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Abstract In this paper we introduce a new method
to determine the Young’s modulus of thin (biological)
samples. The method is especially suitable for small
objects with a thickness of a few hundred micrometers.
Such specimens cannot be examined with existing tests:
compression and tensile tests need well-known geome-
try and boundary conditions while classic indentation
tests need relatively thick pieces of material. In order
to determine the elastic modulus we use the indenta-
tion theory as proposed by Sneddon and correct it with
a finite element calculated s factor to compensate for
the small thickness. In order to avoid material deforma-
tions at the contact zone between the sample bottom
and the sample stage, we replace the sample stage by a
second indentation needle. In this way the sample can
be clamped between two identical needles and a virtual
mirror plane is introduced. The new method was used
on four test-materials and results agreed well with the
outcome of a standard compression method applied on
large samples of the same materials. As an application
example the technique was applied on thin biological
samples, namely middle ear ossicles of rabbits.
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1 Introduction

Finite element (FE) models are widely used to investi-
gate (bio-)mechanical problems. However, to create ac-
curate models, the exact geometry, the boundary con-
ditions and the material properties of the components
have to be known precisely [1]. A very important pa-
rameter for (linear elastic) materials is the Young’s mod-
ulus (E). For large material samples, standard tensile
and compression methods for measuring Young’s mod-
uli are widely available (e.g. ASTM D695-02a ‘Standard
Test Method for Compressive Properties of Rigid Plas-
tics’). Those methods are very useful to determine the
modulus of larger biomaterials, like the femur bone [2].
These tests require a precise description of the geometry
of the specimen and usually a cylinder or a cuboid needs
to be created. In order to avoid slipping or stretching,
the boundary conditions at the contact zone have to
be controlled very well. However, when applying this
technique on small materials, these conditions are that
difficult to realize that even a very fine preparation can-
not avoid inaccuracies [3, 4].

Another way to obtain material parameters is through
backwards engineering: the material properties in the
model are changed to get a best fit between simulation
and experiment. Although good results on small speci-
mens can be obtained, this technique needs unique ex-
periments and time-consuming simulations [5, 6, 7).
As an alternative, indentation testing can provide the
material properties. Originally, these tests only give the
hardness, an empirical number which represent the dif-
ficulty of cutting in the material. The hardness is not
a real physical entity, so it is unusable for simulations.
A method to obtain the elastic modulus, from those
hardness indentator experiments, is based on classical
Hertz contact mechanics and was proposed by Sneddon



[8]. This technique is applied widely in material and
biomechanical sciences, at microscale [4, 9, 10, 11, 12,
13, 14, 15] and nanoscale [16, 17, 18, 19]. Such tests use
different punches (cylindrical, conical, Berkovich, Vick-
ers) and different loading protocols [11, 15, 20]. Oliver
and Pharr [20] found that the unloading-displacement
relationships from the indentation experiment could be
described by:

P =ah™ (1)

In this equation P is the indenter load, A is the elas-
tic displacement of the indenter and o and m are con-
stants. The value of m depends on the punch geometries
(m = 1 for flat cylinders). According to Sneddon [8], the
elastic modulus for a rigid body punch can be obtained
by:
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In this equation, E represents the elastic modulus, A is
the contact area, v is the Poisson’s ratio of the material
and S is the measured stiffness. The stiffness S, given
by dP/dh, is obtained from the unloading curve which
is, as seen in equation 1, linear for cylindrical punches
(m=1=S5=a).

