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Bird beaks are layered structures, which contain a bony core and an outer keratin layer. The
elastic moduli of this bone and keratin were obtained in a previous study. However, the mech-
anical role and interaction of both materials in stress dissipation during seed crushing remain
unknown. In this paper, a multi-layered finite-element (FE) model of the Java finch’s upper
beak (Padda oryzivora) is established. Validation measurements are conducted using in vivo
bite forces and by comparing the displacements with those obtained by digital speckle pat-
tern interferometry. Next, the Young modulus of bone and keratin in this FE model was
optimized in order to obtain the smallest peak von Mises stress in the upper beak. To do
so, we created a surrogate model, which also allows us to study the impact of changing
material properties of both tissues on the peak stresses. The theoretically best values for
both moduli in the Java finch are retrieved and correspond well with previous experimentally
obtained values, suggesting that material properties are tuned to the mechanical demands
imposed during seed crushing.

Keywords: finite-element model; beak; digital speckle pattern interferometry;
bone; keratin
1. INTRODUCTION

Finite-element (FE) analysis is a popular and powerful
modelling tool in engineering applications to explore the
mechanical consequences of different possible designs.
Recently, this technique has found its way into other
applications including biomedical engineering and
biology, where it is used to gain insight into the mech-
anical consequences of a given morphology [1–5]. One
of the major advantages of FE modelling is the possi-
bility of performing in silico experiments allowing the
theoretical exploration of a morphospace including mor-
phologies of extinct species [4]. Moreover, computer
models allow us to compare biological shapes under
exactly the same boundary conditions and size, and as
such separate pure shape effects from historical or
developmental constraints. In a previous study, we com-
pared the shape of the bony core of the beak in Darwin’s
finches using FE analysis. The use of an FE model
orrespondence ( joris.soons@ua.ac.be).
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permitted us to remove the effects of size, which enabled
us to scale the beak virtually to the same dimen-
sions and to apply the same loading and boundary
conditions [3]. Similarly, such an approach can be
used to isolate the effects of the structural properties
of different tissues in multi-layered structures typical
of biological objects.

Bird beaks are a good example of such a multi-
layered, natural composite structure. They have to
meet some high-performance criteria. Indeed, some
beaks need to resist large forces during biting or seed
crushing, but over-engineering through addition of
material may impede efficient flight capacity owing to
the constraints on mass. The beak not only consists of
the beak bone, but also of a surrounding dermal layer
with connective tissue and a cellular layer. The latter
consists of living cells that keratinize towards the
outer side of the beak, leaving a hard, cornified, dead
keratin layer at the outer surface of the beak [6]. Epider-
mis, dermis and bone are anchored to each other with
collagenous Sharpey’s fibres (bone–dermis interaction)
This journal is q 2012 The Royal Society
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Figure 1. Transverse cross section of the Java finch upper beak. (a) Histological section, (b) CT reconstruction, (c) segmented CT
reconstruction, and (d) frontal view of transversal cut FE model (see figure 2). With (a) artefact, (b) bone, (d) dermis,
(e) epidermis, and (k) keratin layer in FE model.
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Figure 2. Sketch of the multi-component FE model of the Java
finch’s upper beak. In the physiological FE model, the bending
area and the bite point (b2) are constrained and muscle forces
are applied on the jaw bones (in the direction of the arrows).
The maximum stress at four locations is recorded: posterior
right and left on the nasal bone (A), on top of the upper
beak’s bony part (B) and at the bottom of the bony core,
above the bite point (C). For the three validation FE models,
both jaw bones and bending area are constrained and a force
is applied at three different positions: the centre of the beak
(b1), the tip of the beak (b2, natural loading position) and
the rostral-most part of the keratinous upper beak (b3).
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or numerous tissue interdigitations (dermis–epidermis
interaction; A.G., personal observation; in figure 1a).
Previous work on the composite structure and the
mechanical behaviour of a toucan beak was done by
Seki and co-workers [7,8]. They found that the
toucan beak consists of a trabecular bony core, a corti-
cal shell and a keratin shell. An FE model successfully
described the deformation and failure of a beak’s sec-
tion under compression. Moreover, a synergy between
the foam (trabecular bone) and shell was observed:
the energy absorbed by the shell and foam together is
higher than the energy of both separately. In this
paper, we study a granivorous bird (the Java finch),
which uses its beak, in contrast to the toucan, to crush
seeds. In fact our principal interest resides in the mechan-
ical stress exerted on the beak during seed-crushing, and
how the beak morphology and constituent materials are
tuned to optimizing bite performance.

