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~ Abstract Eggshell behaviour at static compression was Eggshell strength is affected by many factors like the
investigated. Exact description of the eggshell contour shape Wagsrostructure, and thickness of eggshell, loading rate, spe-

used for verification of a commonly accepted theory on the Coic o avity, mass, volume, surface area, shell percentage of
pression of bodies of convex form. Particularly, the shape of the

eggshell contour was described using polar coordinaiesand egg etc. One of these factqrs isthe egg shape. The influence
radius of the curvatur&®. Two compression axes were used to d&2f the eggshell shape on its mechanical properties has been
termine the rupture force, specific deformation, rupture energy afitdied in many papers (Andersenal, 2004). The egg-
firmness. Energy absorbed by an egg at the moment of rupture \8&ell shape has been described using of the shape iBfex (
also determined. The least resistance to rupture was observedsbich is defined as:

eggs compressed between the poles. Also other quantities con-

nected with the eggshell damage depend on the orientation of the S|= W 100, (1)
loading force during egg compression. It was found that egg shape L

influenced the energy absorbed during egg loading, both in the pol Anr .
and the equator planes. The other parameters were not affecte @re.WB the width and. the length of the egg. Eggs are

egg shape. The experiments revealed that the deformation b _raqterlsed by th&l as sharp, normal (standard) and
viour of the eggshell was elastic. Elastic constants (88.8 GPa) found if they have a$lvalue of <72, between 72 and 76,
and (0.345) were calculated. Two different methods were used afed >76, respectively (Sarica and Erensayin, 20Bden if
results of both procedures were nearly the same. Elastic constdhis parameter is very convenigiltuntap and pekerodlu
were independent on the egg shape as well as on the loading f{@0€8) for details, a more exact description of the eggshell
orientation. Presented numerical simulation of the experimerffape is sometimes needed. The exact description of the
gave more detailed _in_formation on the stress state in ttmke_lﬂ)_egg- eggshell shape can be obtained mostly by using digital ima-
shell. LSDYNAS3D finite element code was used forthe simafat o 551 sjs of the eggs. This procedure is briefly described in
Keywords: eggshell shape index, strength, elasticit he following section. The influence ofthe eggshell shape on
eggshell stiffness, numerical simulation . Co . )
the mechanical behaviour of eggs was studied using the
INTRODUCTION compression tes.t mentioned abqve. The stress distributioq in
the eggshell during these experiments was evaluated using
The function of the eggshell is to protect the contents ah adequate numerical method.
the egg from mechanical impacts and microbial invasign The aim of this study was to determine the impact of the
Salmonellattack, and to control the exchange of water arejgshell shape on the stress at which the eggshell breaks.
gases through the pores. A commonly used technique for thelike in the work of above mentioned authors, the exact
measurement of the shell strength is the quasi-static cogiescription of eggshell shape was used in this work. Instead
pression of an egg between two parallel steel plates (Coudefracture force, stress in the eggshell was used for the
et al, 1998; De Ketelaeret al, 2002). evaluation of eggshell strength.
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EVALUATION OF EGG SHAPE 2.5

There are many experimental methods of eggshel 2!
shape determination. A more detailed survey can be foun
(Havlieeket al., 2008). The simplest method consists in the eva-
luation of the shape indeXl— see previous chapter. A more
exact description of the eggshell contour has been develope
in Narushin (2001):
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where:xis the coordinate along the longitudinal axis and F(J)= (—X Xo)"2 ( y yc) ? R
y—the transverse distance to the profile. A more accurate de-

scription of the egg shape can be obtained from digital photo- F(j E o

graphs. The application requires one measured dimension

(the egg length, measured with sliding calliper), and allows dF(j )
the user to determine any user defined distance on the photo- ai =
graph from the derived number of pixels per unit length. )
From the dimensional measures of individual eggs, their sz(.)
contours can be accurately described in a user defined aru) 0, (4)
Cartesian coordinate system, using a mathematical equation di 2

(Carter, 1974). For more details, the reader is referred to the )

procedure described by Dengsal. (2003). Three dimen- Wh_erexo, yoare the coordln_ates of the centre ofc_urvature of
sional egg shapes can be then obtained by revolving fh@iven curve. If the curve is described as funciysf(x) —
contours 180° about the axis of symmetry. The shape of #f@n the radius of the curvature is given as:

eggshell contour can be described using of the polar coordi- 3

0

natesr,| as: 81@/9295
_ . & edxe 4
X= rcosj y= rsinj , Rz X, (5)
. d2y
where: —
& j dx

o +K

: e jo & &
(j) = ag+ &%&a; coga I+ S|gao—_s.;_, ©)
i= Cio Ci MATERIAL AND EXPERIMENTAL METHODS