The method as described above was theoretically de-
rived for a rigid punch which infinitesimally indents
a half space elastic material. As a result, it is only
valid for relatively thick materials (in comparison with
the radius of the indenter), and not for thin samples.
Decreasing the indentersize to measure such thinner
specimens is not always a good solution, because it is
important to use dimensions which represent the re-
alistic loading (micro/nano versus macro effects), es-
pecially for biomaterials. A nano-indentation on bone
for instance, gives information about the micromechan-
ics (fibers and cells) and not about the macroscopic
bulk properties [21]. For that reason, Hayes et al. [22]
extended the solution of Sneddon [8] to measure the
Young’s modulus of a thin cartilage layer fixed on bone.
They calculated a theoretical correction factor x which
compensates the mismatch for such a thin material fixed
on a rigid body. The corrected formula for a cylindrical
punch becomes:
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To apply this technique on freestanding thin materials,
we introduce two modifications to the existing theory.
First we will calculate a new x for thin materials lay-
ing on a rigid body without friction, instead of being
fixed to it. For this purpose we create a FE model of
the indentation experiment. Secondly, when a force is
applied, thin materials will be easily deformed on large

plane contacts, so the contact-dependent deformation
is measured instead of the true indentation deforma-
tion. In order to avoid deformation on an extended and
poorly controlled contact surface, a second indentation
needle is introduced.

In this paper we will validate our new method on four
test-materials with different thickness by comparing the
results from the new method to a standard compres-
sion test (ASTM D695-02a). Finally, we will apply our
method on biological samples and we will determine the
elasticity modulus of middle ear (ME) ossicle bone. In
current modelling of middle ear mechanics, those bones
are treated either as rigid bodies or standard values for
the Young’s modulus are used (12 +3 GPa) [23, 24]. A
correct value of the elasticity modulus becomes very im-
portant when bending of the auditory ossicles needs to
be taken into account. Quasi-static pressure variations,
such as atmospheric pressure variations, can be several
orders of magnitude larger than the loudest sound pres-
sures and ossicle bending may become important in this
case. In the high frequency range ossicle bending occurs
due to inertia effects and it will influence the middle ear
transfer function [25, 26].

2 Experimental procedure
2.1 Experimental setup

Figure 1 illustrates the setup. Two identical flattened
cones were placed exactly opposite to one another so
that a thin material could be clamped between them
(1). The cones were custom-made from high speed steel
(HSS) and had a top angle of 25° (angle to central
axis) . The point of the cones were polished to obtain
a circular and flat contact zone. The exact radius of
these surfaces was measured with a calibrated micro-
scope (Zeiss LSM510 Meta laser scanning microscope)
and was 60.8 £ 1.2um. The Young’s modulus of HSS
is 210G Pa which is significantly higher than the ma-
terials to be tested. The upper cone was attached to a
piezo-transducer (PI P-841.60) (2) and a vertical trans-
lation stage (3). The piezo-transducer had an embedded
strain gage with an active feedback loop, so the dis-
placements were controlled to an accuracy better than
50nm. Larger vertical translations, needed to bring the
needle in position, were executed by a mechanical trans-
lation stage. The position of this translation stage could
be read from the digital micrometer (4) and was used
to measure the thickness of the sample. The bottom
needle was attached to a loadcell (5) (Sensotec model
31, 50N range), which could be translated (6) in the



Fig. 1 Picture of the experimental setup showing the flattened
cone(1), piezo-transducer to apply displacement (2), vertical
translation stage (3), micrometer(4), loadcell(5) in plane transla-
tion stage(6)

horizontal plane in order to bring the two needles pre-
cisely into line, thus forming a virtual horizontal mir-
ror plane in between the two needles. The whole pro-
cess was observed with a stereo light microscope. In
order to control the piezo displacements and to obtain
displacement- and force-data, a Matlab program, inter-
facing with an A/D-D/A board in a personal computer
(National Instruments Dagpad-6020E, 12bit multifunc-
tion I/0), was developed.

2.2 Calibration and loading protocol

Should the indentation test have been performed with
a perfect experimental setup and on a perfectly lin-
ear, isotropic and homogenous material, a typical re-
lation between indentation depth and reaction force
will be found. This curve, with slightly increasing stiff-
ness for increasing indentation, can be found from FE-
simulation, dealing with geometric nonlinearity, and is
the same for loading and unloading [4, 10]. For real mea-
surements, however, there will be some factors, such as
nonlinear material behavior and inaccuracies of the ex-
perimental setup which will influence this ideal result.

We minimized these factors by doing a calibration and
using a proper loading protocol as follows.