Therefore, we present a multi-layered FE model of
the upper beak of the Java finch (Padda oryzivora)
and validate the model using in vivo bite force measure-
ments and direct measurements of the deformation of
the beak in vitro. To do so, the full field out-of-plane
displacement in the FE model is compared with that
measured using digital speckle pattern interferometry
(DSPI). DSPI is an accurate tool allowing the measure-
ment of small displacements in small and complex
structures such as the upper beak of the Java finch
[9–13]. The FE model contains the bony core of the
upper beak and an outer ‘keratin’ layer, which is in
fact an aggregation of the epidermal and dermal layer
(figure 1b–d). The keratin layer is attached to the
beak bone and both bone and keratin FE elements
share nodes at the contact zone. This multi-layered
FE model allows us to explore the effects of the material
properties of both tissues on the mechanical behaviour
of the beak. The model geometry was based on com-
puted tomography (CT) data, material properties
were obtained previously [14] and muscle forces are
obtained from dissections. An in silico experiment,
where the elastic modulus of both bone and keratin
are changed in order to minimize the maximal von
Mises (VM) stress, is performed and allows us to
(i) determine the theoretically ideal moduli for bone
and keratin and (ii) to explore the effects of the material
J. R. Soc. Interface (2012)
properties of the multi-layered upper beak on the
mechanical behaviour of the bony core.
2. MATERIAL AND METHODS

2.1. Physiological finite-element model

The skull of one adult Java finch (P. oryzivora) speci-
men was scanned at the European Synchrotron
Radiation Facility (ESRF, Grenoble) and 2000 � 2000
pixel images with a resolution of 45 mm were obtained.
The distinction between keratin and bone was clearly
visible on the reconstructed CT images (figure 1b)
and both were segmented using semi-automatical grey-
scale thresholding (Amira v. 4.1; 64-bit version, TGS
systems). This means that an automatic segmentation
of visually selected greyscale values was followed by a
manual correction to reduce artefacts. Greyscales were
selected to incorporate as much material as needed
(figure 1c). A surface model was obtained after smooth-
ing. Although smoothing is necessary to build up an FE
model, we need to take into account that it also removes
small features of the model, such as the small trabeculae
in the bony core (figure 1d). Delaunay
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Table 1. Summary of muscle mass, fibre length, physiological cross-sectional area (PCSA) and force-generation capacity of the
jaw adductor muscles in the Java finch (n ¼ 4). Muscles indicated in black are assumed to be maximally active during the
crushing of seeds (table entries are means+ s.d.).

muscle mass (mg) fibre length (mm) PCSA (cm2) F (N)

M. depressor mandibulae 11.50+2.38 3.283+0.28 0.033+ 0.01 0.820+0.13
M. adductor mandibulae externus rostralis 23.38+3.40 1.457+0.08 0.151+ 0.023 3.775+0.59
M. adductor mandibulae externus ventralis 3.88+1.03 1.275+0.14 0.029+ 0.01 0.714+0.18
M. adductor mandibulae externus profundus 8.88+1.93 1.345+0.13 0.062+ 0.01 1.544+0.26
M. adductor mandibulae ossis quadrati 2.88+1.44 1.640+0.31 0.016+ 0.01 0.408+0.19
M. pseudotemporalis superficialis lateralis 3.38+1.89 1.359+0.48 0.023+ 0.01 0.565+0.24
M. pseudotemporalis superficialis medialis 4.38+1.60 1.489+0.49 0.031+ 0.02 0.766+0.41
M. pseudotemporalis profundus 7.13+1.31 2.553+0.49 0.027+ 0.01 0.669+0.14
M. pterygoideus ventralis lateralis 10.17+2.57 2.021+0.12 0.048+ 0.01 1.190+0.28
M. pterygoideus ventralis medialis 4.67+2.08 2.125+0.11 0.021+ 0.01 0.518+0.25
M. pterygoideus dorsalis lateralis 17.83+2.75 2.018+0.29 0.083+ 0.01 2.084+0.25
M. pterygoideus dorsalis medialis 7.50+1.80 1.675+0.26 0.042+ 0.01 1.060+0.26
M. retractor palatini 6.38+1.60 2.206+0.38 0.028+ 0.01 0.697+0.23
M. protractor pterygoidei et quadrati 3.75+ 0.96 2.061+0.08 0.017+ 0.00 0.425+0.10
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tetrahedralization was performed in the ‘TETGEN’ soft-
ware package [15]. After conducting the convergence
test (better than 5%) for the presented results (displa-
cement, force, VM stress), a tetrahedral grid of
approximately 1188k elements was generated. This con-
vergence test is needed to find an FE mesh that is fine
enough to produce accurate results. In our case, a
further refinement would have introduced a large com-
putational cost, but would not change the results by
more than 5 per cent. Next, the mesh was imported in
FEBio, an FE program designed for the mechanical
analysis of biological structures [16]. Subsequently,
two different FE models were created: first a physiologi-
cal model including natural boundary conditions and
second, a validation model with the conditions of the
DSPI measurements (see below).

