) compliance matrix S can be written as func
tion of four independent parameters. T = T(a) is the transformation matrix from the 
model coordinate system (x, y) to the coordinate system along the axes of symmetry of 
the material, where a is the rotational angle denoted in figure 4.1. Hence, homogeneous, 
linear elastic, orthotropic materlala can be described by the 5 material parameters in S and 
T. For inhomogeneous materials, however, each of these parameters may be a function of 
the coordinates (x, y ). Then, for each function a parameteriza.tion can be chosen over the 
surface of the structure. 

An example of such inhomogeneons material behaviour is found for linear dastic or
thotropic ma.terials, where only the local axes of symmetry va.ry with the position in the 
structure. This behaviour, referred to as curvilinear orthotropy, is represented by 

{ 
a = a(x,y) 
S = constant 

(4.2) 
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Figure 4.1: Delinition of 01, the angle from the arbitrary model x-direction to the material 
1-direction. 

The skin's va.riability in material properties is often modelled as a directiona.l effect which 
smoothly changes over a region (e.g. Langer, 1861; Ridge and Wright, 1966; Gibson et 
al., 1969). For this rea.son, the above type of inhomogeneons behaviour seems pa.rticularly 
suitable to describe the mechanica.l beha.viour of skin. 

The next section embodies the identification of a linear ela.stic orthotropic material, 
where the va.ria.tion of the local a.xes of material symmetry over the surface is given by a 
bilinear function of the position coordinates. Simulations are carried out to investiga.te the 
test setup and the loca.tion of the markers. 

4.3 Numerical Simulations on the Test Setup 

4.3.1 Numerical Experiment 

Analyses are performed on a. square membrane of dimensions 100 x 100 x 1, using the 
DIANA fini te element program with 20 x 20 pla.ne stress elements Q8MEM. The membra.ne 
exhibita linear ela.stic, orthotrop ie properties with skin alike inhomogeneons beha.viour. The 
chara.cteristic :fibrous texture of skin tissue is modelled as curvilinear orthotropy ( Cowin, 
1989). The distribution of 01 over the surface of the specimen is written a.s a bilinear 
function of the position coordinates (Hendriks, 1991) 

a({)= bo + b1 ·x+ b2 · y withbo = 0.5, bt = 0.4 ·10-2
, ~ = 0.2 ·10-2 (4.3) 

In this equation the consta.nts bo, bt a.nd b2 are called the geometrical parameters of the 
":fibre" layout and x and y are the global coordinates (0 :s; x :s; 100, 0 :s; y 5 100). 
Figure 4.2 shows the loca.l orienta.tion of the material symmetry 1-a.xis. The pattem only 
slightly va.ries over the specimen surface {0.52 <a< 1.1 rad). This range for 01 is a.ssumed 
exemplary for dog skin specimens, consiclering the sca.le on which the a.ctual experiments 
take pla.ce {Irwin, 1966). 
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Figure 4.2: Specimen sb.ape (dimensions: lOOxlOOxl). Tb.e line segments reprasent the local 
orientation ofthe material symmetry 1-axis, according to Eq. 4.3. 

The membrane is equally stretched up to 5% in two orthogonal directions, using fixed 
tabs on each side. A schematic drawing of the finite element mesh and the boundary 
conditions is given in figure 4.3. In figure 4.4, the specimen deformation is shown in 
termsof the effective stra.ins yf(et2 + e22), where et and e2 are the principal stra.ins. The 
concentration of contours (of equal effective stra.in) in the corner sections of the specimen 
indica.te tha.t large stra.in gra.dients can be found in these area.s. The numerical valnes for 
the material parameters are given by 

Et = 0.10 · 101 

1112 = 0.30 

4.3.2 Location of Observed Points 

= 0.33 
0.33 {4.4) 

"Mea.surement" data are genera.ted with 25 equidistant marker points. To simulate obser
vation noise, realiza.tions of a zero mean normal distribution (u = 0.1 · 10-1) are a.dded 
to the displa.cements. In these analyses, 4 different locations of markers are distinguished, 
indicated in figure 4.5. The configurations 1, 2 and 3 reprasent 3 square subareas ni in 
the centre of the object surface with decreasing width 2i ·10 (i= 3,2, 1). The subarea 0 4 

equals the Os in size, but is located eccentrica.lly. 
The marker configurations lead to 4 characteristic sets of measured displa.cements. 

From these sets of displa.cements, stra.in distributions can be inferred (appendix A, using 8 
markers in a stra.in group todetermine the principal stra.ins in the group's central marker). 
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Figure 4.3: Finite element mesh and loading conditions of the simulated experiment on an inbo
mogeneous material. 

Figure 4.4: Effective strain distribution (in percents) in tbe specimen, based on tbe nodal dis
placement field. 
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Figure 4.5: Lelt: tbe marker laca.tian suba.rea.s far set 1, 2, 3 and 4. Right: tbe cortespanding 
strai.n area.s in the principal strain domain, tb.a.t contain the pairs (e1,e2) for ea.ch set. 

The contour lines in the principal stra.in doma.in of figure 4.5 indica.te in wha.t region the 
pairs of principal ( Green-Lagrange) stra.ins ( e1 ,e2) ma.y be expected for ea.ch set. The larger 
this region, the more non uniformly the stra.ins are distributed in the part of the specimen 
under considera.tion. Note tha.t the stra.ins within 04 cover a. part of the doma.in, tha.t is 
only slightly smaller than n1. On the other hand, a. more or less uniform stra.in field exists 
within Oa. 

4.3.3 Parameter Estimation 

The objective of this exercise is to determine the material ratlos a.nd the geometrical 
parameters for each of the data. sets separately. Here, the qualitative outoornes are explored 
rather tha.n the precise numerical results. The parameters in column x 

(4.5) 

are determined, using the exact element model with initia! estima.tes for the parameters. 

Ta.hle 4.1 presents the true parameter values, the initia! guesses and the final estimates 
of the parameters. Matrix Po is chosen diagonal, the elements set to I0-2 • The matrix 
Q1 is also taken diagonal with Q1 = fi0-4 , 10-a, 10-a, 10-4, IQ-6 , w-s J. The diagonal 
elementsof the covariance matrix R 1 of the mea.sured displacements are putto 10-4 • The 
estima.tes obta.in sta.tiona.ry values a.fter 10 itera.tions (see :figure 4.6). 

The identifica.tion of the six unknown parameters in general is successful. Only the 
"mea.sured" displa.cements of the third set a.ppear to conta.in insufHeient informa.tion to 
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Para.- True Initial Estimates 

meter value guess set 1 set 2 set 3 set 4 

Ëz 0.33 0.50 0.34 0.34 0.85 0.33 

V12 0.30 0.20 0.30 0.34 0.68 0.33 

ä12 0.33 0.50 0.34 0.32 0.57 ·10-1 0.32 

bo 0.50 0.00 0.50 0.49 0.15 ·101 0.493 

bl 0.40 ·10-2 0.00 0.40 ·10-2 0.40 ·10-2 0.22. 10-1 0.40. w-z 
bz 0.20 ·10-2 0.00 0.20 .lQ-2 0.20 ·10-2 o.57. w-1 o.2o .w-2 I 

Thble 4.1: Estimation results based on the displacement fields of sets 1 to 4: true values of tbe 
parameters, the initial guess and the estimated values alter 10 iterations. 
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Figure 4.6: Estimation results for set 1: parameter estimates È2, Vt2 and G12 versus the iteration 
counter. 
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trace back the original parameters. The estimation results for the fourth set demonstra.te 
that it is not only the size of the part considered, that is responsible for this outcome. 
Despite of the inhomogeneons material behaviour, the strain field in the centre region of 
the specimen is quite homogeneous. Referring to the conclusions of the previous chapter, 
parameter estimation based on homogeneons data leads to poor estimation results. 