First, the loadcell has a rather high compliance as com-
pared to the materials under test, so the measured dis-
placement distances were significantly larger than the
actual indentation. The deformation of the loadcell is
however solely dependent on the force which is applied
to it, which means we could compensate this effect with
a calibration. In order to perform the calibration the
needles were pushed against each other without a sam-
ple in between. Seeing there was no testing material
between the needles the force measured on the loadcell
corresponded to the deformation of the loadcell. Actu-
ally, not only the loadcell’s compression was corrected,
also all smaller deformations of the entire setup were
taken into account.

Second, the indentation points themselves were no per-
fect rigid bodies, as assumed in equation 2, consequently,
they also deformed slightly. This deformation is mainly
determined by the indentation force, but also by the
compliance of the material used under test. Which brought
us to choosing a very stiff material and a cone shape
for the indentation points, this meant that their defor-
mation was much smaller than the deformation of the
material under test and the bending of the needle itself
was minimized.

Next, the needle and the material surface were not per-
fectly flat, so the contact-surface may not be constant
as assumed in equation 1. We performed a FE simu-
lation of this situation using the FE software package
FEBio [27], without dealing with nonlinear phenomena.
We found that the stiffness will not rise when the nee-
dle penetrated 1.2 times the variation on the contact-
surface height. Figure 2 shows plots of the indenta-
tion force and the calculated material stiffness when
we simulated an indentation using a slightly inclined
flat punch, with offset angles between 0 and 3.5°. The
values are given as a function of the ratio of the non-
flatness measure of the indentation interface and the
indentation depth. As we can see from these graphs, a
steady value was obtained once this ratio equals 1.2.
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Fig. 2 (a) Exaggerated cross section of a situation where the in-
terface between the indentation punch and the sample surface is
not flat. The definition of non-flatness measure and indentation
depth are indicated. A FE model of this situation was used to in-
vestigate the effect of the non-flatness.(b) indentation force found
in this model as a function of the ratio of the non-flatness mea-
sure and the indentation depth. (c) Material stiffness obtained
from the model as a function of this ratio.

Finally, real materials do not have a perfect linear
elastic behavior and visco-elasticity induces creep and
relaxation, so pre-conditioning is necessary. A testing
protocol was developed and is presented in figure 3. A
triangular wave function drove the piezo to apply 50
preloading indentation cycles. The piezo-displacement
and the loadcell reaction force were recorded. After us-
ing a median filter with a window of 0.012s, a linear fit
was made to the piezo-displacement and the reaction
force curve (to the middle part of this curve). Appli-
cation of the calibration gave the effective indentation
and so the stiffness could be calculated. The ampli-
tude and period of the piezo-displacement were cho-
sen in such a way that the effective indentation was
approximately 1um and the effective unloading speed
was Imm/min. Due to relaxation effects, material in-
ertia and filtering, the resulting displacement and force
curves were smoothed. We used this protocol repeat-
edly, with increasing indentation depth (offsets between
5 and 10 pm), but with approximately the same load-
ing/unloading speed and indentation amplitude. As such,
we obtained the stiffness and the modulus (equation 2)
with increasing indentation depth and we minimized
the effect of stiffening and the effect of non-flatness of
the needle contact.
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Fig. 3 (a) and (b): piezo-displacement and loadcell reaction force
as a function of time. The dotted line represents the linear fit used
in the calculations. (c): the indentation force as a function of the
effective indentation depth (both smoothed with median filter).
The dotted line represent the stiffness (dF/dw) calculated with
the linear fit obtained from (a) and (b). (d): calculated moduli
for different indentation depths.