In the physiological FE model (figure 2), the elastic
modulus was set at 7.3 GPa for fresh bone and
1.7 GPa for fresh keratin. Those values were obtained
in a previous study by using a double-indentation
technique [14]. It was found that the modulus of keratin
depends on its humidity and a modulus of 3.1 GPa
was found for dry keratin. No significant difference
in the modulus was detected for dry versus wet
bone (Edry bone ¼ 7 GPa), so in this paper, a modulus
of 7.3 GPa is used for both fresh and dry bone. The
double-indentation technique was designed to acquire
the Young modulus of thin samples. Four test materials
(aluminium, PVC (polyvinyl chloride), PMMA (poly
(methyl methacrylate), nylon) with different thick-
nesses were used to verify the proposed technique and
the FE-calculated correction factor [17]. However, it
should be noted that the anisotropy of bone is not con-
sidered in the model. Given the small size of these
biological samples, it was impossible to measure the
anisotropy experimentally. As a result, the Young mod-
ulus along the loading direction, the longitudinal axis,
might be underestimated. Nevertheless, the validation
measurements show a good agreement, indicating
that the chosen moduli are indeed appropriate. The
Poisson’s ratio for both materials was set at 0.4
[18,19], although no experimentally determined values
J. R. Soc. Interface (2012)
were available for avian bone and keratin. Both the
beginning of the skull near the bending area and the
bite point were constrained for both translation and
rotation (figure 2). Constraining the bite point mimics
a food reaction force. The bite point was based on in
vivo observations of birds cracking seeds.

Muscle forces were obtained through dissection using
a stereo-microscope (Olympus SZX7). For four Java
finches, all jaw muscle bundles were removed individu-
ally during the dissections. Muscles were blotted dry
and weighed using an OHAUS Adventurer micro-
balance (+0.1 mg) following Soons et al. [3]. Muscles
were transferred to a 30 per cent aqueous nitric acid sol-
ution for 24 h to digest the connective tissue and
transferred to a 50 per cent aqueous glycerol solution
[20]. Fibres were teased apart using blunt-tipped glass
needles and were photographed with a Nikon d40x
digital camera with macro lens. Based on the digital
images, the fibre lengths were measured using the soft-
ware program ANALYSIS v. 5.0 (Soft Imaging System
gmbH, Germany). Muscle physiological cross-sectional
area (PCSA) of each muscle bundle was calculated
by dividing muscle mass (g) multiplied by
1.065 g cm23 (muscle density [21]) by fibre length
(cm). The force-generation capacity for each muscle
was calculated by multiplying the PCSA (cm2) by
25 N cm22 (muscle stress) [22]. The muscle mass,
muscle fibre length, PCSA and force-generation
capacity of each muscle bundles involved in jaw closing
are listed in table 1. As the external adductor and pseu-
dotemporalis muscles act only indirectly on the upper
beak [23–27], the component of the muscle force trans-
ferred to the upper beak was calculated taking into
account the position of the muscles and their angles
relative to the jugal bone. The pterygoid muscle bun-
dles act directly on the upper beak [23–27], and
muscle forces were assumed to be directly transmitted
through the pterygoid–palatine complex.

