17

2017 Problem 1: Invent Yourself
Using an Elastic Membrane
for Quais-Static Compression
of Egg During Impact
Ian Tay Rongde, Hu Yongao
Raffles Institution, 1 Raffles Institution Lane,
Singapore 575954, Singapore

Abstract
nvent Yourself is a problem of the 30th InternaIdevice
tional Young Physicists’ Tournament, where a
has to be constructed to provide a safe landing for an uncooked egg released from a height of
2.5 m. This study investigated the cracking mechanisms of an egg under dynamic and quasi-static
loading, and characterized the egg shell strength
under both loading scenarios. This paper proposes
a device based on an elastic membrane, that is
small in size, resistant to impact, and allows for the
egg to be easily retrievable. A mathematical model
was then used to simulate the behavior of the device upon impact which shows that the device is
theoretically sound. The device is then rigorously
tested, considering non-ideal scenarios such as toppling or tilted-landing of the device, and found to
be able to reliably protect the egg from cracking.

1

Introduction

Invent Yourself is a problem of the 30th IYPT,
where a device has to be constructed to provide
safe landing for an uncooked egg released from a
height of 2.5 m, with the requirement that the device has to fall together with the egg. The analysis of egg shell strength and egg cracking is relatively well-studied, due to its commercial importance; egg shell breakage is a major source of financial loss for the poultry industry [1]. However,
there has been no serious scientific study on the design of a device to protect the egg shell from cracking when dropped from a height.
The solution to the problem that this paper proposes is based on a physical understanding of the
mechanisms behind egg shell cracking. This paper
proposes two different mechanisms of shell breakage for dynamic and quasi-static loading of the egg
shell.
Based on the understanding of egg shell behavior during dynamic and quasi-static loading, this
paper proposes a novel design for a compact protective device that is resistant to impact and allows
for the egg to be easily retrievable, consisting of
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FIG. 2. Observation of the egg during dynamic impact
using high-speed camera

FIG. 1. Setup used to measure the breaking force of the
egg in dynamic impact.

an elastic membrane. The device was characterized mathematically, and shown to be theoretically
sound in preventing egg breakage. The device was
comprehensively tested by the authors, and found
to be able to reliably prevent egg cracking.

2 Methodology

on a photograph taken of the egg before it is subjected to testing), and the thickness of the shell at
the point of cracking (measured with a digital micrometer screw gauge after the egg is broken) were
measured. The force delivered by the metal weight
can be calculated based on the velocity of impact,
the radius of curvature and thickness of the shell at
the pont of impact [1].

2.3 Experimental setup used to
measure shell strength when
subject to quasi-static loading
A lever-system was used to compress the egg
against a flat white tile, with one side of the lever
loaded with weights, allowing the calculation of
the force being applied onto the egg shell. A high
speed camera was used to record the breaking og
the egg under compression.

2.1 Eggs used in the experiment
The eggs used in the course of this experiment
were brown eggs (Parsar Brand) bought from a local supermarket near the school, with the eggs being used within 1 week of purchase. A ceramic
tile was used as the ”hard surface” detailed in the
problem statement.

2.2 Experimental setup to measure
breaking force of the egg in dynamic impact
To measure the force at which the egg shell
cracks, under dynamic impact, a metal weight with
a smooth and flat bottom surface was dropped onto
the egg surface at a height measured by a digital
Vernier caliper (FIG. 1).
If a drop at a certain height does not crack the
egg, the drop height is increased by 5 mm. For every new drop, the egg is turned so a new face is
hit, or a new egg is used. A high speed camera
is used to record the velocity of the metal weight
just before it impacts the egg. For each egg, the
radius of curvature of the shell (measured based

3

Theory

3.1 Theory of Egg Cracking
3.1.1 Dynamic and Quasi-static Cases
Carter classified the application of stress onto
the eggshell under two categories: dynamic impact
and quasi-static compression [1]. in this paper, dynamic impact will be defined as the case when the
force is exerted onto the egg in a short timeframe,
and a quasi-static case to be when the force exerted
onto the egg is gradually increased.
3.1.2 Cracking in dynamic collision
To understand the formation and propagation of
cracks on the eggshell surface during a dynamic
impact, impact of the egg against a hard tabletop
surface was imaged using a high-speed camera.
As seen from the image above taken directly before and after the impact of the egg against the hard
surface, collision is characterized by large deformation of the eggshell along crack lines following
2017 Problem 1: Invent Yourself
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FIG. 4. Breaking pressure of the egg shell (in N/m2 ) at
the sharpo and rounded end when the egg is subjected
to quasi-static loading)