2.3 FE calculations for s

Equation 2 as proposed by Sneddon [8], gave the Young’s
modulus for an infinitesimally indented half-space lin-
ear elastic material, which is homogenous and isotropic.
In order to investigate thin cartilage layers, fixed on
bone, Hayes et al. [22] introduced a correction factor k
which compensates for thin materials:

_ ESneddon
~ w(a/h,v) )

where F is the corrected modulus, Eg,ecddon 18 the mod-
ulus calculated with equation 2 and & is the correction
factor, which depends on the aspect ratio of the inden-
ter radius (a) and the material thickness (h) and on
the Poisson’s ratio. The face opposite to the indented
surface was fixed to a rigid body (bone). We want to
obtain the Young’s modulus for a material with a per-
fect sliding contact between the thin sample and a rigid
body (sample stage), so a new  had to be calculated.
We obtained this factor by finite element calculations
performed in FEBio [27]. As seen on figure 4, we used
the symmetry of the problem to reduce the amount of
elements with a factor of 8. The maximum number of
elements was approximately 50000 and a linear, tetra-
hedral element was used. The test was also done with
less elements to test the sensitivity of the s-value cal-
culation to mesh density.
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Fig. 4 Cross section of the FE results: for the transparent parts
the solution is not calculated but obtained from symmetry, a is
the radius of the indenter, h the thickness of the material and
L is the dimension/radius of the material surface. Darker colors
represent higher Von Mises stresses

The model had an adaptable indenter radius, mate-

rial dimensions, Poisson’s ratio and Young’s modulus.
We used a Young’s modulus E in the model and cal-
culated Fgpeddon (in the model) using equation 2. The
ratio of Egpeddon and E gave the value for k (see equa-
tion 4). Repeating this simulation for different input-
values learnt us that x depends on the Poisson’s ratio
(v) and on the aspect ratio of the indenter radius and
the material thickness (a/h), which is the same as in
the model from Hayes et al. [22].
Simulating and interpolating for a whole range of Pois-
son’s ratios and aspect ratios (indenter radius versus
material thickness) produced the curves shown in fig-
ure 5. The difference between the two graphs were the
boundary conditions for the needle. In the left figure
the contact zone between the needle and material sur-
face was fixed, while the right figure used a frictionless
sliding contact.

2.4 Validation materials and compression test

In order to validate our new test setup, we compared the
material parameters obtained from experiments with
our new indentation setup with those of a standard-
ised test method. We performed indentation tests on
thin samples of different materials of which large sam-
ples were also available. Four materials were selected,

namely Aluminium (Al), Polyvinyl Chloride (PVC), Poly-

methyl methacrylate or acrylic glass (PMMA) and poly-
caprolactam or nylon 6 (PA6). These materials sam-
ples span a large range of Young’s moduli (£2GPa to
+60GPa ). All experiments on the large samples were
performed according to the ASTM D695-02a ‘Standard
Test Method for Compressive Properties of Rigid Plas-
tics’. According to this standard, the specimens were
milled to cyclinders with a diameter of 12.7mm and a
height of 25.4mm.

All experiments were done on an elektromechanical In-
stron tensile testing machine with a FastTrack 8800 dig-

ital controller and a 105NV or 100k N loadcell, depending
on the material. All tests were done in a displacement-
controlled mode using a displacement speed of 1mm /min,

corresponding to the test speed in our indentation method.

As such, time-dependent material effects did not differ
between the two types of experiments. The cylindri-
cally shaped specimen was placed in the centre of the
two cylindrical pressure plates (see figure 6). In order to
accurately measure the displacement of the discs, a lin-
ear variable differential transformer (LVDT) was used.
As such, the deformation of the tensile machine was not
taken into account.

Fig. 6 Compression method: linear variable differential trans-
former (LVDT) (1) and test material (2).

Since friction between the specimen and the pres-
sure plate may have an important influence on the re-
sults, teflon spray was used between specimen and plate,
so that the friction may be neglected for the lower load
levels, used to calculate Young’s modulus. Several ex-
periments were conducted on different specimens of the
same material and the stiffness and standard deviation
were calculated according to the ASTM norm. The re-
sults of these experiments are given in section 3.1.