4.3.4 Conclusions 

From this study we coneinde that the intended "biaxial" test setup is suited for the exper
iments on dog skin. The suited test configura.tion 

• yields an inhomogeneons distribution of strains over the specimen. 

• has markers that are located in a large part of the specimen surface, or are pla.ced 
within a smaller part with characteristic, inhomogeneous strains. 

With respect to the location of markers, it should he noted tha.t in practice markers must 
be placed some safe distance from the tabs to avoid damping effects entering the boundary 
conditions. 

In the next section, some general aspects concerning the in vitro experiments on dog skin 
are descri bed: the preparation of the specimen and the testing environment (section 4.4.1 ), 
the loading of the specimen (section 4.4.2) and the distribution of strains (section 4.4.3). 

4.4 Experimental Procedure 

4.4.1 Preparation, Storage and Testing Environment 

Two specimens from a sheep-dog (male, age 3 yrs, mass 21 kg) were tested. The dog, 
that was earlier used for cardiological research, is obtained within 10 min after it has 
been sacrificed. The sites from which the test specimens, labelled A and B, are taken, are 
located exterior to the nipple line at both lateral sicles of the dog, as shown schema.tica.lly 
in figure 4.7. 

A thin plate frame (120 x 120 mm2) is prepared, tha.t is compliant enough to follow the 
slight curvature of the skin surface and yet provides a certain rigidity for in plane loads. 
After clipping off the hair of the dog in the region with an animal clipper, this frame 
is mounted to the epidermal surface, using a strong adhesive (figure 4.8). The frame, 
including the skin specimen, then is removed, separating the skin's dermis from the fatty 
layer underneath. The specimen, grabbed by the fra.mework, is allowed to relax on a plate, 
moisturized with normal saline solution for about 15 min. At that time the measured 
average thickness is about 1.6 mm. After preparation, the specimen is frozen at -60 oe 
only to be restored just before the experiments. 

During the measurements the specimen is held inside a specially designed open com
partment. When the tissue-frame system is clamped in the loading apparatus, the bottorn 
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Figure 4. 7: Composite drawing of the lateral aspect of a dog to show the sites of the specimens 
A and B. 

Figure 4.8: The frame (120 x 120 x 1 mm3 ), mounted totheskin of the dog. In this way, the in 
situ geometry of the specimen and the existing in plane stresses are assumed to be 
reasonably preserved. 
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side of the specimen dermis is in contact with wadding, soaked in saline solution (0.15 M) 
and placed in a temperature controlled bath (figure 4.9). The :fluid in the bath is circu
lated by a rotary pump to and from a vast solution reservoir. lnside the compartment, 
the humidity is retained between 80% and 90% by moistened air transport. A stationary 
temperature of 24.5 oe is measured above the clamps. The room temperature is 21 oe. 

Taking these precautions, the original in situ geometry, the condition as well as the 
existing in plane stresses in the central region of the specimen, are assumed to be reasonably 
preserved. Particular benefits are: 

• The tissue-frame system can easily be placed in the grips of the loading apparatus, 
without large alterations of the specimen geometry. When the specimen's position 
in the grips is secured, the four sides of the framework are disconnected at the corner 
sections. In this way the specimen can be loaded, since the frame no Jonger reatricts 
its deformation. By doing so, estimates on the magnitude of in vivo stresses may 
also be given. 

• A stationary environment is obtained by cantrolling the moisture gradients, temper
ature and solute concentrations during the measurements. The heat, produced by 
the lighting ring of the camera is transported from the compartment. 

4.4.2 Loading 

The biaxial testing system is presented in figure 4.9 and figure 4.10. A set of fixed clamps 
is used, that allows the load to be applied along a large part of the sample contour. 
Brie:fly, the system consists of two orthogonally positioned stretching axes, driven by digital 
servo motors (MAE, type E-540-SA, 80 W). The servo operation and the experimental 
protocol are completely specified within the software. Two opposite heads are driven by 
one mechanica! axis, one side with a left and one side with a right thread. In this way the 
specimen is kept in the centre. The stretching forces are measured by two strain-gauge 
load cells (20 N, BROSA type EBM 6100-1), whereas the positions are registered by an 
incremental encoder (MAXON). 

Two pairs of clamps with dimensions 90 x l0 mm2 in x direction and 105xl0 mm2 in 
y direction are used to impose biaxial extensions on 100 mm to 100 mm square specimens 
(see figure 4.9). Each clamp consists of two profiled tabs between which the tissue-frame 
system is pressed. The screws that attach the upper to the lower tab pass through openings 
in the frame, but perforate the skin tissue underneath. 

The system registers the overall applied forces in x en y direction as function of the 
displacements of the clamps. Since both clamps have different dimensions, the force is 
described in terms of load intensity, the applied force per unit width of the clamps. The 
actual distribution of the load over the clamps is unknown. After positioning the specimen 
in the clamps and uncoupling the edges, the initia! loads in x and y direction measure 
1.43 N/m and 1.33 N/m respectively in case of specimen A, and 3.43 N/m and 4.89 N/m 
respectively for specimen B. Apparently, specimen B, which is excised nearer to the chest 
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toading a.xis tab frame specimen 

280 
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Figure 4.9: Diagram of the biaxial fixture system, showing the dimensions and the (camera) x 
and y direction. Right: detail of the tissue within the clamps. 

Figure 4.10: Overall picture of the biaxial testing apparatus, showing the skin specimen, the 
clamps and the contours of the compartment. 
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Figure 4.11: Load intensity-extension relations in x and y direction for dog skin samples A and 
B. The specimen was stretched in x direction and y direction at a constant rate. 

region of the dog exists under much larger tension than specimen A. The latter specimen 
origins from the up per belly area of the (left) rear leg, where generally less tension in the 
skin is observed. 

Biaxial slow-rate-of-stretching tests are carried out at constant rate on bath specimens. 
For specimen A, the opposed loading paths are 

• Equibiaxial extension in steps of 0.5 mm up to 13 mm at constant rate 0.025 mm/sec; 
after each step the material is relaxed for 3 min befare measuring the marker dis
placements. It is supposed that in this way a reproducible state of the material is 
obtained, for which an elastic model may he used. 

• Equibiaxially constant-rate-of-stretching at a rate of 0.25 mm/sec up to 13 mm ex
tension; the strain distribution is recorded simultaneously. 

In between the two tests, the material is allowed to relax for 30 min. The load- extension 
responses (A) for the constant-rate-of stretching test in x and y direction is shown in fig
ure 4.11. The skin's load-extension relation is nonlinear: the load increases with increasing 
extension. Also, an initiallinear region with low modulus can he observed. 
The loading paths for specimen B are 

• Equibiaxially constant-rate-of-stretching up to 5 mm extension at a constant rate of 
0.167 mm/sec; 
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• Biaxially stretching at constant rate up to 5 mm at a rate of 0.167 mmfsec in x 
direction and of 0.25 mm/sec in y direction; 

• Equibiaxial extension in steps of 1.0 mm up to 6 mm at constant rate 0.05 mm/sec. 

The relaxation times used in between the tests are 10 and 30 min respectively. The load 
extension responses (B) for the equibiaxial constant-rate-of-stretching test in figure 4.11 
confirm earlier observations that specimen B is in much higher in plane stress state from 
the start and the initiallow modulus region is virtually missing. Since both specimens are 
extracted in a similar way, regional variability in the in vivo stresses is expected to cause 
this difference. Oomparing both response curves, the data of specimen A are assumed 
more suitable for starting linear-model:based parameter estimations. Prior to these, the 
experimental outcome will be discussed in terms of displacement and strain fields. 