The FE model allows us to calculate the displace-
ments of the nodes and the stresses on the elements.
Stresses larger than the material strength will result
in material failure. The maximum stress on the bone

http://rsif.royalsocietypublishing.org/
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of the upper beak is biologically more interesting than
the stress on keratin. Indeed, as the rhamphotheca
can repair itself well [28], bone fracture is much more
serious. The distortion energy theory, also known as
the von Mises–Hencky theory, was chosen to estimate
fracture loads because it is a reliable way to overcome
difficulties in the interpretation of the complex stress
field [29]. The ratio of the strength of bone (su_bone)
to the peak VM stress (speak_VM) is called the safety
factor (SF). Materials with a low SF (,1) are subjected
to material failure; materials with too high SFs are over-
engineered and incur an extra cost in terms of material
and/or energy. However, the Young modulus of a bony
material can be correlated with both its strength and its
density [30,31]. Fyhrie & Vashishth [31] obtained a
linear relation between the Young modulus of bone
(Ebone) and its ultimate strength (su_bone), resulting
in the following SF:

SF ¼ su bone

speak VM
¼ 0:0061 Ebone

speak VM
: ð2:1Þ

2.2. Validation measurements

In order to validate the model output, the bite force data
of five Java finches were measured using a piezoelectric
force transducer (type 9203, Kistler Inc., Switzerland;
+500 N) mounted in a custom-built holder, and con-
nected to a portable charge amplifier (Kistler, type
5059A). A detailed description of this setup is available
in the study of Herrel et al. [32–34]. Secondly, DSPI was
used to measure the displacements of the upper beak.
This sensitive measurement technique precisely quan-
tifies the out-of-plane displacement (z; figure 2) over
the entire surface of this small object [9,14]. Neverthe-
less, our custom-made DSPI does not allow us to
measure the sample three-dimensional topography and
in-plane displacement components, such as the x and y
(figure 2). As a consequence, we were unable to calculate
the strains in vitro. The sensitivity of the technique also
causes some practical issues. First, in vivo experiments
are not possible. In addition, the entire setup should be
placed on a vibration-isolated optical table. Applying
the muscle force on the jaw bones in an experiment is
very difficult. Therefore, we constrained the jaw bones
and introduced a force at three different positions: the
centre of the beak, the tip of the beak and the rostral-
most part of the keratinous upper beak, where there is
no supporting bony core (locations are indicated on
figure 2). Measurements on fresh keratin gave noisy
results, indicating that the nanometre stability require-
ment for DSPI was not totally met. This can be
explained by the low light reflectance and the instability,
probably owing to creep, of the surface. Therefore, the
validation was performed on dry samples. The resulting
reaction force was measured with a load cell (Sensotec
31, 5 N) and the resulting out-of-plane displacement,
on top of the upper beak (on top of keratin) was acquired
with a custom-made DSPI setup. Next, the derivative of
this z-displacement (out-of-plane) along the x-direction
was taken as it is a better parameter to describe bending
experiments. Indeed, the derivative of a rigid body move-
ment, which is not interesting from a mechanical point of
J. R. Soc. Interface (2012)
view, will yield a constant [9,14,35]. A high-quality result
is necessary to calculate this derivative, so the signal-to-
noise ratio was improved by using a magnesium oxide
coating to obtain a better light reflectivity and by per-
forming each experiment 20–100 times. In order to
combine these measurements, the displacements need
to be divided by the imposed force. The upper beaks of
three individuals were loaded on three different locations
(b1, b2 and b3 in figure 2). Finally, the results for these
three Java finches were averaged. As those beaks have
approximately the same size, an average value could be
calculated. The experimental setup was described in
detail in a previous paper where it was used to obtain
the moduli of upper beak bone and keratin through an
inverse analysis [14].
2.3. Validation finite-element model

The geometry of the FE model was established as
described above (see physiological FE model and
figure 2). The constraints, the applied forces and the
material properties, however, are different for this vali-
dation FE model. The beginning of the skull, near the
bending zone, and the jaw bones were both constrained
for translation and rotation (the constrained elements
are black in figure 2). A loading (the virtual reaction
force) was introduced by applying a 1 N force on the cor-
responding elements at the bite position. In this way, we
work around the experimental difficulties of applying the
muscle forces on the jaw bones. The elastic modulus of
dry bone and dry keratin was obtained previously [14]:
Ebone ¼ 7.3 GPa and Ekeratin ¼ 3.1 GPa. In order to
check the quality of the FE results, a coefficient of deter-
mination between the derivative of the displacement
from the FE models and from the DSPI measurements
was calculated. The following formula was used, with
Exp(qi) being the experimentally obtained values and
FE(qi) being the corresponding model output:

R2 ¼ 1� SSerr

SStot
; ð2:2Þ

SSerr ¼
XN

i¼1

ðExpðqiÞ � FEðqiÞÞ2; ð2:3Þ

SStot ¼
XN

i¼1

ðExpðqiÞ � ExpÞ2 ð2:4Þ

and Exp ¼ 1
N

XN

i¼0

ExpðqiÞ: ð2:5Þ

For nonlinear regression, this coefficient of determi-
nation does not equal the square of the correlation
coefficient. If the experimental values coincide with the
model values (Exp(qi) ¼ FE(qi)), R2 will be 1. R2 smal-
ler than 0 indicates that the model prediction is less
accurate as the mean of the observed data.

In this full-field calculation, the bending area and
the resulting constant offset were ignored. Owing to
constraint errors near the bending area, an additional
rigid body movement was introduced over the entire
sample. This rigid body movement added an additio-
nal linear offset to the z-displacement, which became
a constant offset after derivation. This constant

http://rsif.royalsocietypublishing.org/


Table 2. Bite force at the tip of the beak measured in vivo (Padda 1–5), the average for the five specimens (+s.d.) and the
corresponding bite force derived from the physiological FE model are also given.

Padda 1 Padda 2 Padda 3 Padda 4 Padda 5 average FE model

tip bite force (N) 9.7 7.5 9.3 8.7 10 9.0+0.9 6.8

5

6
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offset was ignored so that rigid body movements,
which are uninteresting from a mechanical point of
view, were neglected.
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Figure 3. Results of the validation measurements. Black lines
indicate the results of the validation FE model, grey lines the
average (of three specimens) of the corresponding bending
experiments. Dashed lines represent a loading at the rostral-
most part of the keratinous upper beak (R2 ¼ 0.97), full
lines represent tip loading (R2 ¼ 0.89) and dotted lines
represent centre loading (R2 ¼ 0.89).
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2.4. Surrogate model: which moduli for bone and
keratin are ‘the best’?

We wanted to explore how the elastic moduli for bone
and keratin affect the peak stress in the entire upper
beak. Moreover, we wanted to find which pair of
moduli gives the lowest stress, and can thus be con-
sidered as ‘the best’. Insights can be gained using a
surrogate model. Such a surrogate model will yield a
peak stress of the upper beak FE model for a given mod-
ulus of bone and keratin. Therefore, the FE model is
calculated for several pairs of moduli and one obtains
a surrogate model as presented in §3 (figure 4).

In our FE model, both the bony core and the keratin
layer were modelled as linear elastic materials. The
Young modulus of both materials is the input variable
for our model. The moduli can be changed and a corre-
sponding output is obtained. As output, the peak VM
stress in four different regions of the upper beak FE
model was recorded: at the bottom of the bone close
to the bite point (A, figure 2), on top of the bone (B),
and posterior right and left on the nasal bone (C).
Areas with high stresses close to areas that are con-
strained in the model, such as the bending area, were
ignored. Four surrogate models were established to con-
nect a set of elastic moduli of bone and keratin with the
peak VM stresses for the four selected locations
recorded at the level of the bone. Afterwards, an opti-
mal set of moduli, which yield a minimal peak VM
stress, was selected and the impact of the elastic
moduli on stress was examined.
15.5
15.8

Ekeratin (GPa)

1 2 3 4 5 6 7 8
4.5

Figure 4. Peak VM stress (MPa) in bone for different moduli
of the bony core (Ebone) and the keratin layer (Ekeratin).
3. RESULTS

3.1. Validation measurements

The first validation of our FE model consists of compar-
ing the in vivo bite force with the one obtained in the
physiological FE model. The results for tip loading of
five Java finches and its average are presented in
table 2. An average of 9+ 1 N for five Java finches
was measured. In the FE model, we obtained the vec-
torial components of the forces Fx, Fy, Fz ¼ 2.2, 0,
6.5 N, resulting in a total bite force of 6.8 N, which is
somewhat lower, yet reasonably close to the observed
in vivo bite forces.

In figure 3, we show the cross-sectional results1 for
the bending experiments performed on three different
1Results on top of the upper beak, lying on a line from the tip of the
beak to its articulation with the skull (y being constant, x ranging
from 0 to 20 mm).