2.5 Biological samples: middle ear ossicles

As a demonstration, we applied our method to mea-
sure the Young’s modulus of auditory ossicles. Middle
ear ossicles were harvested from young-adult, male New
Zealand white rabbits immediately after sacrificing the
animal by injection of 120 mg/kg natrium pentobarbi-
tal. The bulla was removed and opened and the ossicles
were removed. Since a rabbit’s malleus and incus are
fused together, they had to be separated first. After-
wards, we performed the indentation tests on four po-
sitions as indicated in figure 7. The measurements were
perfomed within two hours post mortem. The results of
these experiments are given in section 3.3. The study
was performed according to the regulations of the local
ethical committee.



(a) frictionless model

(b) adhesive interface condition

Fig. 5 « calculated for different Poisson ratios (v), and aspect ratio indenter radius and material thickness (a/h). The contact zone
between the indenter and the material surface is (a) a sliding contact, (b)fixed.

Fig. 7 Micro-CT reconstrunction of malleus and incudis with in-
dentation positions indicated: 1.caput malleus, 2.collum malleus,
3.corpus incudis and 4.crus longum incudis

3 Results

3.1 ASTM compression test

In order to validate our new indentation setup, com-
parison needed to be made with standardised tests on
large samples. Several experiments were performed for
each material and the Young’s modulus and its stan-
dard deviation were calculated. Since the results were
very reproducible, only one example for each material
is shown in figure 8. In order to have a clear graph, both
stress and strain, which were negative in compression,
are plotted as positive values. The compressive stiffness
was calculated using the tangent line in the origin to the
stress-strain curve.

Stress-strain curves for the compressive tests on the large samples
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Fig. 8 Normal stress as function of the longitudinal strain for
the four selected materials.

As can be seen in figure 8, the calculated Young’s
modulus varied between 2.2GPa and 60GPa for the four
different materials, so the validation runs over a selected
range of stiffness moduli. Table 1 gives an overview of all
calculated Young’s moduli and the standard deviation
for all four materials.

Table 1 Elasticity modulus (in GPa, + stdev) obtained from
ASTM D695-02a test.

Material N EasTm

Al 3 60.9+1.4
PVC 5 3.526 £+ 0.061
PMMA 5 3.799 £ 0.039
PAG6 5  2.260 + 0.0884



Table 2 Elasticity moduli for four test-materials with different thickness, with A the material thickness, v the Poisson’s ratio, Ea st s
the elasticity modulus obtained with the standard compression test (table 1), Egpeddon the elasticity modulus obtained with equation

2, Frndentation the corrected elasticity modulus + stdev (equation 4) and deviation =

Eindentation—EasTMm

EasTm
Material h (Mm) v Easrm (GPG’) Esneddon (GPU“) Eindcntation(GPa‘) deviation
Al 975 0.33 60.9 76.9 64.6 £ 5.5 +6.1%
Al 444 0.33 60.9 86.3 64.0 +4.8 +5.2%
Al 200 0.33 60.9 117 66.9+6.7 +9.9%
PVC 988 0.35 3.526 3.87 3.27+0.14 -7.2%
PVC 440 0.35 3.526 4.32 3.21+0.17 -8.9%
PVC 300 0.35 3.526 4.77 3.21+£0.26 -9.0%
PMMA 1010 0.40 3.799 4.97 4.23 +0.22 +11.4%
PMMA 430 0.40 3.799 5.65 4.21£0.20 +10.8%
PMMA 275 0.40 3.799 6.50 4.27+0.22 +12.6%
PA6 1030 0.39 2.260 2.70 2.30+0.14 +1.8%
PA6 450 0.39 2.260 2.72 2.05+0.15 -9.1%

3.2 Indentation test-material

After performing the compression test, we used our new
indentation method to determine the Young’s modulus
of the four test-materials. We examined specimens with
different thicknesses ranging from 200um to 1000um.
For each test-case, three different samples were used
and these were successively tested on three different in-
dentation depths (5um, 7.5um and 10pm). These nine
values enable us to calculate the average value and the
standard deviation, which are shown in table 2 (in the
column named FEjndentation)-

FEsneddon, which is the Young’s modulus calculated with-
out the correctionfactor proposed in equation 4, is also
given in table 2. Furthermore, the values of the sample
thickness h, and the Poisson’s ratio v are also shown
in this table. Finally, the deviation between these two
techniques, defined as deviation = E""de”‘gi:";;;f“sm ,
is also shown in table 2.