anda;, b;, ¢; are Fourier coefficients which must be deter-  Eggs (Hisex Brown strain) were collected from a com-
mined from the digital image. mercial packing station. Typically, the eggs were maximally
The analysis of our data led to the conclusion that ti#edays old when they arrived at the packing statidhe
firstfive coefficients of the Fourier series are quite sufficiedain characteristics of the eggs were evaluated: mass, egg-
for the egg contour shape description (the correlation coghell thickness, egg length)and egg width\{). The sha-
ficient between measured and computed egg profiles liggs most often encountered are sharp, normal (standard),
between 0.98 and 1). In Fig. 1 an example of egg conto@sad round eggs which are enumerated orStseale as <72,
computed using Eq. (2) and determined from the digitdR-76,and >76, respectively. The description of the eggshell
photography is displayed. One can see that there is sopegtour shape was performed using the procedure men-
difference between these two contours. Knowledge of tliened in the previous chapter. A total sample of 120 eggs
equation describing the eggshell contour is necessary naiere used. The eggs were compressed between two plates
ly for the numerical simulation of egg behaviour under diffedsing the testing device TIRATEST. The egg sample was
rent mechanical loading, at numerical simulation of diffeplaced on the fixed plate and loaded at the compression
rent heat treatment, and also for the determination of taeeed of 0.33 mmsand pressed with a moving plate con-
curvature of this curve. The radius of the curvatiRethen nected to the load cell until the egg ruptured.
plays a meaning role at the evaluation of some egg loading Two compression axes of an egg, as shownin Fig. 2, egg
tests (compression testtc) (MacLeodet al, 2006). This were used to determine the rupture force, specific deforma-
radius can be solved by the following system of equatiofi®n, rupture energy and firmness.
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T able 1.Selected physical and geometric properties of eggs

g l tested in the equator plane
Shape Mass Length Width  Shape
index Value (9) (mm) (mm) index
(%)
Max 79.06 66.51 46.50 71.62
Min 68.03 61.74 44.22 69.91
SK72  Mean 73.55 64.13 45.36 7.77
SD 351 1.28 0.81 0.84
Rigid
support Max 75.75 62.45 46.32 76.98
Fig. 2. Schematic of egg loading. Min 55.53 55.53 42.15 72.12
72<SK76 Mean 66.33 59.75  44.40  74.29
. . L SD 5.59 1.99 1.17 1.45
The main geometric characteristics of eggs used for the
experiments are givenin 'I_'ables 1 r_:md 2. Th(_a dls_tr|but|on of Max 1744 6135 4743 8358
the eggs according to their shape is shown in Figs 3 and 4. _
One can see that most of the eggs can be considered as norg, . Min 5525 54.39 4307  76.06
mal or round, respectively. Mean 66.14  57.74 4517  78.33
The specific deformation was obtained from the follo- sSD 5.26 1.66 1.23 1.97
wing equation:
® Lf0 SD — standard deviation.

e=§l 200 (6)

wherel (mm)isthe undeformed egg length measured in the
direction of the compression axis abg(mm) is the defor- Tab | e 2.Selected physical and geometric properties of eggs
med egg length measured in the direction of the compressioaded between poles
axis (Brageet al, 1999).
Energy absorbeds) by an egg at the moment of rup-

ture was determined by calculating the area under the force-Shapre Mass Length Width — Shape
deformation curve from the following equation: index @  (mm)  (mm) 'r(‘;gx
E,= % , @) Max 69.27 6220 4455  71.62
where:F, is the rupture force and, is the eggshell dis- Min 5941 6047 4344 7181
placement at the point of rupture on the egg. SK72 Mean 64.27  61.02 43.01  70.59
Firmness is regarded as a ratio of compressive force to SD 3.49 0.70 4177  69.08
displacement at the rupture point of an egg. The firmness
was obtained from the following equation: Max 7537 62.30 4455 75.66
Q= g . (8) Min 57.78 56.50 41.77 72.05
r 72<SK76  Mean 65.13 59.51  43.19  74.08
RESULTS AND DISCUSSION SD 4.23 1.59 1.00 1.15
An example of the experimental record of force vs. egg
displacement is shown in Fig. 5. The same qualitative Max 77.09  60.51  47.68  83.94
features were exhibited by all tested eggs. The force linearly Min 57.45 5312 4286  76.15
increased with the egg displacement, followed by a sudden Sk76 Mean 65.54 5756 44.96  78.13
drop to zero. The linear fit of the force-displacement points sD 4.83 160 1201  1.81

is very good. The correlation coefficient is better than 0.985:
It was assumed that rupture occurred at the bioyield pok#planations as in Table 1.
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which is the point on the force-deformation curve at which
there was a sudden decrease in force. The distribution of the
rupture forces obtained for two loading orientations is
shown in Fig. 6a, b. The mean values of the measured egg
characteristics together with some statistics are given in
Tables 3 and 4.