J. R. Soc. Interface (2012)
locations of the beak. Black lines indicate the derivative
of the z-displacement along the x-direction of the vali-
dation FE models. Grey lines represent the average
value of the corresponding DSPI measurements on
three different Java finches. Full lines represent the
results for tip loading (b2 in figure 2), the dotted lines
represent a loading at the centre of the beak (b1 in
figure 2) and the dashed lines are the results from a
loading at the rostral-most part of the keratinous
upper beak (b3 in figure 2). For tip-loading, an R2 of
0.97 is found and for centre and total tip-loading,
an R2 of 0.89 is obtained suggesting that the FE

http://rsif.royalsocietypublishing.org/
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Figure 5. Peak VM stress results following the dotted line in
figure 4 (as a function of the keratin modulus, for a fixed
Ebone ¼ 7.5 GPa) at four different positions on the bone: on
top (solid black line), at bite position (dashed black line), pos-
terior right (solid grey lines) and left (dashed grey lines) (as
indicated in figure 2).
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Figure 6. The relationship between the modulus of bone
(Ebone) and the corresponding modulus of keratin (Ekeratin)
used to find the minimal peak VM stress in the model (grey
line) and the SF of this corresponding minimum (black line)
(see equation (2.1)).
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model provides a good representation of the in vitro
displacement of the actual biological material.
3.2. Surrogate model

The surrogate model, relating the Young modulus of
bone and keratin with the maximal VM stress in bone
is presented in figure 4. The maximal stress is obtained
by calculating the maximum of the stress at the four
selected locations (A, B and C in figure 2). The
curves in figure 5 are the peak VM stress (y-axis) on
those four selected locations for a constant bone mod-
ulus of 7.5 GPa and a changing keratin modulus
(x-axis) and represent the results along the dotted line
in figure 4. The peak VM stress, however, hardly
changes for different moduli of bone. Nevertheless, it
is known from equation (2.1) that the strength and
modulus of bone are linearly correlated, resulting in a
strength of 45 MPa for a Young modulus of 7.3 GPa.
Consequently, a linear fit between the SF for bone
and its modulus is also found (equation (2.1)). There-
fore, the SF of bone is plotted as function of its
modulus in figure 6.

The smallest peak VM stresses of approximately
15 MPa are found in an oblique valley in the surrogate
model, with keratin moduli ranging from 0.8 to
1.9 GPa (figure 4). When looking at different bone
moduli, one will find slightly different keratin moduli
to obtain the minimal peak VM stress (+15 MPa). For
example, the minimal peak VM stress for a bone modulus
of 5 GPa is found for a keratin modulus of 0.9 GPa. For a
bone modulus of 11 GPa, an 1.8 GPa keratin modulus is
found. This pair of optimal values for the modulus of
bone and keratin is also shown as the grey line in figure 6.

As an example, three FE models of the Java
finch with natural loading conditions are presented in
figure 7. The Young modulus of bone in all these
models is 7.5 GPa. Three different moduli for keratin
are chosen: Ekeratin ¼ 0.5, 1.6 and 6.5 GPa. The colour
plot indicates the resulting VM stress on bone with
J. R. Soc. Interface (2012)
warmer colours representing higher VM stresses.
Finally, we also indicate the resulting force at the bite
point. For softer keratin, this force is directed more
towards the back of the beak. For Ekeratin ¼ 0.5,
1.6 and 6.5 GPa, we found forces of 7.5, 6.8 and
6.6 N, respectively, with lower Young’s moduli being
associated with higher forces.
4. DISCUSSION

4.1. Validation measurements

The beak is a complex, composite structure (figure 1)
and some approximations are necessary to create a
mechanical model of it. First the epidermal and dermal
layers are modelled as one homogeneous, isotropic and
linear elastic keratin layer. Second, both the cortical
and the cancellous bone are modelled as homogeneous
and isotropic. An elastic modulus of the cortical bone
layer was obtained in a previous paper [14]. The cancel-
lous bone does not appear to be homogeneous at all. It
forms struts at some regions and in other regions
almost no bone is found. Moreover, such struts are too
small for mechanical testing. Another inaccuracy is the
overestimation of cortical and trabecular bone thickness
(compare figure 1d with figure 1a,b) owing to the semi-
automatic segmentation. Additionally, after smoothing,
only the largest struts are left in our model. Finally, the
connection between the keratin and bone is modelled as
if they are fully attached with each other.