3.3 Biological samples: middle ear ossicles

After validating our technique on the test-materials,
we used our new technique on biological samples with
properties within the same range as the test-materials
(2GPa < E < 60GPa and 200um < h < 1000um).
After harvesting the malleus and the incus, four posi-
tions were carefully chosen (figure 7: 1.caput malleus,
2.collum malleus, 3.corpus incudis and 4.crus longum
incudis). On these precise locations the ossicles had rea-
sonably parallel surfaces which meant they could be
clamped between the two needles with a minimal non-
flatness of the contact (figure 2). The entire process is
followed with a light microscope.

After positioning the ossicles, the thickness, which was
inevitably different for all locations, is measured using
the indentation cones and the digital micrometer. The
indentation measurements were done at depths between

S5um and 10pum (in 3 or 4 steps) and on N different
specimens. The average and standard deviation for the
Young’s modulus found at different locations are pre-
sented in table 3, together with the average thickness
of the samples.

Table 3 The Young’s moduli (£stdev) for rabbit middle ear
ossicles is obtained at different positions (caput malleus, collum
malleus, corpus incudis and crus longum incudis) with different
thickness (h). N is the number of different specimens.

Position h(pm)  Young’s modulus (GPa) N
caput malleus 540 16.3£2.9 5
collum malleus 480 15.6 £1.8 5
corpus incudis 770 16.8 £ 3.1 4
crus longum incudis 440 17.1 4+ 3.8 3
average 16.4 £ 2.8 17

4 Discussion
4.1 FE corrected double indentation method

In order to obtain the elasticity modulus for a mate-
rial standard tensile tests are easy and fast to perform
on large objects. Sample preparation and controlling
the boundary conditions in such tests are difficult for
smaller objects [3, 4]. Dedicated experiments to deter-
mine the modulus give very good results but are diffi-
cult to perform and are time consuming [5, 6, 7].

Indentation tests, based on Sneddon’s solution [8], do
not need such complicated preparation and are easy to
use on micro- and nanoscale. They are, however, de-
signed for relatively thick materials which is an impor-
tant drawback when applying the method to biomateri-
als: decreasing the needle radius to measure thinner ob-
jects can change the results drastically because the bulk
properties are not measured anymore. This behaviour
is even more important for biological materials which
are often built up with cells and fibers [21]. Therefore



we made two additions to Sneddon’s solution.

First, we introduced a second needle to prevent sur-
face deformations not caused by the indentation. By
adding this second needle in such a way that a virtual
mirror plane is introduced, the experimental setup be-
comes equivalent to a sample with half thickness which
lays on a perfect sliding sample stage. Furthermore, the
samples could be tested faster since they only had to
be clamped between those two punches.

We should taken into account that we need to suppose
that a perfect mirror plane develops in the specimen be-
tween the two indenters. This condition will only be met
if the two indentation points are perfectly aligned. In
order to acquire this condition, the loadcell is mounted
on crossed translation tables with a translation preci-
sion of better than 1um. The indentation points are
brought towards each other, and microscope observa-
tion from two perpendicular directions is used to align
the indentation surfaces. The surfaces of the indenta-
tion points themselves are nearly perfectly perpendic-
ular to the indentation direction. We achieved this by
putting the cylindrical part of the points in a custom
made holder which is placed perfectly perpendicular on
a polishing disk, in order to polish the pointed end to
a small plane which is perpendicular to the indentation
axis. In addition the sample itself should be symmetri-
cal on mechanical relevant places, which are the places
with higher Von Mises stress in figure 4. Furthermore,
an offset indentation is necessary to assure full contact
between material and indenter surface. Otherwise, the
stiffness will be underestimated, as seen in equation 3.
When the full contact requirements are not reached,
in case of rough materials or inclined surfaces, sample
preparation and polishing is needed. Observation with
the light microscope allowed us to conclude that the
bone samples which we used were smooth enough.

