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In recent years, there has been a surge in the development of finite-element (FE) models aimed
at testing biological hypotheses. For example, recent modelling efforts suggested that the beak
in Darwin’s finches probably evolved in response to fracture avoidance. However, knowledge of
the material properties of the structures involved is crucial for any model. For many biological
structures, these data are not available and may be difficult to obtain experimentally given the
complex nature of biological structures. Beaks are interesting as they appear to be highly opti-
mized in some cases. In order to understand the biomechanics of this small and complex
structure, we have been developing FE models that take into account the bilayered structure
of the beak consisting of bone and keratin. Here, we present the results of efforts related to
the determination and validation of the elastic modulus of bone and keratin in bird beaks.
The elastic moduli of fresh and dried samples were obtained using a novel double-indentation
technique and through an inverse analysis. A bending experiment is used for the inverse analy-
sis and the validation of the measurements. The out-of-plane displacements during loading are
measured using digital speckle pattern interferometry.

Keywords: finite-element modelling; biomechanics; inverse analysis;
double indentation; digital speckle pattern interferometry
1. INTRODUCTION

In recent years, there has been a surge in the development
of finite-element (FE) models aimed at testing hypoth-
eses concerning the design of biological structures (see
reviews in [1–4]). However, in any FE model, it is crucial
to incorporate the material properties of the tissues
included in the model [3,5,6]. Yet, for many biological
structures, these data are not available in the literature
and may be difficult to obtain given the complex nature
of biological materials. Moreover, biological structures
are often composed of multiple layers that may vary
in their mechanical properties, further enhancing the
complexity of the models and the need for accurate
input data. Indeed, the mechanical interaction between
multiple layers will change drastically depending on the
material properties used. The beaks of birds, turtles
and probably some dinosaurs as well are good examples
of such complex multi-layered biological structures con-
sisting of a horny external layer with underlying bone
orrespondence ( joris.soons@ua.ac.be).
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and a (epi-)dermal layer in between [7]. Bird beaks are
particularly interesting structures as they appear to be
highly optimized in some cases. Indeed, in birds that use
their beaks to crack hard seeds, the beak has to be heavily
built and strong enough to withstand failure during
biting, but still light enough to allow efficient flight
[8,9]. Consequently, natural selection on the beak in
seed-cracking birds is thought to push towards an opti-
mum with a maximal strength yet minimal amount of
material within the limits imposed by trade-offs and bio-
logical constraints. Recent modelling efforts suggested
that the beak in Darwin’s finches evolved in response to
fracture avoidance [9], thus explaining selection on beak
dimensions observed in natural populations [10]. However,
these models need to be refined further. Indeed, only
the geometry of the bony upper beak, without the
keratin layer, was considered and, in addition, no material
properties specific to these bird beaks were included.

Given the complexities involved with obtaining fresh
material of highly protected species such as Darwin’s
finches, we used the Java finch (Padda oryzivora) to
This journal is q 2011 The Royal Society
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Figure 1. (a) Head of the Java finch (Padda oryzivora) in which
the upper beak is indicated. (b) FE model of the upper beak with
keratin andbone indicated (see §2.3). (c)Experimental set-up for
the bending experiment (see §2.2 and figure 2). ‘A’ denotes the
sample holder filled with polyester resin to constrain the bending
area (A1) and jaw bones (A2). ‘B’ denotes the seed reaction force
imitated by an indentation at three different positions: at the
centre of the upper beak (B1), at the tip near the limit of the
bony core (B2) and at the rostral-most aspect of the keratinous
upper beak (B3).

1

2

3

Figure 2. Experimental set-up of the double-indentation
technique. (1) Two needles with the clamped sample, (2) the
piezo-actuator to introduce displacement, and (3) a load cell to
measure the reaction force.