4.4.3 Distribution of Strains 

Regular markers with diameter 0.7 mm were mounted to the skin epidermal surface. 
The grid, that consisted of i1 x 11 (more or less) equidistantly placed markers, covered 
a 90x90 mm area in the centre of the specimen. The random access camera operated with 
a 70 mm lens at 1.30 m distance above the object surface. The window size and the win
dow scan frequency were set to 1.4 percent of the field of view and 937.5 Hz respectively. 
During each measurement, a maximum of 135 window scans were carried out during a 
period of 20 s. For the constant-rate-of-stretching tests, this measuring time was increased 
by a factor 2 (the number of position measurements remained 135). 

The local stiains are inferred from the relative displacements of the markers in each 
strain group (see appendix A, strain group n=8). The strain values at the marker positions 
are interpolated over the marker area, using a 25 by 25 element grid. For a specific 
(quasi-statie) load value of sample A, the distribution of the maximum principal strain 
êt. the minimum principal strain eb the maximum shear strain t:6 h = Ht:1 - e 2), and the 
effective strains are displayed in figure 4.12. These altitude plots show that the strain fields 
across the marker area are grossly non uniform, refiecting the inhomogeneity of the skin. 
Furthermore, the overall strain, calculated from the displacement of the loading tabs, is 
significantly different from that actually measured in the centre of the specimen, being 
higher at allloading cases. Within the area bounded by the loading tabs, the strains have 
minimum magnitude, while maximum strain values are found towards the edges and at the 
corner regions. Figure 4.12 also shows shear strains being present throughout the marker 
area, although they are relatively small in comparison with the maximum principal strains. 

Figure 4.13 shows the magnitudes and directionsof the principal strains at the marker 
locations for both specimens with similar extension (3 mm). The marker area does not 
fully cover the specimen surface, and thus does not include the strain concentrations and 
high strain gradients that are found adjacent to the loading tabs at the corner sections of 
the specimen. Both plots illustrate the overall stretching of the specimen in two directions. 
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Figure 4.12: Distribution of maximum strain e1, minimum strain ê2, maximum shear e,h and 
effective strains é'ef 1 in percents. Specimen A at 3.0 mm extension in both dicections. 
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Figure 4.13: Principal strain fields for specimen A (left) and specimen B (right). 
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However, in case of specimen B, it appears that the strain field in the lower region of the 
skin is significantly different from the one in the upper region. This may be caused by 
uniformly distributed in vivo stresses for this specimen, or by a certain variation of the 
material properties over the specimen. 

The strain distributions shown in figure 4.12 and 4.13 occur fora specific load, but are 
characteristic for the strain distribution throughout the loading process. The spread of the 
effective strains, and the progressive reeruitment of unstrained skin to the strained area 
with increasing load is shown in figure 4.14. The given values for the applied loads in both 
directions reflect the anisotropy and nonlinear behaviour of the skin. 
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Figure 4.14: Change in effective strain distribution during loading. Quasi-static load intensities. 
Specimen A. 
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4.5 Parameter Estimation 

4.5.1 Introduetion 

The fini te element model applied was used earlier: the (part of the) skin specimen under 
loading conditions was modelled as a flat membra.ne with linear elastic, orthotropic prop
erties. The orientation of the material symmetry axes, a, was described by a continuons 
function, according to the bilinear representa.tion of Eq. 4.3. 

The model geometry a.nd bounda.ry conditions are respectively taken from the boundary 
marker positions in the unloaded configura.tion a.nd their displacement components. The · 
experiment is a.nalyzed using the DIANA finite element program. For this, the marker area 
is divided into 20 x20 4-node, isoparametric, pla.ne stress elements (element QSMEM). 
This section is orga.nized into 3 parts: 

- Parameter Evaluation I explains the selection of observation data of specimen A a.nd 
presents the parameter estimation results for the quasi-static a.nd the consta.nt-rate
of-stretching test. 

- Parameter Evaluation II presents the parameter estimation results for specimen B. 

- Examinatien of Residuals contains information about the error in the fit of the data 
to the models. The structure in the residuals is investigated. 

4.5.2 Parameter Evaluation I 

Summarizing, for specimen A the following prior knowledge is assumed: 

• Both quasi-static as constant-rate-of-stretching tests yield a.n initiallinear loa.d-ex
tension response, that allows a linear elastic characterization. In this part of the 
stress-strain relationship, the mecha.nical properties are regarcled as constant. 

• The skin behaves a.nisotropic, the value of the stiffness ratio being constant. Inverse 
stiffness ratios for human skin and the skin of various animals given in literature are 
in the range 0.01-0.7 (Ridge a.nd Wright, 1964; Lanir and Fung, 1974; Humprey et 
al., 1987; Nielsen et al., 1991). Experimental stiffness ratios for dog skin were not 
found. 

• The inhomogeneity of the material is attributed only to the material symmetry orien
tation a, that is assumed to follow the curves of a bilinear function over the specimen. 

Since the actual loads at the boundaries of the model are unknown and cannot be used, 
only ratios between stiffness parameters may be determined. Thus, the parameter column 
x is the same as before and given in Eq. 4.5. 
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Parameters lnitial Estimates 

guess 3mm 4mm 5mm 

Ë2 0.50 0.48 0.48 0.48 

1112 0.20 0.11 0.92 ·10-1 0.14 

G12 0.50 0.48 ().48 0.49 

bo -0.80 -0.11 ·101 -0.12 · 101 -0.12 ·101 

bt 0.10 ·10-4 0.22 ·10-4 0.25 ·10-4 0.24 ·10-4 

b2 0.20 ·10-4 0.22 ·10-4 0.23 ·10-4 0.24 ·10-4 

Thble 4.2: Estimation results for the quasi-static measurements. Specimen A. 

Records Taken from the Quasi-Static Tests 

The parameters in Eq. 4.5 are estimated fora number of quasi-static loading cases in the 
(linear) region of 3 mm to 5 mm extension. lt is common practice to give the specimen a 
small pre-load, to establish a well defined reference state. In our case, the displacements 
are computed with respect to the measured marker position field at 1.5 mm biaxial pre
extension. 
The estimation results in terms of the final parameter estima.tes, are collected in Table 4.2. 

This ta.ble also conta.ins the a.pplied initial guess x0 • The initial guesses for the parameters 
b0 , bt a.nd b3 were determined from preliminary trial a.nd error studies. The initial guess 
Po a.nd thematrices Q1 for ea.ch loading case were chosen diagonal, a.nd are given by 

Po = po-4, w-4 , w-4, 10-4, w-4, 10-4 J 
Ql = rw-a' w-a' w-a' 10-6

' 0 ' 0 J (4.6) 

Note that the required dia.gonal elements for the parameters b1 and b2 are put equal to 
zero. If this is not the case, estimation is found to beoome unstable. The matrices R 1 

for each set are also diagonal, since the errors in the observations are assumed mutually 
independent. The diagonal elementsof R 1 are set a.ccording to the estimated varianee in 
the displacements (Rj 2 pixeP). Finally, the maximum number of iterations is 50. 

Figure 4.15 shows the parameter estimates as function of the iteration counter, for the 
displacement field at 3 mm extension. We notice that 

• the estimates all converge within 25 iterations. 

• the estimated value for the Poisson's ratio, which is approximately 0.1, is rather 
small, but not unusual forskin at small strain values. The estimates for the stiffness 
and shear ratio are also plausible. 
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Figure 4.15: Estimations results: parameter estimates versus iteration counter. Specimen A at 
3 mm quasi-static extension. The symbols o and • denote the estimated values after 
0, 5, 10, ... , 50 iterations. 