A second addition to Sneddon’s solution was a new FE
calculated correction factor x for those thin, freestand-
ing materials. We take geometric nonlinearity, in con-
trast with the infinitesimal results of Hayes et al. [22]
into account, but the finite deformation effect which
causes stiffening during larger indentations was left out
[4, 10]. We obtained  values for a frictionless sliding
contact and a fixed sliding contact, shown in figure 5.
The real values will be in between those two situations.
In accordance with the conclusions by Zhang et al. [4],
we could state that the value of k is fairly constant
for Poisson’s ratios between 0 and 0.4, if the aspect ra-
tio indenter radius and material thickness was smaller
than 1. The new k-values are higher when compared
with the values of Hayes et al. [22] and Zhang et al.
[4], which were obtained for an elastic layer bounded
to a rigid half space. The correction factor depends on

the aspect ratio of the indenter radius and the material
thickness (a/h), and on the Poisson’s ratio (v). Consid-
ering a fixed or a sliding contact at the needle-surface
zone gives approximately the same solution for k£ when
the Poisson’s ratio is smaller than 0.4 and aspect ratio
is smaller than 1, which corresponds well with the con-
clusions by Zhang et al. [4].

By using a more sensitive loadcell, our technique can
possibly also be extended towards much softer mate-
rials such as biological tissue. Because the indentation
surfaces are very small, there will be little effect from
local bending on the indentation surface itself. A very
soft material should be supported in a holder to pre-
vent the material from bending around the needle. In
addition, an active vibration isolation will be neces-
sary when smaller forces need to be measured. However,
from our calibration measurements we did see that no
significant noise was picked up due to acceleration ef-
fects caused by external vibrations. Therefore a regular
rigid table was sufficient for our setup. Providing such
technical problems can be solved we think our method
can have promising applications in soft tissue testing as
well, but at the moment we are not equipped to demon-
strate this.

Thinner objects could be measured by using a different
indenter radius, but this will also change the physical
contact-properties as remarked earlier. In that case s
should be tested for thinner materials. The bulk prop-
erties of thicker materials can also be determined with
this method. Furthermore, larger indentation punches
are produced more easily. When the aspect ratio of
the indenter radius and the material thickness (a/h) is
smaller than 0.025, the correction factor x will be lower
than 1.1. The double indentation will still be necessary
to ensure no unwanted surface deformations. When the
sample dimensions are larger than a few millimeters,
tensile tests can easily be applied to determine mate-
rial bulk properties. The materials which we examined
with this indentation test, were considered to be ho-
mogenous, isotropic and linear (assumption in Sned-
don’s solution and in the FE calculations), just like in
the ASTM test.

4.2 Loading protocol

Visco-elastic materials showed creep and relaxation and
there were some plastic deformations and phase trans-
formations due to local high stresses [12, 17]. Also, hys-
teresis caused the load and unload curves to be dif-
ferent. In order to minimize these effects, pre-loadings
were used and the indentation-force curve was mea-
sured during unloading [20]. The force-indentation curves



for most materials showed increasing stiffness for in-
creasing indentation depth. This effect could be at-
tributed to nonlinear phenomena, but it is also the re-
sult from geometric nonlinearity [4, 10]. The indenta-
tion depths should not be too deep to minimize this
effect. Therefore, several offset indentations had to be
tested empirically and the loading protocol as presented
in figure 3 was introduced.

4.3 Validation

In order to test the proposed method, four test-materials
with different material-properties (Al, PVC, PMMA
and PA6) were selected and tested according to the
ASTM D695-02a standard. The standard deviation cal-
culated from different samples was between 1 and 4%.
A second part of the four test-materials were prepared
with different thicknesses between 200um and 1000um
and were used for the new double indentation method.
As such, the FE calculated correction factor x and the
thickness independency of the measurement could be
tested. A Young’s modulus F;pgentation and a standard
deviation, which ranged between 5 and 10%, is obtained
and presented in table 2. The Poisson’s ratio, used in
the calculations, were also presented. It should be possi-
ble to measure the Poisson’s ratio by using two different
sizes of indentation punches [28].