1382 Elastic modulus of beak bone and keratin J. Soons et al.

 on May 1, 2012rsif.royalsocietypublishing.orgDownloaded from 
investigate the material properties of the tissues of the
upper beak in order to build realistic FE models. Java
finches are typical seed-cracking birds that use their
beaks to manipulate and crack seeds [11]. The upper
beak in this species (figure 1) is 1–2 cm long and the ker-
atin layer is a few 100 mm thick [7]. A large range of
possible moduli can be found in the literature, with
values for keratin varying from 1 to 7 GPa and those
for bone varying from 7 to 30 GPa for compact bone
and down to 0.01 GPa for cancellous bone [12]. Further-
more, the elastic modulus of keratin seems to depend on
its humidity [13]. Given the wide range of bone moduli
reported in the literature, the Young modulus needs to
be determined experimentally for the tissues of interest.
However, acquiring this modulus on biological samples
is not straightforward. Tensile tests are difficult to per-
form as obtaining samples with a well-defined geometry
is challenging. Here, we propose two techniques to quan-
tify the Young moduli in bone and keratin of the beak of
the Java finch. First, a double-indentation technique
designed to measure thin biological samples [14,15] is
used. Second, an inverse analysis is performed: in an FE
model, we adjust the material properties to obtain the
best fit between a model and an experimental measure-
ment quantifying actual beak deformation using digital
speckle pattern interferometry (DSPI). DSPI has been
used as a validation tool in some previous biological FE
analyses [16–21], because it has some important advan-
tages over standard measurement techniques, such as
strain gauges: displacements can be acquired with high
accuracy and full field and are contactless.
2. MATERIAL AND METHODS

2.1. Double-indentation technique

Standard tests to measure the Young modulus exist, but
they have some drawbacks when used on small and thin
samples, such as the pieces which can be harvested from
J. R. Soc. Interface (2012)
the Java finch’s upper beak. Standard tensile tests need
samples of a specific geometry and well-controlled bound-
ary conditions. These requirements are very hard to meet
on samples of a few millimetres and only a few hundreds of
micrometres thick. An alternative approach is the use of
micro- or nano-indentations. If the reaction force of a cer-
tain indentation is obtained, one can calculate the
modulus using Sneddon’s solution [22]. Nevertheless,
this theorem is valid only for samples that are relatively
thick when compared with the indenting needle. Redu-
cing the needle radius enables measurements on thinner
samples. However, anomalies can be expected for biologi-
cal tissues since the mechanical response of the
microstructures will be measured instead of the bulk
properties, which is what is needed for FE modelling.

Recently, we developed a method to measure the bulk
modulus of thin samples. First, we expanded Sneddon’s
solution to thin samples by adding a correction factor.
Next, we added a second needle (figure 2) to avoid pro-
blems at the contact zone between the randomly shaped
sample and the sample stage. Indeed, the introduced
stress will only have a local effect if the needle is negligibly
small. If, however, a thin sample is placed on a flat bed
and is indented only by one needle, a slightly bent
sample may also bend depending on the way it makes con-
tact with the flat bed. Therefore, we used needles placed
symmetrically at both sides of the sample. Consequently,
the material is clamped between the two needles and
hence a virtual mirror plane is introduced. This mirror
plane will have the same behaviour as a perfect sliding
interface on a flat sample stage, allowing the needle-
radius to be increased for thin samples and thus avoiding
microstructural effects. In practice, an indentation of
1 mm is performed using a piezo-actuator (PI P-841.60)
and the reaction force is measured with a load cell (Senso-
tec model 31; 50 N range). The indentation point can be
positioned precisely with micrometre screws. Polishing
of the samples can be necessary since the non-flatness
of the sample should be smaller than the offset indenta-
tion depths, approximately between 5 and 10 mm. More
information about the double-indentation technique
can be found in a previous paper dealing with the elastic
modulus of middle ear ossicles [15].

We used the double-indentation technique to obtain
the Young modulus of the keratin layer and the bony
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Figure 3. Bending experiment and DSPI set-up: (1) the upper
beak, (2) the polished indentation point mounted on a load
cell, and (3) the sample holder filled with polyester resin.
CCD, charge-coupled device.
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core of the Java finch’s upper beak. In total, seven Java
finches were examined. The first group of four finches
was selected (Padda 1, 2, 3 and 4) for dry testing.
After sacrificing the birds with CO2 gas, bone and ker-
atin of the upper beak were carefully dissected using a
scalpel, resulting in square samples of a few millimetres
wide and with a thickness ranging between 50 and
500 mm. Taking samples from the corner of the upper
beak was avoided since they have too large a curvature.
Keratin on top and at the bottom of the upper beak was
harvested separately for Padda 2, 3 and 4.