The least resistance to rupture was observed for the eggs
compressed between the poles. During this loading all
measured eggshell characteristics were lower than those
obtained for loading in the equator plane. The only ex-
ception was in the values of firmness. These conclusions are
in disagreement with the results presented biyitias and
bekerodlu (2008). Tese authors also found that the rupture
force depends on the egg shape. In Figs 7-11 the average
values of rupture force, displacement, strain, energy and

Fig. 3. Histogram ofSlvalues. Loading in the equator plane. ~ firmness are displayed. The dependence of the rupture force
on the egg shape can be observed only for eggs compressed
in the equator plane. There is a question if the data obtained
for the sharp shap&(< 72) may be considered with respect
to their small number. The egg shape exhibits an effect on
the energy absorbed during the egg loading. This influence
is also confirmed for eggs loaded in the equator plane. The

a

EQUATOR

Number

Fig. 4. Histogram ofSlvalues. Eggs loaded between the poles.

10 15 20 25 30 35 40 45 50 55 60
Rupture force (N)

Fig. 5. Example of experimental record of compressive forcerig. 6. Histogram of rupture force: a — eggs loaded in the equator
displacement. Egg loaded in the equator plane. plane, b — eggs compressed between the poles.
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Table 3.Eggs loaded in the equator plane

Value Shape index  Rupture force  Displacement Strain Energy Firmness
(%) (N) (mm) (%) (N mm?) (N mnt")
Max 83.58 58.96 0.61 1.07 11.17 368.50
Min 69.91 10.03 0.10 0.17 1.22 27.62
Mean 73.77 36.43 0.28 0.48 5.10 158.59
SD 14.34 11.25 0.13 0.23 2.60 80.37
Table 4.Eggs compressed between the poles
Value Shape index  Rupture force  Displacement Strain Energy Firmness
(%) (N) (mm) (%) (N mn") (N mm)
Max 83.94 59.59 0.47 0.78 9.01 767.67
Min 69.08 10.20 0.06 0.003 0.53 52.94
Mean 76.47 34.92 0.16 0.27 2.80 269.90
SD 3.12 12.02 0.09 0.15 1.79 151.31

253

Fig. 7. Average values of rupture force for different loading orierfig. 9. Average values of deformation at egg rupture for different
loading orientations and egg shapes.

tations and egg shapes.

Fig. 8.Average values of displacement at egg rupture for differefig. 10. Average values of energy absorbed by eggshell during its

loading orientations and egg shapes.

deformation.
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NUMERICAL SIMULATION

For the numerical simulation of the experiments de-
scribed in the previous chapters, the LS DYNA 3D finite
element code was used. As a first step the finite element
model of the egg was developed. The model is based on the
following assumptions:

— eggshell is a homogeneous isotropic linear elastic mate-
rial, the properties of such material are described by the
Young modulus, Poisson ratio and material density;

— membranes are also taken as linear elastic material, no
difference between membranes was considered,;

— air is considered as an ideal gas;

—egg yolk as well as egg white are considered as com-
pressible liquids.

- ._The elastic properties of the eggshell are calculated by
remaining parameters are not affected by the egg shape. -Il-,lhslg of equation given in previous chapter. The density of the

conclusion is in discrepancy with the findings presented %%é . R . .
. - gshellwas determined as 2.14 g%rﬁlastlc properties of
Altuntap and pekerodlu (2008). It is obvious that SOMfe membranes were determined by the method described in

additional experiments are urgently needed. Juetal.(2002). The density of the membranes was determined

The experiments revealed that the deformation be 151,01 g cri%, E= 0.0035 GPa, andl= 0.45. The properties

viour of the eggshell was elastic. If we consider the elastclﬁ the egg liquids are given in Table 5.

strain as isotropic and linear, the elastic properties are . : - )
described by the Young modulds,and by the Poisson ratin, T_he numerl_ca_l model is shown in Fig. 13. The plate is
cf0n5|dered as rigid.

Bucharet al. (2002) developed an experimental method o The shell elements were used. It means the computation

the evaluation of these elastic constants. In their meth_?ﬁables to obtain normal stresses inxtandy directions,

a strain gauge rosette is mounted on the egg surface. esyy, and shear stress,,. These stresses were evaluated

strain gauge enables to measure the relationship betweena the inner and outer surfaces of the eggshell. These three

applied load and .the local mer@an ano! hoop strains. Ths'tsresses can be substituted by the von Mises (effective)
procedure thus gives two equations which could be SOIVSH’ESS which is defined as:
simultaneously. '
Another method for compression tests of food materials
of convex shape is described in ASAE (2001). The modulus

of elasticity is evaluated from the following equation:

Fig. 11.Influence of egg shape on firmness.