FIG. 3. Formation of cracks on the egg surface just
before egg shell failure, unser quasi-static loading

the star-and-ring pattern described by Carter [2].
From this observation a likely explanation to the
case of a dynamic impact is that the deformation
of the eggshell is the main reason for egg cracking
upon impact.
Using the setup and method described in section 2.2, the minimum force required to crack the
eggshell was measured to be 5.16 N at the pointed
end, 9.64 N at the equator, and 7.02 N at the
rounded end. This agrees with Tyler et. al. who
report that the equator of the egg is the strongest
[3].
3.1.3 Cracking in quasi-static compression
Analysing the high speed video of the egg cracking under quasi-static loading, limited eggshell deformation occurs, unlike upon dynamic impact.
As can be seen from FIG. 3, cracks are observed
on the eggshell without observerable deformation.
This is likely to be due to the gradual increase of
applied force allowing for the distribution of the
stress across the eggshell. This observation also
suggests that under quasi-static loading, eggshell
failure is due to the failure of the shell along fault
lines. Heyn had observed the presence of lines of
weakness in the calcium carbonate structure of the
eggshell that run parallel to the surface when the
shell is viewed under an electron microscope [4].
Using the setup described in section 2.3, the
breaking force and pressure of the sharp and
rounded end of the egg subjected to quasi-static
compression was characterized (FIG. 4).
From FIG. 4, both ends of the hen’s egg are able
to withstand around the same breaking pressure
(with the difference being within standard devia2017 Problem 1: Invent Yourself

tion error), but the sharp end being able to withstand a greater force before breaking. The relatively large standard deviation error can be attributed to anomalously string and anomalously
weak eggs; this is unsurprising as electron microscopy work by Heyn suggests that malformed
crystallization of the eggshell can occur [4], which
could lead to compromised eggshell strength.

3.2

Theory of Device

3.2.1 Underlying principle:
Conversion
from a dynamic collision to quasistatic compression
When an unprotected egg impacts onto a hard
surface from a drop height of 2.5 m, dynamic impact between the egg and the surface occurs. However, experimental characterization suggests that
the egg can withstand greater force when subject
to quasi-static compression instead. This could be
due to the deformation that occurs places the shell
under a state of tensional stress, and it has been reported by Carter that the eggshell is weaker to tensional stresses [5]. Hence a key method that will be
employed in the proposed device will be the conversion of the dynamic collision between an unprotected egg and the hard floor to case of quasi-static
compression.
3.2.2 Criteria considered for design of proposed device
The design of the device must satisfy the following criteria: it must be relatively small in size, it
must be resistant to impact, and the egg must subsequently be easily retrievable and usable.
3.2.3 Description of proposed device
Based on the key operating principle described
in section 3.2.1, and fulfilling the criteria outlined
in section 3.2.2, a novel device encapsulating the
egg was designed (FIG. 5).

Theory

20

FIG. 6. Cross-section of an infinitesimally small
section of the arihorn membrane

FIG. 5. Diagram of proposed device. Red: plasticine;
Grey: structure of device (largely plastic matreial);
Beige: elastic membrane

The elastic membrane is intended to slow down
the egg upon collision, and envelope around the
surface of the shell to increase the surface area of
contact. The plasticine added on the walls of the
device ensures good fit of the egg inside the device, and also allows customizability of the device
as plasticine can be added and removed to account
for the different sizes of different eggs.