The samples were polished to obtain flatter surfaces for
the indentation. Indentation testswere performed 2 hpost-
mortem, yielding the elastic modulus for dried samples.
We expected a large variation for keratin depending on
its humidity [13]. Therefore, the modulus of the keratin
of a group of three Java finches (Padda 5, 6 and 7)
was measured during dehydration. The following exponen-
tial fit was used to model the evolution of the modulus as a
function of time during the process of dehydration:

EðtÞ ¼ ðEfresh � EdryÞ 1� exp
�t
t

� �� �
þ Edry: ð2:1Þ

E(t) is the measured modulus during drying out at time t,
Efresh is the modulus for fresh samples (t ¼ 0), Edry is the
modulus for dried samples (t ¼1) and t is the time con-
stant. The Matlab curve fitting toolbox was used to
calculate the best fit to the measured moduli. Keratin
of Padda 5 was tested directly after harvesting. Bone
and keratin samples of Padda 6 and 7 were studied
moist before carrying out the actual exponential-fit
measurements. An ultrasonic humidifier was used to
keep them moist during dissection and testing.

All the samples were several millimetres in length
and width and had a thickness of a few hundred micro-
metres. The exact thickness was measured to calculate
the FE correction factor for Sneddon’s equation. The
indentation was performed at different positions and
different depths (approx. from 5 to 10 mm).

2.2. Digital speckle pattern interferometry
bending experiment

We constrained the jaw bone and applied a force using
a stepper motor-driven non-rotating spindle that
ends in a cone (steps of 16 nm per motor step; PI
M-235.2DG). The flattened and polished point of
the cone puts a displacement of a few micrometres
at the bottom of the upper beak. The polished indenta-
tion point can be positioned precisely with micrometre
screws allowing controlled and repeated loading of the
upper beak. Three different positions were selected
(indicated in figure 1) at the centre of the upper beak,
at the tip near the limit of the bony core and at the
rostral-most aspect of the keratinous upper beak. The
indentation was chosen such that it was approximately
perpendicular to the indented surface. A photograph
was taken to retrieve the boundary conditions for the
FE model. The reaction force was measured with a
load cell (Sensotec 31, 5 N range) attached at the inden-
tation point. The back of the skull and the jaw bones
were constrained in a sample holder filled with polyester
resin (VIAPAL 223BS/65).
J. R. Soc. Interface (2012)
Agroupof three further Javafinches (Padda 8, 9 and10)
was prepared without special precautions to prevent dehy-
dration. After sacrificing the animals, the head was
harvested and the skull was cleaned, removing most of
the non-bony parts such as feathers, eyes, muscles and
brain tissue. The back of the skull was dried with ethanol
to obtain a good bonding with the casting resin that
was used to fixate the skull in a specimen holder. Next,
the lower beak was removed, allowing us to position the
polished point and imitate the seed reaction force.
Finally, the skull was placed in a sample holder which
was then filled with polyester resin. A curing time of
2 days between placing the samples in the holder and carry-
ing out the actual experiments is necessary. A magnesium
oxide coating was used to improve the light reflectance.

The out-of-plane displacement on the topside of the
upper beak, introduced by the bending experiment,
was quantified using a DSPI set-up (figure 3). A
He–Ne laser beam (l ¼ 632.8 nm) was expanded using
a beam expander and a beam splitter was used to illumi-
nate the top of the upper beak and a reference plane.
Owing to the optical roughness of the surfaces, a speckle
pattern is generated on both the beak and the reference
plane. Both speckle patterns were combined with the
beam splitter, and the interference pattern was recor-
ded with a charge-coupled device camera (AVT Pike
F-505, 16 bit, 2 charge-coupled device kpx [2], with a
telecentric lens). Pearson’s correlation was used between
the interference pattern of the non-deformed and the
deformed state. As such, the out-of-plane displacement
was obtained. Indeed, an out-of-plane deformation of
l/4 changes constructive interference into destructive
interference, thus resulting in no correlation. An inter-
val of 5 s between imaging of the non-deformed and
deformed beaks was introduced to minimize visco-elastic
effects. Using highly accurate translation of the reference
plane, four phase-shifted speckle patterns were obtained
for the beak in the resting position. Using these images
and the speckle patterns of the beak in the deformed
position, full-field out-of-plane beak displacement
could be calculated with sub-wavelength resolution.
The entire set-up was placed on an optical table to
reduce vibration errors [16].