When comparing the results from the standard com-
pression method (Eagras) and from our double-needle
indentation method (Ejndentation), the difference be-
tween the results obtained from the two techniques was
always smaller than 13% (table 2). We also demon-
strated the importance of the correction factor x for
thin materials by calculating Esneddon- The correction
factor goes up to 1.75 for thin materials and the differ-
ence between the results of our method and Sneddon’s
solution goes up to 92%. From the validation measure-
ments we learn that our method allows to determine
Young’s moduli to an accuracy of better than 13 %
on small specimens in a large range of Young’s mod-
uli and material thickness (2GPa < E < 60GPa and
200pm < h < 1000pm).

4.4 Biological materials

In current mechanobiological research linear FE mod-
els are often used. Such models need information about
the geometry, the boundary conditions and the material
properties of all parts. The most important parameter
for linear elastic models is the Young’s modulus. Often
general parameters are used: for instance for bone, the

values of Evans [2] which were measured on the unem-
balmed wet cortical bone of the human femur are used
even in papers dealing with other species or other types
of bone[23]. In our method we only measure the bulk
elasticity parameter of the material. Biological materi-
als often consist of fine structures, which we do not take
into account. However, the results from our method are
intended to be used in FE modelling of biomechanical
structures, where materials are often approximated as
being homogeneous. Nevertheless, great care should al-
ways be taken, as in some cases the outer surface of a
biological object can have significantly different proper-
ties from its inner structure. With our method one can
harvest thin samples out of such a structure, and thus
obtain more detailed information on the distribution of
the elasticity parameters, this is not possible in a classi-
cal compression test. It remains impossible to take into
account inhomogenities within the thin sample itself.
Rabbit middle ear ossicle bone is a good example of the
usefulness of our method in the mechanobiology, since
we know that the Young’s modulus of bone should be
in the range of the test-materials [2] and since middle
ear ossicle bone is too small for standard test methods
[3]. In hearing science [23, 24, 29, 30|, proper models
with correct material-parameters are important to in-
vestigate the functioning of normal and pathologic ears
[31, 32] by describing the correct ossicle bending and so
their results for the middle ear transfer function [25, 26].
On incus and malleus, 4 locations are found with ap-
proximately parallel surfaces so the indentation test
could be performed easily. The thickness cannot be cho-
sen freely, but was measured and it was in the same
range as the thickness of the samples used in the vali-
dation experiments. Young’s moduli for all bones were
found between 11 and 22 GPa, which is in the range of
the test-materials. Standard deviations, which are ob-
tained from indentation on different depths (between 5
and 10 pum) and on different specimens, ranged from 10
to 22 %. When comparing the elasticity modulus be-
tween different locations no significant difference was
found and the Young’s modulus from rabbit middle ear
ossicle bone could be determined as 16 + 3 GPa which
is higher than the value given by Evans [2] (12 + 3
GPa). When we compared this result to the nanoinden-
tation results obtained by Rho et al. [33], we found that
our value was between the highest and lowest Young’s
modulus of the microstructural components of bone
(13.4GPa for trabecular and 25.8G Pa for cortical bone).
These microstructural properties are very useful for a
better understanding of the building up and functional
behaviour of bone, but for modelling of complex biome-
chanical systems, such as the middle ear, a general bulk
parameter will mostly suffice.
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5 Conclusion

We have developed a portable double indentation de-
vice which allows to measure the Young’s modulus of
thin samples. The material is clamped between two nee-
dles and symmetrically indented. As such, the problem
of creating a perfect smooth contact zone between sam-
ple and sample stage is avoided, as a virtual plane is
created due to symmetry. A correction factor x, which
compensates for the small thickness, is calculated with
FE modelling and added to Sneddon’s solution. As such,
the Young’s modulus of the validation materials could
easily be measured, independent from thickness, with
an accuracy better than 13%. As a demonstration , we
applied our technique on the small ME ossicle bone of
rabbits and found a Young’s modulus of 16 + 3 GPa.
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