FIG. 7. Top view of a small section of the arihorn
membrane

3.2.4 Theory of membrane deflection
The problem of membrane deflection can be divided into two: the central region of the membrane that is in contact with the egg and thus is
the ”loaded region”, and the annular region of the
membrane not in contact with the egg and thus is
the ”unloaded region”. We first consider the case
for the loaded region.
Chien et. al describes a mathematical model
for a membrane experiencing central loading [6].
Considering the case of an infinitesimally small
section of the airhorn membrane with applied pressure q, tension σ acting at angle θ from the horizontal, horizontal length r and membrane thickness h, balancing of vertical forces yields us Eq.
(1):
2π rhσ sin θ = π r2 q

dy
(2)
dr
The forces acting on a small radial section of the
membrane are shown in FIG. 6, where σi is the circumferential stress ,and σr is the radial stress acting on the membrane. Balancing the radial forces
acting on the membrane:

(3)

Simplifying, we get:
hσi =

drhσr
dr

(4)

The well-known strain equations gives the radial
(εradial ) and circumferential (εcircum ) strain of a radial section of the membrane defined by the two
radial distances u and r (u > r) [2]:

εradial

du 1
+
=
dr 2

εcircum =

(1)

Which can be simplified with the use of the
small angle approximation,
sin θ ≃ tan θ =

drhσi d θ = rhd θ σr − (r + dr)d θ σr+dr

(

dy
dr

)2

u
r

(5)
(6)

The stress-strain equations for biaxial loading
relate stress to strain as a function of the elastic
modulus E of the membrane and its Poisson’s ratio
ν:

σradial =

E
(εradial + νεcircum )
1 − ν2

(7)

σcircum =

E
(εcircum + νεradial )
1 − ν2

(8)
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Evaluation of device

FIG. 9. Plot of experimental points against Eq. (9).
Error bars are due to the resolution of the image in the
Traacker software

FIG. 8. Measuring l and y using Tracker

Elastic modulus of the membrane was measured
experimentally to be 0.5MPa, and the Poisson ratio
taken to be 0.5.
Similar equations can be derived for the unloaded annular region, as detailed in [6]. Numerically solving the equations for both regions of the
membrane allows us to characterise the force applied onto the egg by the elastic membrane:

F=

hEy3 (8.39

(l)
r

+ 1.26
r2

(l)
r

+ 1.28)

(9)

Where l is the radius of the membrane in contact
with the egg (radius of the loaded region), y is the
height of the membrane displaced from the original
membrane position, and r is the total radius of the
membrane (loaded + unloaded regions).
In order to know the force exerted by the membrane against the egg as the membrane is displaced
(i.e.,as y changes), the relationship between l and
y was characterised by pressing the egg against
the membrane with increasing masses of metal
weights and measuring the values of l and y (FIG.
8).
3.2.5 Verification of membrane theory
To verify the relationship between the force exerted on the egg by the membrane (F), and the
displacement of the membrane (y) as obtained by
the quantitative theory of membrane displacement,
an egg was pressed against the membrane with increasing mass of metal weights, with the membrane shape photograph and the value of y measured using Tracker.
From FIG. 9, the quantitative theory of membrane displacement used agrees closely with experimental results. Deviation between theory and
experiment points at higher values of y is likely because the small angle approximation used (Eq. (2))
has decreasing validity with increasing values of y.
3.2.6 Considering friction from the plasticine layer
In addition to allowing for a better fit for the egg,
the plasticine lining in the device design is also
2017 Problem 1: Invent Yourself

able to exert additional frictional force on the egg
to help in slowing it down after impact. To characterise the frictional force exerted against the egg
by the plasticine layer, an egg was placed in the device without the membrane and a force sensor was
used to exert force on the egg until it moved. The
measured frictional force ranged between 7.3 and
12.5 N.

4
4.1

Evaluation of device
Theoretical simulation of device

In order to ensure the device is theoretically
sound, a mathematical simulation was used, with
the retarding force on the egg consisting of both
the friction from the plasticine layer (taken to be
7.3 N as the worst-case scenario), and the retarding force from the membrane (Eq. (9)). The velocity of
√ the egg relative to the device was taken
to be 2 gh (with a drop height of 2.5 m) to simulate the worst-case scenario of maximum rebound
of the device after collision with the ground.
With reference to [7], and using average egg
shell stiffness values reported in [7], the duration
of impact of an unprotected egg against a hard surface from a drop height of 2.5 m was calculated to
be around 0.0004 s. hence, one of the aims of the
device would be to increase the duration of loading, such as to change the dynamic collision to a
quasi-static compression of the egg by the elastic
membrane.
From FIG. 10, the duration of loading for the egg
within the proposed device is more than 10 times
longer than the duration of dynamic impact of an
unprotected egg.
FIG. 11 shows the pressure exerted by the membrane on the egg. Comparing with the average
pressure required to crack an egg in quasi-static
loading (FIG. 4), the pressure exerted by the membrane is 0.4% of the pressure required fo egg cracking.
FIG. [10, 11] show the results when the elastic
modulus of the membrane is 0.5 MPa (the mea-
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FIG. 10. Predicted displacement of membrane against
time
FIG. 12. Picture of constructed device