http://rsif.royalsocietypublishing.org/
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We decided to use the derivative of this displacement
along the x-direction as it is a more important parameter
for the bending than the z-displacement (out-of-plane)
itself, as any rigid body movement yields only a constant
for the derivative [23]. The signal-to-noise ratio was
improved by conducting multiple measurements (20–100
for one experiment). These measurements were combined
by dividing the actual displacement with the measured
force. Using a moving average smoothing with a window
size of 5� 5 prevented errors in the derivative. The results
of this bending experiment were used as a validation exper-
iment for the FE model and in the inverse analysis (§2.4).
2.3. Finite-element model

In order to conduct an inverse analysis, an FE model of
the bending experiment (described in §2.2) was used.
The construction and validation of the FE model and
the results of realistic loading experiments will be
described in detail in a forthcoming paper. In brief,
one Padda was scanned at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). Images
of (2 kpx) [2] with a resolution of 45 mm were obtained.
Keratin and bone were segmented semi-automatically
based on greyscale thresholding using Amira 4.1
(64-bit version, TGS Systems). A Delaunay tetrahedra-
lization was conducted using the TETGEN software
package [24]. A tetrahedral grid with approximately
700 k linear elements was generated after convergence
testing on the out-of-plane displacement results (,5%).

The mesh was imported in the FE program FEBIO

[25]. The fixation of the polyester resin was imitated by
a translational and rotational constraining of the
elements at the bending area and the upper jaw (A1
and A2 in figure 1). A 1 N indentation force was intro-
duced at the corresponding elements. Finally, we scaled
the upper beaks to the same dimension as used in the
experiments (Padda 8–13). Photographs of the exper-
imental set-up were used for the scaling and estimation
of the boundary conditions. The Poisson ratio for bone
and keratin is 0.4 [26,27] and the Young moduli were
changed in the inverse analysis as described below.
2.4. Inverse analysis

Inverse modelling is a technique where parameters of
a model are explored by maximizing the fit between
experimental and model data. Here, the best fit to the
derivative of the z-displacement (out-of-plane) along
the x-direction was determined. The major advantage
of an inverse analysis is the in situ parameter determi-
nation. We used the measurement results of the
bending experiment described in §2.2 and adapted the
parameters in the corresponding FE model described in
§2.3. The goodness-of-fit is described with a coefficient
of determination R2,

R2 ¼ 1� SSerr

SStot
;

SSerr ¼
XN
i¼1

ðExpðqiÞ � FEðqiÞÞ2;
J. R. Soc. Interface (2012)
SStot ¼
XN
i¼1

ðExpðqiÞ � ExpÞ2

and

Exp ¼ 1
N

XN
i¼0

ExpðqiÞ:

Exp(qi) represents the values of the derivative of the out-
of-plane displacement along the x-direction for point qi,
obtained in the DSPI experiment, and FE(qi) represents
the values for this derivative in the FE model. Since
DSPI is a full-field method, we calculated R2 for all N
points on the upper beak surface, except for the noisiest
parts and the bending area itself. Rigid body move-
ments, which are not interesting from a mechanical
point of view, are removed by subtracting the mean
values and thus centring the results around zero. The
closer the R2 values are to the value of 1, the better the
fit. Our final R2 value was a combination of the results
for the loading scenarios at the three different positions.

Changing the Young modulus of bone and keratin in
the FE model will result in a different R2 value. Our
goal was to obtain the highest R2 value, because it indi-
cates the best fit between the experiment and the FE
model. The maximum in a selected domain of moduli
can be obtained with surrogate modelling. In such a
surrogate model, every Young’s modulus for keratin
and bone is linked to a corresponding R2 value
(see below). The Matlab SUMO toolbox was used to
create a good surrogate model with a low calculation
cost [28]. Finally, we selected the highest R2 in the
surrogate model.
3. RESULTS

3.1. Double-indentation technique

Bone samples were between 50 and 130 mm thick, the
keratin on the dorsal side of the upper beak was
between 40 and 200 mm thick, and the tested keratin
on the ventral side of the upper beak had a thickness
of between 250 and 500 mm. One indentation cycle,
including preconditioning and measurement on three
depths (5–10 mm), took approximately 1 min. The
mean values and standard deviations for the elastic
modulus of bone and keratin of the dried upper beak
(Padda 1, 2, 3 and 4) are shown in table 1. For Padda
2, 3 and 4, we obtained the modulus of the keratin on
top and at the bottom of the upper beak separately.