The estimation results for the geometrical parameters b0 , b1 and b2 at 3 mm extension, are 
visualized in :figure 4.16. This :figure shows the inhomogeneity of the specimen, where the 
orientation a of the local axes of symmetry is given by . 

a({) = -0.11 · 101 + 0.22 · 10-4 ·x+ 0.22 · 10-4 
• y (4.7) 

for 7014 :5 x :5 22980 pixels and 7828 :5 y :5 24372 pixels. The material principal 
directions correspond to those expected, consiclering the orientation of the specimen and 
the Langer's lines in situ in the dog, found by Irwin (1966). Still, there is no guarantee 
that they are correct, unless different tests on the same specimen bring about a similar 
layout. 
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Figure 4.16: Estimated inhomogeneity of specimen A for quasi-static (left) and constant-rate
of-stretching test (rigbt). For botb computations the displacement fi.elds at 3 mm 
extension were used. 

Records Taken from the Constant-Rate-of-Stretching Test 

Table 4.3 gives the estimations results on the equibiaxial constant-rate-of-stretching test. 
During this test, the marker displacement field has been directly recorded as function of 
the movement of the clamps (linear from 0 to 13 mm in both directions). The marker 
position measurement started approximately 5 s earlier than the loading. The selected ref
erence configuration refers toa pre-extension of 1.5 mm. By singular value decomposition 
(SVD) filtering, the measurement errors on the displacement data may he reduced. The 
parameters are estimated using the filtered observations at a number of points in time (i.e. 
frames) in the region from 3 mm to 5 mm extension. Since SVD filtering does not provide 
accurate information on the remainder in displacement error, the diagonal elementsof R 1 

are not precisely known. Assuming that the errors are slîghtly larger than those obtained 
from quasi-static measurements, the diagonal elements are set to 2.5 pixeJ2. The initial 
guess for x and P, as well as matrix Q1 are the same as before. 

Three main observations can he made on the outcome of the parameter estimation. 
Firstly, the final estimates for the material parameters reasona.bly agree with the values 
from the static measurements, the values being comparable to those found for higher 
static loading cases. It is expected that differences occur due to the slightly dissimHar 
reference states that were used in both cases. Moreover, visco-elastic effects and strain 
rate dependency play a more dominant role in case of the constant-rate-of-stretching test. 
This leads to different material behaviour, and thus a different fit of the model to the data. 

Secondly, a clear trend in the estimated values can he observed for increasing load. In 
particular the in vitro value for Poisson's ratio is found to depend on the applied strain. 
This is confirmed in literature in earlier work by Wan A bas and Barbenel (1982), who found 
the contraction ratio to he a function of the strain at small strain values. At larger strains, 
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0.50 0.54 0.55 0.57 

V12 0.20 0.21 0.25 0.32 

GrJ 0.50 0.49 0.49 0.48 

bo -0.80 -0.78 -0.84 -0.96 

b-t 0.10 ·10-4 0.50. 10-5 0.58 ·10-5 0.10 ·10-4 

~ 0.20 ·10-4 0.24 ·10-4 0.25 ·10-4 0.27 ·10-4 

Table 4.3: Estimation results for constant-rate-of-stretching test. Specimen A. 

the contraction ratio is expected to reach a value of about 1 or even greater. Smaller trends 
in the estimates for bo to ~ indicate the material inhomogeneity may not strictly follow 
the curves of a bilinear function. 

Thirdly, the estimated valnes of b0 to b1 disagree with the values found for the quasi
static case. The explanation for this lays in the fact that these parameters partially depend 
on the chosen reierenee configuration, since the bilinear expression refers to the position 
coordinates in the "unloaded" situation. Still, since both tests are performed on the same 
specimen, the estimated layouts should match, if the estimation results are correct. In 
figure 4.16 both layouts are compared. As it turns out, the course of the material orienta
tion a clearly follows the pattern that was found for the static case. This provides more 
confidence in the outcome of the parameter estimations. 

Additional Estimations 

To conclude the analyses on specimen A, some data are re-evaluated using a finer and a 
coarser finite element mesh. For this, we use the observations from the constant-rate-of
stretching test at 3 mm extension. In Table 4.4 the results of a 100 and 1600 elements 
ana.lysis are summarized, together with the standard results of the 400 element mesh. 
Hendriks (1991) noticed that the Young's moduli and Poisson's ratio may be estimated 
with slightly lower value, when the structure is modelled with more elements. In addi
tion, numerical simulations on inhomogeneons materials (Kleintjes, 1993) showed that the 
estimate for Poisson's ratio ma.y be very sensitive for the choice of finite element model, 
particularly if inhomogeneity occurs in regions with large strain gradients. Fortunately, 
this appears not to be the case, since the estimates for all parameters in x only change 
little with increasing fineness. 
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Parameters Estimates 

100 elemen 1600 elements 

Ë2 0.539 0.536 0.535 

Vt2 0.167 0.214 0.215 

G12 0.501 0.490 0.490 

bo 0.761 -0.779 -0.783 

bl 0.420 ·10-5 0.503 ·10-5 0.522 ·10-5 

~ 0.237 ·10-4 o.237 .w-4 0.237 ·10-4 

Ta.ble 4.4: Estimation results for 100, 400 and 1600 element mesb. Specimen A, constant-rate
of-stretcbing test at 3 mm extension. 

Parameters Initia! Estimates 

guess quasi-static test constant-rate test 

Ë2 0.10 0.16 0.10 

vt2 0.30 0.10. 101 0.16 · 101 

G12 0.10 0.31 0.27 

bo o.o 0.12 0.23 ·10-1 

bt 0.0 0.81·10-4 0.79 ·10-4 

b2 0.0 0.26 ·10-4 0.45 ·10-4 

Table 4.5: Estima.tion results for specimen B. 

4.5.3 Parameter Evaluation II 

Additional parameter estima.tions are performed on specimen B. Since the load-extension 
relations for this specimen are nonlinear, almost from the beginning of the curve (:fig
ure 4.11), only very sma.llload steps ca.n be considered, when the material behaviour is 
a.ssumed linear elastic. For this reason, only the data of specimen B of loading cases smaller 
tha.n 1 mm bia.xial extension (without pre-extension of the specimen) could actually be used 
for material chara.cteriza.tion. Higher loading cases are not considered. 

Parameter estimation is performed over a maximurn nurnber of 50 iterations. In Ta
bie 4.5 the initia! guess Xo a.nd the estimates :îcso are given for two separate tests. The 
fust column presents the estimates on the quasi-static equibia.xial extension test at 1 mm 
extension; the secoud column contains the results of a biaxial consta.nt-rate-of-stretching 
test for which different rates in two directions are applied. For the latter case, estima.tion 
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Figure 4.17: Estima.ted inb.omogeneity of specimen B for quasi-static (lelt) a.nd consta.nt-ra.te-of
stretcbing test (rigbt). 

is performed using the observations from a single displacement field at 0.83 mm extension 
in a: direction and 1.25 mm extension in 7J direction. Thematrices Po and Q1 are chosen 
as before. The obtained results give rise to the following remarks: 

• Not surprisingly, the parameter values significantly differ from those found for spec
imen A. Variations in in situ site and pre-stress between the two specimens have 
already been distinguished. 

• The differences between the two tests for specimen B are more obvious than they are 
for specimen A. Since the estimates have proved to be partially dependent on the 
load value, this is not surprising either. 

• The estimated value of Poisson's ratio is about unity. 

The estima.ted layout for the material inhomogeneity is shown in figure 4.17. The change 
of orientation a.ppears to be more substantial than for specimen A. Finally, material pa
rameters could not be identified using higher loading cases or constant-rate-of-stretching 
data. Particularly, it was not possible to estimate Poisson's ratio. 