3
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The meaning of radiuR andr is illustrated in Fig. 12.
The use of the experimental method mentioned above gives
the following values of the elastic constants: E= 39395
GPa,g = 0.345. Keepingn constant, the use in previous
equation leads to E = 38t714.3 GPa. The computation was
performed for the force F =5 N and corresponding displa-
cement x. The force is significantly lower than the rupturkid- 12.Radius of curvature of eggshell curve.
force. Owing to the linear dependengeF(x), the corres-
ponding displacement is also lower than that at the rupture
point. tmeans the radius of the curvatuRey, obtained for 15 | ¢ 5 properties of the egg liquidk & bulk modulus)
the undeformed egg can be used. The valugisfindepen-
dent from the loading orientation. This dependence has been

o 3
found in McLeodet al. (2006). Those authors, of course,  F99 liquid r (g em) K (GPa)
used another type of the equation. The found values of the  Wwhite 2.14 2.0
elastic constants can be used for the numerical simulationof v 1.01 1.8

our experiments.
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Fig. 13.Numerical model of egg compression. Owing to symmetgy;q 15 Fracture stress of tested eggs. Stress was evaluated at about
only one half of the egg is considered. 2 mm from the point of contact between the egg and the plate.

Fig. 14.Example of stress components as function of egg displacement during its compression.

T able 6.Fracture stress of tested eggs ) )
ture stress;. Its values are given in Table 6. The results are

plotted in Fig. 15. One can see that the fracture stress pro-

Pole loading Equator loading

Egg bably does not depend on the eggshell shape nor on the
shape st (MPa) orientation of the loading force. This stress is a promising
Sharp 01 88 can(_jidate as a quantity aff_e_cteq only b_y the mater_ial pro-

perties of the eggshell. Verification of this hypothesis must
Normal 97 101 . .
be the subject of some other research projects.
Round 89 90
CONCLUSIONS
Sef = \/23 2 4 &2 5 BySYy 6 2Xy _ 1. Results obtained in the given paper suggest that the

rupture force of the eggshell and other quantities connected
with the eggshell damage (displacement at the eggshell rupture,
These stresses were computed for different valuesspfecific deformation, energy absorbed during deformation
eggshell displacement. An example of this computationagd firmness) depends on the orientation of the loading force
shownin Fig. 14. These dependences were used for the el#@ing eggs compression. Contrary to the results of another

luation of the von Mises stress at displacement corresp@ibrks there is not too significant dependence of these para-
ding to the egg fracture. This stress can be taken as the fia@ters on the egg’s shape.
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2. The values of the elastic constants describing tBgchar J. and Simeonovova J., 2000n the identification of the
strain behaviour of the eggs have been found. Two indepen- €ggshell elastic properties under quasistatic compression.
dent methods have been used. Results of the both procedures Proc- 19th CAD — FEM Users Meeting, Int. Cong. FEM

. . Technology, October 17-19, Potsdam-Berlin, Germany.

are nearly the same. Elastic constants are independent othef\ , AP e

h I he loadina f . . h arter T.C., 1974.The hen’s egg: estimation of shell superficial
eggshapeaswellas onthe loa '”9 _orce orientation. The usg area and egg volume from four shell measurements. British
one of the used methods was conditioned by the exactdescri- poyitry Sci., 15, 507-511.
ption of the eggshell contour. The description of this curv®oucke P., Jacobs G., Sas P., and De Baerdemaeker J., 1998.
has been also used for the numerical simulation of the eggs Comparative analysis of the static and dynamic mechanical
compression. eggshell behaviour of a chicken egg. Proc. Int. Conf. Noise

3. Preliminary results suggest that there is a stress at 2nd Vibration Engineering (ISMAZ23), September 16-18,

. . 1 Leuven, Belgium.
which the eggshell rupture starts. This stress is very prOb%%'Ketelaere, B., Govaerts T., Coucke P., Dewil E., Visscher J.,

ly independent on the eggshell geometry, egg's size, €99-  pecuypere E., and De Baerdemaeker J., 200Measuring
shell thickness and on the loading force orientation. This  the eggshell strength of 6 different genetic strains ohigyiens:

stress can be used as the fracture stress which is affected only Techniques and comparisons. British Poultry Sci., 43,288-
by the eggshell material properties. The verification of thigenys S., Pieters J.G., and Dewettinck K., 2006.0ombined CFD

hypothesis will be subject of the forthcomming paper. and experimental approach for determination of the surface
heat transfer coefficient during thermal processing of eggs.
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