The obtained moduli for bone and keratin of moist
samples and their standard deviations are presented
in table 2. Figure 4 shows the data for the Young mod-
ulus and the exponential fit for the keratin of Padda 5
during drying. For the three finches an average value
of 35 min with a standard deviation of 21 min was
obtained for the time constant of the exponential,
which describes the change of the modulus as a function
of time during dehydration (equation (2.1)). The aver-
age time constant for keratin coming from the bottom
of the beak was 38 min and from the top was 32 min.
The asymptotic values (Edry), which are the moduli of
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Table 1. Mean values and standard deviations for the Young modulus measured with the double-indentation technique on dry
samples. The first four Java finches were tested when dried out, the following three were tested during drying out and the
exponential fit of equation (2.1) was used to obtain Edry. The results for the modulus of bone (Ebone), keratin (Ekeratin), keratin
on top of the upper beak (Etopker) and at the bottom (Ebottomker) are presented.

Ebone (GPa) Ekeratin (GPa) Etopker (GPa) Ebottomker (GPa)

Padda 1 7.3+2.0 2.85+0.69
Padda 2 7.5+2.5 2.87+0.85 2.88+ 0.85 2.86+ 0.87
Padda 3 8.4+3.9 3.06+0.69 3.06+ 0.64 3.06+ 0.65
Padda 4 7.8+3.4 2.55+0.75 2.43+ 0.75 2.58+ 0.68
Padda 5 (exponential fit) 3.31+0.69 3.59+ 0.51 2.90+ 0.83
Padda 6 (exponential fit) 7.7+3.0 3.37+0.69 3.66+ 0.74 3.12+ 0.57
Padda 7 (exponential fit) 6.5+3.5 3.34+0.80 3.39+ 0.85 3.22+ 0.74
weighted average 7.5+1.2 3.1+0.3 3.2+ 0.3 3.0+ 0.3

Table 2. Elastic modulus of bone (Ebone), keratin (Ekeratin), keratin on top of the upper beak (Etopker) and at the bottom
(Ebottomker) for fresh samples, measured by keeping the samples moist during and after harvesting.

Ebone (GPa) Ekeratin (GPa) Etopker (GPa) Ebottomker (GPa)

Padda 6 7.6+ 3.5 1.59+0.47 1.45+0.46 1.74+ 0.43
Padda 7 6.6+ 3.0 1.78+0.68 1.90+0.74 1.62+ 0.55

weighted average 7+ 2 1.7+0.4 1.6+0.4 1.7+ 0.3

50 100 1500
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E
 (

G
Pa

)

Figure 4. Elastic modulus of keratin from Padda 5 during
drying out. The crosses indicate the average of three measure-
ments on different depths (5–10 mm); the solid line is the
exponential fit; and the dashed lines indicate the 68%
confidence bounds.

Table 3. Elastic modulus of keratin (Ekeratin), keratin on top
of the upper beak (Etopker) and at the bottom (Ebottomker) for
fresh samples, calculated with the exponential fit from
equation (2.1).

Ekeratin

(GPa)
Etopker

(GPa)
Ebottomker

(GPa)

Padda 5 1.34+0.79 1.87+ 0.56 0.7+2.2
Padda 6 1.72+0.72 1.40+ 0.66 2.14+0.78
Padda 7 1.76+0.80 1.73+ 0.88 1.72+0.75
weighted average 1.6+0.4 1.7+ 0.4 1.8+0.5

Elastic modulus of beak bone and keratin J. Soons et al. 1385
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the dried samples, and the 68 per cent confidence limits,
are presented in table 1. It should be noted that the
values of Padda 5 were measured directly after harvest-
ing; Padda 6 and 7 were kept moist for a period of
approximately 2 h. The exponential fit also yields the
values for the fresh samples (Efresh). These values are
presented in table 3. We took approximately 15 inden-
tation cycles to calculate the presented averages and
exponential fits and we removed the outliers.
3.2. Inverse analysis

The derivative of the out-of-plane displacement along
the x-direction for tip-loading of Padda 8 is presented
in figure 5. In figure 5a, the results measured with the
DSPI set-up are illustrated, while in figure 5b the same
results can be seen for a FE model. This model was
J. R. Soc. Interface (2012)
optimized through an inverse analysis. The cross-sec-
tional results can be seen in figure 6. Figure 7 shows a
surrogate model of Padda 8, linking the elastic modulus
of bone and keratin to a corresponding R2 for the three
bending experiments combined. The maximum of this
surrogate model indicates that the optimal modulus is
8.0 GPa for bone and 2.8 GPa for keratin (table 4).
4. DISCUSSION