4.5.4 Examinadon of Residuals 
The standard procedure for material chara.cteriza.tion is to propose a model to describe 
the experimental situa.tion, to estimate the unknown parameters of this model, and finally 
to validate the model. The assumptions on which the model is based can be checked 
by looking at the residuale, i.e. by the comparison of the measured and the calculated 
displa.cements. The distrihution of the residuals in partienlar may contain valua.ble infor
mation about the modelling errors. Based on the assumption of a random distribution, 
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Test Sta.tistics Results (in pixels) 

3mm I 4mm I 5mm 

Quasi 8 0.64 ·101 0.86 ·101 0.11 ·102 

static J.t 0.12 0.17 0.14 

Constant 8 0.63. 101 0.75·101 0.10. 102 

stra.in J.t -0.33 -0.20 0.45 

Table 4.6: Estimation results: standard deviation s and sample mean J.t of the residual displa.ce
ments. Observations on specimen A. 

the size of the residuals over the specimen surface can be evalua.ted with the sample mean 
J.t and the standa.rd deviation s. 

On the estima.tions for specimen A a. number of observations can be made. First, the 
constant-ra.te-of-stretching test at 3 mm extension is considered. Amongst others, the 
results for this loa.ding case in terms of the sample mean J.t and the standard deviation 
8 are shown in ta.ble 4.6. These results indicate that the size of the standard devia.tion 
8 = 6.3 pixel is much larger than the expected value for the standard deviation of the 
measurement error (s ~ 1.4 pixel). This may, for instance, be caused by an underestima.tion 
of the displacement measurement error, due to camera instability or geometrical distortion. 
More likely, the identifica.tion is afflicted with one or more modelling errors, tha.t cause the 
residuals to be distributed in a non-random way. 

Hence, the distribution of the residuals over the surface of the specimen needs to be 
examined. In the residual fields of figure 4.18, we can distinguish some structure, partic
ularly in the lower left corner. Besides, the size of the residuals is relatively large. This 
may be associa.ted either with some deficiency in the modelling of the boundary conditions 
or can be blamed to a systema.tical misfit between the supposed and the actual material 
beha.viour. 

Furthermore, some outliers in the residuals are detected, where the residua.l is much 
larger than the avera.ge. Regardless of the cause, we need to a.ssess whether the results of 
our analysis strongly depend on these few points. This is done by repea.ting the analysis 
for the present case with these outliers removed (points with residuals grea.ter than three 
standard devia.tions from the mean are deleted). The estima.tion results are shown in Ta
bie 4. 7. The estimates for the parameters are only slightly different, with the exception of 
Poisson's ratio, which is estimated much lower with the outHers removed. Thus, the value 
of the contraction ratio proves to be sensitive for disregarding the removed observa.tions. 
The rema.ining residuals are not notably changed {figure 4.19). Because a large residual 
ca.n be the result of fitting the wrong model, considera.ble care should be taken before an 
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Figure 4.19: Left: residua.l field (x100) for specimen A at 3 mm extension (constant-rate-of
stretching). Right: residua.l field (x100) with outliers removed from the data. 
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Parameters 

outliers 

Ë2 0.54 0.54 

vu 0.21 0.97 ·10-1 

G12 0.49 0.51 

bo -0.78 -0.82 

~ 0.50 ·10-5 0.61. 10-5 

~ 0.23 ·10-4 0.24 ·10-4 

p, -0.34 -0.45 

s 0.63. 101 0.50 ·101 

Table 4. 7: Estimation results for data with or without outlying points. Specimen A. 
Constant-rate-of-stretching test at 3 mm extension. 

observation is actually rejected. In this case, performing the estimation with or without 
the outlying points has no significant effect on the interpreta.tion of the results. Thus the 
suspected points are not rejected. 

Another possibility is to study the residuals as function of the loading. From the va.lues 
in ta.ble 4.6 it appears that the standard deviation of the residual displa.cements is increas
ing for higher loads. Tha.t is, the varia.tion in the residuals tends to be larger at larger 
strains, while the fit stays reasonably good. Examination of the results demonstrates, that 
this is the case for both the static and constant-rate-of-stretching test. The distribution 
of the residuals for the constant-rate-of-stretching and the quasi-static test at similar load 
values, is given in figure 4.18. These plots indicate that the patterns are very similar, but 
not exactly identical. This appea.rs also to be true for two different loading cases, e.g. at 3 
and 4 mm extension, of the same test. It can be concluded that, although the size of the 
{standard deviation of the) residuals clearly depends on the load and the loading history, 
the structure itself hardly changes. 

Similar conclusions follow from the examination of the residuals of specimen B. An 
interesting aspect is the difference in magnitude and structure between the residuals of both 
specimen. Hendriks (1991) proposed function r to quantify possible position-dependent 
residuals. This function is inspired on the discrete autocorrelation function, and has the 
distance between markers as variabie 

r(d.) = 2~ t(residual of marker i)T(residual of marker J) (4.8) 
(i,j) 
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The right hand side r = r(d.) represents the average correlation (va.riance) between 
the residuals of two markers, computed over those marker pairs (i,j) which have a. mutual 
distance in the interval [d,_l,d,]. The value of the right hand side is denoted by r(d.) 
where J, = 0.5 · (d,_l + d,). Intervals are selected in such wa.y tha.t ea.ch contains an equal 
number V marker pairs. An intuitive choice for V is V= m (= the number of markers), 
that results in V intervals. The function indicates the rela.tion between the correlation in 
the residuals of two ( neighbouring) markers, and their mutual dista.n:ce. lf no structure is 
present in the residuals, only the value for r( J. = 0) differs from zero. This value is equal 
to the varianee s2• On the other hand, if some structure is present due to modelling errors, 
the residuals of two separate markers are probably correlated so tha.t r is no longer zero 
for J, ::f 0. 
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Figure 4.20: Cor:rela.tion of the residuals over the surface of the specimen A and B. Both quasi
static :records. 

To oompare the functions r for both specimens, the values are divided by the estima.ted 
varianee s2• The standardized function r is plotted in figure 4.20 as function of the mutual 
distance between markers. In both cases the correla.tion decrea.ses with increa.sing mutual 
distance in a. similar wa.y. However, for the residuals of specimen A, this a.ppea.rs to be 
less evident than for specimen B. This sustains the a.ssumption of model errors, that are 
related to imperfectionsof the constitutive modellike nonlinea.r material behaviour. 
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4.6 Discussion and Conclusions 

In this cha.pter the chara.cterization of the local properties of skin was investiga.ted. The 
issue was adressed using the mixed numerical experimental method. In the cases presented 
in this chapter, the local material directionsof the tissue were estima.ted, tagether with the 
three ratios in the linea.r ela.stic orthotropic model. The material directions were chara.c
terized by bilinear functions of the position coordina.tes. The valida.tion of the estimation 
results was domina.ted by modelling errors. lndications for a poor model structure were 
a.cquired at a number of pla.ces: 

• A trend in the parameter estimates for increa.sing loads. 

• Larger residuals than ex:pected on the knowledge of the ohserva.tional errors. 

• Structure in the residuals, particularly for specimen B. 

It is difficult to loca.te the nature of the modelling errors. In the present cases, the following 
pla.usible errors can be mentioned: 

• The skin may hebave physically and geometrically nonlinear. 

• The material direction may not be the only parameter that depends on the position. 
Up until to now a basic model was applied to describe the inhomogeneity of the 
material. More realistic roodels should include the stiffuess ratio or even the Poisson 
ratio changing as function of the coordinates. 

• The bilinear function may he inappropria.te to describe the a.ctual distrihution of a 
in the material. 

• Other, not yet investigated errors may play a role such as the effects of discretisation 
(we did not apply locally refined meshing in regions with larger strain gradients) or 
the influence of mea.surement errors on the houndary conditions. 