FIG. 11. Predicted pressure exerted on the egg against
time

sured elastic modulus of the membrane used in the
experiment see section 4.2). however, increasing
the elastic modulus in the simulation such that the
pressure exerted by the membrane is equal to the
pressure required for egg cracking, the maximum
membrane deformation can be reduced to just 2.5
mm. Comparing this value against the average
height of an egg or around 55 mm, it shows the
possibility for this design to achieve an extremely
compact device.

4.2 Construction and preliminary
testing
For our device, as an elastic membrane of elastic
modulus 0.5 MPa was used, a maximum displacement of around 4 cm was predicted by the theoretical simulation. Hence, the device was constructed
at a height of around 10 cm to allow for the positioning of the egg within the device and allowing
for sufficient space for membrane displacement.
The device was released from a height of 2.5 m,
first with a clay model of an egg with a mass similar to the average mass of an egg, to characterise
the behavior of the device upon impact.
4.2.1 Considering toppling of device
While mathematical simulation results (FIG. 11)
suggest that the device is able to protect the egg
when the device hits the ground vertically, due to
the light weight of the device and the large drop
height, toppling of the device is observed during

testing with a clay egg model. A high speed camera was used to record the motion of the device as
it hits and rebounds off the ground, and the Tracker
software used to measure the speed of toppling of
the device. Toppling velocity tended to range between 0.5 to 1.5 m/s, with a highest recorded toppling velocity of 2.76 m/s. During toppling, the
egg would impact against the plasticine-covered
walls of the device at these velocities.
To ascertain if the toppling of the device could
result in egg breakage, eggs were dropped from increasing heights onto a surface coated with plasticine of the same thickness as the lining present
in the device. A high speed camera was used to
record the fall, with the egg velocity measured using Tracker. The highest velocity of impact that the
egg is able to withstand without breaking is 3.02
m/s, suggesting that in most cases, toppling is unlikely to result in egg breakage.

4.2.2 Tilted landing of device
A tilted landing of the device would result in
some of the force of the initial impact pointing in
a direction orthogonal to that of the membrane.
From the experimental results detailed in section
4.2.1, the maximum tilt of the device upon landing
to prevent egg breakage is 23.6°. From measurements of high speed videos using Tracker, the maximum tilt observed upon landing was 4.3°, suggesting that tilted landing of the device is not a practical
concern.

4.3 Testing of device containing
egg
Testing the device containing actual eggs, the
device was found to be able to reliably protect the
eggs from cracking, even after the same egg is
dropped multiple times from a height of 2.5 m.
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5 Conclusion
In conclusion, the authors have in this paper detailed:

[4] Heyn, A. (1963). The crystalline structure
of calcium carbonate in the avian egg shell.
Journal of Ultrastructure Research, 8(1-2),
176-188.

• A qualitative explanation behind the mechanisms of egg cracking in both a dynamic impact and a quasi-static loading scenarios.

[5] Carter, T. C. (1970). The Hens egg: Factors
affecting the shearing strength of shell material. British Poultry Science, 11(4), 433-449.

• A characterisation of the force required to
crack the egg at 3 areas of the shell in the dynamic impact scenario

[6] Chien, W., Wang, Z., Xu, Y., & Chen, S.
(1981). The symmetrical deformation of circular membrane under the action of uniformly
distributed loads in its central portion. Applied Mathematics and Mechanics, 2(6), 653668

• A characterisation of the pressure required to
crack both ends of the egg in the quasi-static
impact scenario
• The design of a novel membrane-based device that operates based on the principle of
changing the dynamic impact of the device
against the floor to a quasi-static loading experienced by the eggshell
• A mathematical model to simulate the device,
that is validated by experimental results
• Comprehensive testing of the device including the scenarios of toppling and tilted landing of the device
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