Those approximations can have an impact on the
mechanical behaviour of the model and therefore, a vali-
dation procedure is an important component of a good
FE model. Two experiments are conducted. In the first
one, we compared the resulting bite force calculated in
the model with bite force measured in vivo. A lower
bite force is obtained in the FE model, but the relative
difference with the average value of five in vivo samples
is smaller than 25 per cent (note that the difference
with Padda 2, for example, is less than 10%). This
result seems to be acceptable as the mean relative
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standard deviation of the model input forces (table 1) is
almost 30 per cent because of variation in muscle cross-
sectional area in the individuals examined. In addition,
preliminary results on Darwin’s finches show that there
is no systematic over- or underestimation of bite force.
Hence, the model and the chosen boundary conditions
appear realistic. However, several FE models, with
different stress fields, will produce similar forces
(figure 7) and thus ideally additional validation
measurements are required.

In this paper, the derivative of the z-displacement
(out-of-plane) along the x-direction, obtained with
DSPI is compared with the outcome of our FE model.
This interferometric technique offers some major
advantages over conventional methods such as strain
gauges. It is a non-contact method allowing us to quan-
tify deformation of the small and complex upper beak.
Furthermore, the method is full-field, yielding a better
validation. The major drawback of DSPI is its sensi-
tivity, which makes in vivo experiments unfeasible
and makes measurements on fresh samples difficult
[9,14]. This practical issue is overcome by introducing
a bending experiment on a dry sample on three different
locations. The signal-to-noise ratio of the experimental
results is improved by using the average of multiple
measurements. In addition, the measurements on
three Java finches are combined. The coefficient of
determination (R2) for the three different locations is
greater than 0.89, indicating a good fit of the model
to the data points and thus validating our FE model.
J. R. Soc. Interface (2012)
This goodness of fit for the three different loading con-
ditions can also be observed in figure 3. It should be
noticed that there is a discrepancy at the bending
area, which is the zone with x-values smaller than
5 mm in figure 3. This may be owing to an approxi-
mation in the modelling. We believe that this bending
area consists of less dense and less stiff bone. Therefore,
the displacement at this position and the additional
rigid body movement of the entire sample is ignored.
In addition, the VM stress is not being recorded in
this region, because a much larger stress is expected
because of the absence of the supporting bone of the
skull in the model.

In conclusion, both validation measurements indi-
cate that our FE model provides reliable and
biologically pertinent data. Consequently, we can alter
variables in the model, and perform an in silico exper-
iment. More specifically, we are interested in the
relation between the elastic moduli of keratin and
bone and the resulting SF of the bone. These data
also provide insights into the biological role of the
keratin layer that is present on the beak of birds.
4.2. Surrogate model: which moduli for bone and
keratin are ‘the best’?

The surrogate model in figure 4 shows the highest
peak VM stress on the four selected regions for every
modulus of bone and keratin (figure 2). This peak
VM stress is an important value to obtain the SF
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(equation (2.1)). We will first explore the influence of
the keratin modulus on this peak VM stress. Therefore,
the bone modulus is fixed at 7.5 GPa and the keratin
modulus is changed. The peak VM stress is recorded
at four different regions (indicated as A, B and C on
figure 2) and are shown in figure 5. As an example,
the FE models for this bone modulus of 7.5 GPa and
for keratin moduli of 0.5, 1.6 and 6.5 GPa are presented
in figure 7.

On the bottom view of figure 7, differences between
the different models for the maximum VM stress close
to the bite point (C in figure 2) are barely visible.
This behaviour can also be seen in figure 5, represented
by an almost horizontal, black dashed line.

The peak VM stresses posterior right and left on
the nasal bone (A in figure 2) also seem to be largely
independent of variation in the keratin modulus (both
grey lines in figure 5).