Finally, the question remains whether the estimated parameters can he regarcled as . 
true material parameters for dog skin, and if the estimated distribution of a is reliable. 
Consiclering the material parameters in alinear ela.stic model, the values found are helieved 
to he accurate estima.tes of the skin properties. However, the generality of the results is 
restricted, since the skin's nonlinea.rity is evident. At this time, the material direction 
la.yout can only be compa.red to the Langer's lines found in literature (Langer, 1861). The 
question whether or not the distribution of a is related to the Langer's lines is, however, 
heyond the scope of this research. 

4. 7 Extensions to N onlinear Behaviour 

The outcome of the linear model based estimations demands a confrontation of the mea
surement data with a. nonlinear material model. To select an appropria.te nonlinear material 
model the following criteria were used (Van Kemenade, 1993): 
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• the model contains a. small number of parameters due to the ( computing) time con
suming numerica.l approximation of the deriva.tives of the observa.tion function by 
mea.ns of differential quotients. 

• the model includes an exponential rela.tionship between stresses and strains. 

• the model is previously used to describe biological tissue beha.viour. 

• the model is tra.nsversely isotropie or orthotropic. 

Bovendeerd (1990) proposed a. transversely isotropic, nonlinear elastic model for myoca.r
dial tissue. This model was a.pplied to describe the beha.viour of skin for the specimens A 
a.nd B in the constant-rate-of-stretching test. The material model contains six parameters 
(including a. penalty factor to account for incompressible beha.viour) to describe the rela
tions between the second Piola.-Kirchhoff stresses and the Green-Lagrange strains. Three 
more parameters are needed to describe the la.yout of the material symmetry directions. 

A local modelling approach was a.pplied. Only seven parameters were a.ctually esti
ma.ted, since the value of the penalty factor wa.s kept constant. These parameters are the 
four ra.tios between the remaining parameters along with bo, bt and ~. Estima.tion of the 
parameters, however, was found to be la.borious and notwithout complica.tions. Problems 
were particularly blamed to 

• the constitutive la.w was developed to describe myocardial tissue but is less a.ppro-
pria.te for skin. 

• the la.ck of a priori knowledge on the parameters in the model, in combination with 

• the time consuming computa.tion of matrix Hk for ea.ch itera.tion, and 

• clear dependencies between the parameters in the model, which forced us to drop 
one more parameter from the estima.tion process. 

These arguments made clea.r that estimation of parameters in nonlinear models in this 
context should be more thoroughly investiga.ted. The research should be focused on the 
a.cquirement of relevant nonlinear elastic models. To understand the identifica.tion of these 
models and to design a suita.ble experiment it is necessa.ry to perfarm prelimina.ry simula
tions like those described in cha.pter 3 and in the beginning of this cha.pter. Furthermore, 
the effectiveness of the metbod should be improved, for instanee by using a semi-analytica.! 
computa.tion of H"" 
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Discussion, Conclusions and 
Recommendations 

5.1 Discussion 

The objective of the work presented in this thesis was to explore the performance of 
the mixed numerical experimental method, pa.rticularly with rega.rd to materials with 
a.nisotropic a.nd inhomogeneons properties. The method has been adopted from Hendriks 
(1991 ), who basically developed the theoretica! concept a.nd performed only some experi
mental tests. This work aimed at a.n in depth study a.nd extension of the metbod from a.n 
experimental point of view. Accordingly, the main issues adressed the mechanica! testing 
of a woven composite a.nd a biologica! tissue under true laboratory conditions. The discus
sion addresses the metbod in genera!, the identification of linear elastic orthotropic solids 
and the identification of inhomogeneons materials respectively. 

5.1.1 The Metbod 

The mixed numerical experimental metbod has proven to be effective for the characteriza
tion of anisotropic and inhomogeneons materials. For these materials a proper characteri
zation with sta.ndard testing methods is complicated, in case of inhomogeneons materials 
impossible. A great benefit of the metbod is its ability to reveal shortcomings and anomalies 
of the model applied. Typkal weaknesses in the model can be brought out by validating 
the estimation results consistently with checks before, during and after estimation. Al
though most are quite informal and do not pretend to be comprehensive or universally 
applicable, the checks applied have yielded strong clues on modelling errors for both the 
mixed composite and the material skin. 

It will be clear that the method is more than a straightforward parameter fitting tech
nique. Empirica! knowledge along with a firm theoretica! basis is essential. This implies: 

83 
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• the method must include preliminary simulations with some prior knowledge on the 
material model ( for instanee the type of inhomogeneity) and the material parameters 
in order to design relevant experiments. In this investigation numerical simulations 
with a va.riety of sample geometries and boundary conditions have been performed 
in search of suitable test configurations. 

• a real time check of the observa.tions during experiments enables the user to value the 
experiment and if required, to adjust the loading oonditions to enhance its perfor
mance. Here, exa.mination of the magnitude and the inhomogeneity of the measured 
stra.in fields are important tools. In addition, knowledge of stra.in fields is needed 
to select appropriate data. for use in material characterization from the surplus of 
observations that these experiments genera.lly provide. 

At present, the potentials of the method have not yet been fully exploited. The pre
limina.ry simulations offer the possibility to study the influence of loading and boundary 
oonditions and specimen geometry on the determination of material parameters. It is very 
well possible tha.t an analysis of the distribution of markers, ma.ximizing the sensibility 
and ability of the observa.tional "sensors", could also help to design suitable experiments. 
Furthermore, the ways to ma.nipulate the imposed strain field could he further improved 
if truly multia.xial testing machines were ava.ilable to load specimens or even construction 
parts. Fina.lly, although the method already provides a great deal of information on pos
sibie modelling errors, tools for model revision are necessary, for instanee based on study 
of residuale. 

5.1.2 Identi:fication of Linear Elastic Orthotropic Solids 

To investiga.te which test set up leads to va.lid estimation data for homogeneous, linear elas
tic orthotropic solids with a high stiffness ratio, prelimina.ry numerical simulations were 
performed foliowed by laboratory tests and an evaluation of the results. 

Numerical simula.tions give the opportunity to study the effects of the test setup with
out any disturbance of modelling errors. In the studies of chapter 3, the setup variations 
were restricted to the specimen geometry, the material orientation and the bounda.ry oon
ditions. Simula.tions were run to verify whether the experiments would provide sufficient 
information in order to quantify orthotropic beha.viour. This question is associated with 
the problem of model identifiability which is considered to he a joint property of the model 
and the experiment (Hendriks, 1991). The identifiability for the cases studied appeared 
to be good, unless the observa.tional data were obta.ined from a homogeneous stra.in field. 
Best results were found in those cases, where the specimen was loaded multiaxially. 

The material characterization of the mixed oomposite only partly succeeded. The 
test setup selected was restricted to unia.xially loa.ding only because a (more suitable) 
multia.xialloa.ding a.pparatus was la.cking. Although the method applied was successful, 
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the experiments particularly elucidated the need to control the modelling errors and the 
necessity of (the ava.ilability of) appropriate material models. 

5.1.3 Identi:6.cation of Inhomogeneous Material 

The present workon this subject embodies the first attempt to actually characterize an 
inhomogeneous material using the mixed numerical experimental method. Moreover, for 
the first time the method is actually applied to a biological tissue. Both facts give reason 
for discussion. 

Attention has been focused on orthotropic ma.terials, where the local axes of material 
symmetry va.ry with position according to a bilinea.r function. Estimation results were sat
isfying but revealed the existence of modelling errors. The influence of modelling errors may 
depend on the suitability of the bilinear function to describe the true inhomogeneity. Hence, 
apart from the problem of how to obta.in prior knowledge a.bout these inhomogeneities, the 
ma.in dilemma involves the model validation. The present investigation brought about a 
typical weakness in the model (parameters and residuals tha.t depended on loading), but 
provided only little information on the suitability of the bilinear function a.pplied or about 
ways or directions to improve the description. The developm~t of tools for model revision, 
for instanee based on residual structure analysis, can resolve this drawback. 