4.1. Dry samples

The results of the elastic modulus obtained with the
double-indentation experiment are presented in table 1.
A weighted average for the modulus of all seven exam-
ined Java finches (Padda 1–7) of 7.5 GPa for bone and
3.1 GPa for keratin was obtained. There is a small differ-
ence between the two sets of measurements. We obtained
a weighted average for the modulus of keratin of 2.8+
0.4 GPa for Padda 1–4 and of 3.3+0.4 GPa for Padda
5–7. The small difference may be caused by the fact
that the measurements were not performed on entirely
dry samples for Padda 1–4. The relative error for the
acquired moduli is however less than 16 per cent. This

http://rsif.royalsocietypublishing.org/


Figure 5. Full-field upper beak results for a tip-loading bending experiment of Padda 8 (dry): the derivatives of the out-of-plane
displacement along the x-direction are shown for (a) the DSPI experiment and (b) the FE model.
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Figure 6. Cross-sectional result (y ¼ 6 mm; see figure 5) for tip
loading of Padda 8 (dry): the derivatives of the out-of-plane
displacement along the x-direction are shown for the DSPI
experiment (grey line) and the FE model (black line). The
arrow indicates the indentation point.
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Figure 7. Surrogate model of Padda 8 (dry), which links the
modulus of keratin and bone in the FE model to a correspond-
ing R2 (for the bending experiments: tip, centre and total tip
loading). The optimal modulus of 8.0 GPa for bone and
2.8 GPa for keratin (R2 ¼ 0.90) is indicated with a cross.
Notice the logarithmic scale.
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precision is high for biological tissues, which are subject
to inter- and intra-specimen variability, and suggests
that our method provides consistent results. Moreover,
the high precision of the keratin modulus suggests no sig-
nificant difference in values for keratin on the top and at
the bottom of the upper beak.

The DSPI results for the bending experiment show a
rather smooth derivative (figure 6), indicating low noise
in the original displacement measurement. In addition,
good results were obtained with the inverse analyses
based on the DSPI experiment (table 4). Indeed, all
R2 values are above 0.90, suggesting a very good fit of
the model to the experimental data. Those findings
also demonstrate that DSPI is an appropriate tool for
FE model validation. It yields some major benefits
when compared with other techniques, such as strain
gauges, which are commonly used in biomechanical
research. DSPI delivers full-field measurements and,
as it is an optical technique, the experiments can be
done without disturbing the sample. Non-contact
measurements are important for measurements on
softer tissue. Finally, the out-of-plane displacement
can be obtained with a very high precision (sub-
micron resolution). A major drawback of DSPI is the
high requirements for stability, making it impossible
to perform measurements in vivo.
J. R. Soc. Interface (2012)
The surrogate model (figure 7) returns an R2 value
for every elastic modulus of bone and keratin in the
selected domain. Very high R2 values are obtained,
suggesting a high correlation between the model and
the DSPI measurements. It should be noted that we
ignored the noisiest parts, resulting in slightly higher
R2 values. We also ignore the bending at the back of
the beak, which shows a divergence between the results
obtained through DSPI and the FE model. The discre-
pancy at the bending area could be caused by model
constraint errors in this region. More specifically, we
think that it can also be caused by lower bone density
and a supporting bony layer, which are not present in
our FE model.

The lower bone density will result in a lower elastic
modulus and will thus introduce an extra rigid body
movement. This rigid body movement will result in an
extra constant for the derivative, which is ignored by
averaging both results around zero.

Our inverse analysis allows us to obtain optimal
Young’s moduli. Interestingly, the surrogate model dis-
plays a ridge of high R2 values. Indeed, less stiff bone
can be compensated by stiffer keratin and vice versa.
More noise in the experiment will result in a poorer
selection of the optima and thus only a limited set of
moduli can be selected on the ridge (§4.2). The results
presented in table 4 were obtained through a combined
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Table 4. Elastic moduli of bone (Ebone) and keratin (Ekeratin)
for three Java finches (Padda 8, 9 and 10) using samples that
were dried before testing. The values were obtained through
an inverse analysis (corresponding R2 values are given) for
three bending experiments (centre, tip and total tip loading).

at three positions Ebone (GPa) Ekeratin (GPa) R2

Padda 8 8.0 2.8 0.90
Padda 9 7.0 3.6 0.94
Padda 10 6.7 3.1 0.93
average (n ¼ 3) 7.2+0.7 3.1+ 0.4
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optimization: one optimum is obtained by combining
the results of three different bending experiments,
which should provide more stable results since
experiments with a smaller R2 contribute less to the
combined R2. In addition, a specific selectivity for
some experiments is expected. For instance, a tip loading
at a location where there is no bony core will result in a
better selectivity for keratin.