On the top view of figure 7, however, one can see a
large variation in stress for the three models. A smaller
elastic modulus for keratin will result in a higher peak
stress on top of the upper beak and vice versa. This
relationship is also visible upon inspection of the black
line in figure 5. In addition, the FE models show a
shift of the position of the peak stress region. Indeed,
increasing the keratin modulus (e.g. from 1.6 to
6.5 GPa) will shift the peak stress on top of the upper
beak from the tip more to the centre of the beak. In gen-
eral, for all recorded locations, one can see a rapid
increase in peak VM stress for keratin moduli smaller
than 1 GPa (black line in figure 5) and an almost flat
relation for moduli larger than 1.7 GPa (dotted and
grey lines in figure 5). On the other hand, increasing
the modulus of keratin probably has an effect on its
density [30], which introduces a limiting factor for
high keratin moduli. For a bone modulus of 7.5 GPa,
a keratin modulus of approximately 1.3 GPa appears
to be optimal if we assume a requirement of a minimal
peak VM. It is clear that the value of the keratin mod-
ulus has an impact on the VM stress detected at the
level of the bony core, indicating the importance of
selecting proper material properties in a multi-
component FE model. The results also emphasize the
biological role of keratin in complex multi-layered struc-
tures such as bird beaks. Indeed, the resulting bite force
of the three FE case studies differs slightly in magnitude
and orientation. A stiffer keratin modulus results in a
smaller bite force. More interestingly, the direction of
the bite force is more perpendicular to the biting surface
for stiffer keratin. As a consequence, shear forces are
kept minimal.

Finally, we examined the dependency of the VM
stress upon the bone modulus. In the surrogate model
(figure 4), a minimal VM stress of approximately
15 MPa is found for every bone modulus. This minimal
VM stress has a slightly different keratin modulus for
every bone modulus (see grey line in figure 6). Neverthe-
less, one can expect a change in the bone strength for
the different bone moduli and thus a change in the
SF. Indeed, the material strength is, besides the peak
VM stress, also an important value to obtain the SF.
Literature values for cortical bone strengths range
from 106 to 244 MPa over a wide range of vertebrates
J. R. Soc. Interface (2012)
[36–38]. On the other hand, a close correlation between
Young’s modulus, density and strength of both cortical
as well as cancellous bone has been proposed [31], result-
ing in a strength that linearly depends on the modulus
(e.g. 45 MPa for a Young modulus of 7.3 GPa). Conse-
quently, the SF corresponding to a certain modulus of
bone can be obtained using equation (2.1). The results
for the surrogate model are plotted as the black line
in figure 6. Blob & Biewener [39] summarized SFs for
biological materials that ranged between 2 and 4 for
tetrapod limb bones. Therefore, we supposed an SF of
3 for the upper beak bone [39], resulting in a bone mod-
ulus of 7.5 GPa and a corresponding keratin modulus
of 1.3 GPa. The moduli correspond well with those
obtained experimentally in a previous paper, namely
Ebone ¼ 7.3+ 0.6 and Eker ¼ 1.7+ 0.4 GPa [10].

The absolute results reported here should be treated
with some care. First, the linear relation between bone
strength and modulus, obtained by Fyhrie & Vashishth
[31], has never been tested for avian bone. The linear
relationship is acquired for standardized test on both
cortical bone and cancellous bone samples. In our
case, the cancellous and cortical bone are not separately
loaded, but in parallel. As a consequence, this linear
relation may not be met, but a similar correlation
between modulus, strength and density can be
expected. Moreover, we presumed an SF of 3, but the
exact value remains unknown. Nevertheless, even
despite those assumptions, the relative outcome and
our conclusion remains valid.

In conclusion, it was shown that the constituent
materials of multi-layered bird beaks are well-tuned
for biting. Indeed, the physiological elastic modulus of
bone and keratin yields the lowest peak stress during
bending. On the other hand, our model shows that
higher moduli, probably increasing the beaks’ mass,
have no effect on the maximal stress. As a result, the
whole construction results in a high stiffness to weight
ratio. In normal sandwich-structured composition for
instance, this high stiffness to weight ratio is achieved
by a high elastic modulus of the face-sheets. In the
Java finch’s beak, a foam-structured spongy bone in
the centre is also surrounded by stiffer compact bone.
But, an extra, softer keratin layer surrounds the brittle
bony core, potentially to protect it from impact loading
for instance. This brittle behaviour was observed by
removing the keratin layer in the validation experiment.
A similar loading as used before, resulted in the rupture
of the bony core. For impact loadings, the time-
dependent properties of the material parameters will
become important and thus the mechanical behaviour
may be significantly different when compared with
static loading cases. Dynamic and transient loading
experiments are needed to investigate the behaviour of
the system when it is subjected to impact forces,
and this will be the subject for further research.
Nevertheless, our results indicate that morphology
and material parameters are well suited to support
bending and therefore to perform tip biting in the
Java finch.
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