On longer term, a solution for these probieros would be to reconsider the modelling of 
inhomogeneous ma.terials. It is worthwhile to investigate the possibilities to model inhomo
geneous beha.viour using finite element based formulations. With the use of discretisa.tion 
functions, a specific type of inhomogeneity over the specimen surface no longer has to be 
assumed. Furthermore, this approach could be extended to more than one parameter tha.t 
is inhomogeneously distributed over the surface. 

The applica.tion of the chara.cterization method to biological materials works well con
siclering the complica.tions expected. Because of the special precautions that were taken 
to preserve the initial in vivo geometry and the existing stresses large differences in the 
stress-stra.in relationship and prestress between the specimens were found. The absence of 
a proper initiallength with respect to the a.pplied stra.in definition is a well-known problem 
in the field that can not be solved. In this context, the question rises if the method could 
be extended in order to identify the existing pre-strain, which is found to be nonuniformly 
distributed over the specimen. Likewise, it may be possible to estimate the a.ctual bound
ary conditions of the specimen, when the properties are known. Still the best solution is 
an in vivo material chara.cterization of biologica! materials (e.g. Breukink, 1994) for which 
the method is especially suited. 

Finally, the behaviour of biologica! tissue, which has appeared to be nonlinear almost 
immediately stimulates further research in the direction of the identification of nonlinear 
elastic, nonlinear visco-elastic and mixture ma.teria.ls. 
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5.2 Conclusions 

• For the characterization of highly anisotropic and inhomogeneous materials, a. mixed 
numerical experimental method has proven to be effective. 

• In view of modelling errors and the design of experiments, prior knowledge on the 
material structure and the material parameters is of major concern. 

• It proved to be va.luable to perform preliminary numerical simulations on the test 
setup planned using the prior knowledge of the material structure and the parameters. 
Such simula.tions should consider the geometry, the loading and support conditions 
and the loca.tion of markers. 

• The real time exa.mination of strain fields is an important tool to value the experi
ments that are actually performed. 

• Homogeneons strain field data are particula.rly unsuitable for the characteriza.tionof 
linear elastic orthotropic materials that have a high stiffness ratio. 

• A bilinear representation of the inhomogeneity of the skin works well. 

5.3 Recommendations 

• Consiclering the experimental data a.nd the linear elastic estimation results, a non
linear ela.stic orthotropic characteriza.tion of skin is expected to be more a.ppropriate. 
Therefore, there is a need for more sophisticated material models which are able 
to describe biological tissue behaviour. Important issues regarding the selection of 
models, are the amount of a priori knowledge available and the number of parame
ters of the model. Parameter estimation itself becomes ( computing) time consuming 
due to the numerical a.pproximation of the derivatives of the observation function by 
means of differential quotients. The efficiency of the method can be improved by 
using semi-analytical methods for this (Van Kemena.de, 1993). 

• Tools for model revision based on the valida.tion of parameter estimation should be 
developed. This may be initiated for a typical class of materials. 

• The present modelling approach for inhomogeneous materials should be reconsidered 
and extended. 

• Especially for composite material characterization, multi-a.xial testing machines must 
be developed. Also for some applica.tions in this field, a contactleas strain distri bution 
mea.surement system is required that allows smaller deformations to take place than 
those that can be measured with the tra.cking system applied (strains :5 0.001). 
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• Both numerical and experimental knowledge on the method must he further incorpo
rated in the method. The locations of markers with respect to the expected material 
deformation or material inhomogeneity should he more extensively examined. 
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Appendix A 

Strain Estimation from Measured 
Marker Coordinates 

The present chara.cterization method uses marker displa.cements to determine the material 
properties. From the marker displacements strains may be inferred. In this thesis the 
application of strains as observations in the estimation process is not discussed. However, 
strains play a small but essential role in the real-time examination of the experiment. 
Therefore, it has become general procedure to compute the strain distribution from the 
measured displacement field. 

In this appendix a short outline is given of a general 3 dimensional model for the 
estimation of the deformation gradient tensor :F and the Green-Lagrange strain tensor&. 
For this, a group of markers close tagether is oonsidered. The strain at the position of 
the central marker of the group is based on the displacement of each of the markers. The 
reader can find further details in Peters (1987). 

A.l Introduetion 

Consider a body M in the reference configuration at t = t0 and in an arbitrary config
uration at t = t 1• Pand Q repreaent two marker centroids, whereas the veetors oonnecting 
P and Q in both oonfigurations are denoted D.$0 and D.$1 respectively (see figure A.l). 
Theoretically, when D.$0 and D.$1 are infinitely small (i.e. D.fë0 -+ dfë0 and D.$1 -+ dx1), 

the vector at time t is related to the vector at time t0 by 

(A.l) 

where :F is the deformation gradient tensor. Consiclering finite length of veetors D.$0 and 
D.fë1 , a "modelling" error vector/ in P is written 

(A.2) 

89 



90 Appendix A 

Figure A.l: Body M and two marker centraids P and Q in two different configura.tions. fis 
ihe "modelling" error tha.t is introduced due to the finite length of veetors t::.x0 and 
L:::.lt. 

This expression is the starting point for the estimation of strain quantities from measured 
marker coordina.tes. Due to the measurement errors and the modelling errors, an estimate 
J: of the deformation gra.dient :F in a. marker poi~t can be derived. This is done bl 
consiclering a. group of marker close together. With :F the Green-Lagrangestrain tensor :F 
can be estima.ted. 

A.2 Estimation of Deformation Quantities 

Consider a group of n markers close together (a "strain group") of which the coordinates are 
measured in two configura.tions. The veetors Ll~oi and Ll~u can be calcula.ted that conneet 
the central marker in P to the rest of the markers in the group (see figure A.2). These 
veetors are regarcled to be stochastics due to measurement errors ... When the positions of 

the markers in a group are arbitrarily chosen, the corresponding / 1 at ea.ch point is also 
considered to be a. stochast ie vector, and is assumed to consist of a. constant part 1 and a. 
random part cHJ.. According to Eq. A.2, it is written 

A ':I A..". ...,. _. 
uXti- :F · uzOi- I= ü, ; i= 1, ... , n (A.3) 

where fi, is defined as the sum of the random mea.surement error ill, and the random part .,. 
of the model error 5/, 

::1 :t ':!. 
u;= w, + éf; (A.4) 

It is assumed that the deviations Ü; are only related to Ll~li, not correla.ted and nor
mally distributed. The estimates for 1 and :F can be deterrnined ba.sed on the maximum 
likelibood method i.e. hy minimizing the scalar function J 

J = .!. Ê ( LlxH - :F · Llxo• - !) · ( L:::.xu - :F · Llxot - !) 
n,.=l 

(A.5) 
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Figure A.2: Deformation gradient tensor :F is estimated from the veetors t:.x0; and t:.xli con
necting the central markerPof a strain group totherest ofthe group. 