A weighted averaging for the elastic moduli of the
three tested finches (Padda 8–10) resulted in an elastic
modulus of 7.2 GPa for bone and 3.1 GPa for keratin,
both with a relative error smaller than 13 per cent.
This small value suggests a rather high precision of
this technique. In addition, as both the double-
indentation technique and the inverse analysis yield simi-
lar values, this suggests that both techniques provide
reliable and accurate results. Combining results from
both approaches provides a weighted average of 7.3+
0.6 GPa for the modulus of bone and 3.1+0.2 GPa
for keratin. The obtained values lie within the
range 1 GPa , Ekeratin , 7 GPa and 7 GPa , Ebone ,

30 GPa, given by Meyers et al. [12]. Compared with
other literature values of bone [29], the modulus we
found is rather low. Literature values for keratin corre-
spond well with our results [13]. The wide variety of
bone and keratin samples in the literature indicates the
importance of measurements on the actual samples to
be modelled.
4.2. Fresh samples

The consistency between the results for dry samples
obtained using the double-indentation technique and
inverse analysis indicates the reliability of both the
techniques. We may therefore expect that the double-
indentation technique will also function well for
measurements on fresh samples. Consequently, this
technique will enable us to obtain a good estimation
of the linear elastic moduli for in vivo bone and keratin.
These material parameters will be of high importance to
build a realistic FE model.

Two strategies were used for the double-indentation
technique to obtain the elasticity modulus of fresh
samples. The first strategy was to keep the samples
moist during harvesting and double-indentation testing.
In practice, this also enables the testing of bone samples
that need a longer preparation time. Moreover, more
tests can be performed, resulting in a better error analy-
sis. The weighted averages for Padda 6 and 7 are given in
J. R. Soc. Interface (2012)
table 2. The second strategy used the exponential fit
from equation (2.1) and the moduli obtained during
drying, resulting in a modulus before and after
drying out. A time constant (t) of 35+ 21 min was
observed for the dehydration process of keratin. The
dehydration of keratin obtained from the top of the
beak has a slightly lower time constant of 32+ 17 min,
which can be explained by its thinness. The large varia-
bility in the measurements of the time constants can
be explained by the impossibility of controlling air
humidity and consequently the desiccation rate.

The time constant is clearly higher than the measure-
ment time of 1 min, which allowed us to use the
exponential fit for our data. No significant difference
was found between a sample measurement directly
after harvesting (Padda 5) and the measurement of
samples which were kept moist (Padda 6, 7). No expo-
nential fitting was done for bone, as there was no
significant difference between the moist and dry elastic
modulus. The weighted average for the Young modulus
of moist bone is 7+2 GPa. The weighted average for
the modulus of moist keratin, obtained by the double-
indentation technique, is 1.7+0.4 GPa. No significant
difference for keratin taken from the bottom and from
the top of the upper beak was found. Our results also
clearly show an effect of humidity on the stiffness of
keratin, which is consistent with earlier reports [13].
5. CONCLUSION

Standard methods such as tensile tests and strain
gauges are difficult to use on complex and small biologi-
cal samples, such as the upper beak of small birds. Here,
we present two alternative methods to obtain the
Young modulus of such small samples. The double-
indentation technique was used to obtain the modulus
of thin pieces of keratin and bone. Second, an inverse
analysis of a bending experiment, using measurement
data from DSPI, was used for in situ material determi-
nation. Both methods were first tested on dry samples
and provided consistent results. Young’s moduli of
7.3+ 0.6 and 3.1+ 0.2 GPa were found for bone and
dry keratin, respectively. Double-indentation testing
was also used to obtain the modulus of fresh samples.
No significant difference was found for bone, so the
value for dry bone can be used. An effect of humidity
on the elastic modulus of keratin was found and a
modulus of 1.7+0.4 GPa was obtained for fresh keratin.
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