This minimum is found by variation of J with respect to f and :F, which yields 

f = .t:.x1 - F · .t:.io 

Here, 

P = xgl ·XO"i 

Xoo 
l~A .. A .. = - "-' uXo;uxo; 
n i=l 

Xo1 = l~A .. A .. 
- "-' u:Vo;.w.X1; 
n i=1 

are tensors descrihing the distri bution of the markers and 

1 n 
= - L;.t:.xo; 

n i=l 

(A.6) 
(A.7) 

(A.8) 

(A.9) 

(A.lO) 

(A.ll) 

are the mean veetors of the markers in the reference and in the current configuration. It 
is easy to prove that F is an unbiased estimate of :F in P, thus 

E{J:} = :F (A.12) 

and j: is normally distributed. With the estimate J:, different strain measures can be 
calculated. Restricting ourselves to the Green-Lagrange strain tensor, the strain tensor 
estimate ê can be determined according 

• l(•c • ) e= 2 :F ·:F-I (A.13) 
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As ê is a nonlinear function of i:" the strain tensor ê is a biased estimate. lts expectation 
is given by 

E{ê} = e + :
2 

X0C: (A.14) 

Clearly, it follows that the accuracy of the estimate ê of the Green-Lagrange strain tensor 
e depends on the measurement accuracy, the number of markers n and the distri bution of 
markers Xoo. 
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Samenvatting 

Het experimenteel bepalen van de mechanische materiaaleigenschappen van biologische 
weefsels en verschillende technische materialen wordt bemoeilijkt door het anisotrope en 
inhomogene karakter van deze materialen. Een reden hiervoor is dat gebruikelijke me
thoden voor materiaalbepaling vaak een homogeen rek- en spanningsveld veronderstellen 
in een belangrijk deel van het proefstuk. Voor het testen van de genoemde materialen is 
daarom een alternatieve methode noodzakelijk die meer experimentele vrijheid biedt. 

Gemengd numeriek-experimentele methoden voor materiaalkarakterisering worden ge
kenmerkt door het gebruik van veldgrootheden in experimentele situaties waar een ho
mogeen rek- en spanningsveld niet ka.n worden gerealiseerd. Hendriks (1991) ontwikkelde 
zo'n methode, waarin drie elementen worden gecombineerd: (i) het meten van verplaat
sings- en rekvelden aan proefstukken met arbitraire geometrie onder multi-axiale belastings
toestand, (ii) het modelleren met behulp van de eindige elementen methode, en (iii) het 
schatten van ma.teria.alparameters. Deze parameters worden bepaald op basis van het ver
schil tussen de experimentele en de numerieke data. 

Dit proefschrift geeft een beschrijving van de gemengd numeriek-experimentele me
thode. De efficiëntie van deze methode wordt getoetst vanuit een experimenteel perspec
tief. Het onderzoek richt zich voornamelijk op een nauwkeurige en effectieve bepaling van 
de eigenschappen van complexe materialen: vezelversterkte kunststoffen en biologische 
materialen, waarbij de nadruk ligt op anisotrope en inhomogene eigenschappen. 

In eerste instantie worden een aantal relevante en goed uitvoerbare experimenten ont
worpen, die geschikte data. opleveren. Simulaties verschaffen inzicht in de invloed van de 
testconfiguratie (proefstukgeometrie, randvoorwaarden en de materiaalsymmetrierichting) 
op het bepalen van parameters in een homogeen, lineair elastisch, orthotroop materiaal met 
een hoge stijfheidsverhouding. Deze simulaties leiden tot een aantal eenvoudige testcon
figuraties, die geschikt zijn voor materiaalkarakterisering en die gekenmerkt worden door 
inhomogene rekvelden. Een geschikte configuratie wordt toegepast bij experimenten aan 
een composiet uit twee lagen. Hierbij slaagt de karakterisering van het composiet uitein
delijk slechts gedeeltelijk, omdat een lineair elastisch model het exacte gedrag onvoldoende 
nauwkeurig beschrijft. 

In de volgende fase wordt de methode gebruikt om de eigenschappen te meten van een 
inhomogeen orthotroop materiaal, waarvan de lokale materiaalrichtingen variëren met de 
positie binnen het proefstuk. De verdeling van de materiaalsymmetrierichtingen over de 
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oppervlakte wordt beschreven met een continue functie van de plaatscoordinaten. Daarbij 
worden de stijfheden verder constant verondersteld. Dit type van inhomogeen gedrag 
wordt gebruikt om het mechanisch gedrag van het biologisch weefsel huid weer te geven. 
De karakterisering van de lokale mechanische eigenschappen van huid bevat de volgende 
drie componenten: 

• numerieke simulaties om tot een geschikt experiment te komen. 

• in vitro experimenten aan proefstukken van hondehuid; deze bestaan uit het pre
pareren van het proefstuk, het ontwerpen van een meetomgeving, het doen van bi
axiale quasi-statische en constante-verlenging trekproeven en het bestuderen van de 
afgeleide rekvelden. 

• Het schatten van materiaalparameters met behulp van de gemeten verplaatsingsvel-
den, en tenslotte de validatie van de resultaten. 

Met deze werkwijze worden de lokale materiaalrichtingen bepaald samen met de drie ver
houdingen die in een lineair elastisch orthotroop model voorkomen. Voor de richtingen is 
een bilineaire functie van de plaatscoordinaten gebruikt. De aanwezigheid van modelfouten 
is afgeleid uit de tendensen in de parameter schattingen voor toenemende belasting, en uit 
de structuur in het residu. 

Resumerend kan men concluderen dat deze gemend numeriek-experimentele methode 
bruikbaar en efficiënt is. In toekomstig onderzoek zal de karakterisering met meer complexe 
materiaalmodellen uitgevoerd worden. Daarnaast verdient het aanbeveling te onderzoeken 
of (en hoe) indicaties voor model fouten kunnen leiden tot verbeteringen aan het gebruikte 
model. 
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Stellingen 

behorende bij het proefschrift 

Mechanica! Identification of Inhomogeneous Solids 

A Mixed Numerical Experiment al Approach 

1. Voor inhomogene materialen is de mechanische karakterisering via. standaard methoden 
onuitvoerbaar. Een gemengd numeriek experimentele methode kan met succes worden 
toegepa.st, maar vereist een grondige heroriëntatie op de experimentele bepaling van 
constitutief gedrag. 

• dit proefschrift 

• Hendriks, M.A.N. (1991), Identifica.tion of the Mechanica! Behavior of Solld Ma.
terials, Ph.D. Thesis, Eindhoven Univarsity of Technology. 

2. Het uitvoeren va.n numerieke simulaties ten behoeve va.n het ontwerp va.n relevante 
experimenten is een wezenlijk onderdeel van de in dit proefschrift beschreven ka.rakte
rieeringsmethode. 

• dit proefschrift 

3. Real time observatie van gemeten rekvelden ma.akt het mogelijk de gemeten data uit 
experimenten te beoordelen en kan leiden tot gerichte correcties aan het experiment. 

• dit proefschrift 

4. Een nagenoeg homogeen rekveld is ongeschikt voor een gemengd numeriek experimentele 
bepaling van materiaalparameters in een lineair elastisch orthotroop materiaal met hoge 
stijfheidsverhouding. 

• dit proefschrift 

5. Een groot ma.ar zelden erkend voordeel van identificeren is dat het modelafwijkingen 
a.en het licht brengt. 

• Norton, J.P. (1986), An Introduetion to Identification, (Academie Press, London, 
New York, Tokyo) 

6. De in dit proefschrift gepresenteerde methode biedt de mogelijkheid om het mechanisch 
gedrag van biologisch weefsel non-invasie! te bepalen, wa.ardoor in vitro experimenten 
nodeloos gecompliceerd zijn. 

1. Een beurzenstelsel voor aio's is een bezuinigingsma.atregel, welke noch de aio noch de 
wetenschap ten goede zal komen. 



8. Het werken in deeltijd is een effectief instrument voor gelijkere verdeling va.n betaalde 
arbeid en vermindering va.n werkdruk. 

9. De bestrijding va.n geluidsoverlast neemt in de huidige milieudiscussie niet de plaats in 
die het verdient. 

10. De waarheid is zelden onverva.ist en nooit eenvoudig. 

• Oscar Wilde 

11. In de strijd om de kijkcijfers worden de kijkers uit het oog verloren. 

Eindhoven, maart 1994 Miehiel va.n Ratingen 


