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ABSTRACT- Mechanical damage degrades fruit quality in the chain from
production to the consumption. Damage is due to static, impact and vibration loads
during processes such as harvesting, trangportation, sorting and bulk storage. In the
present study finite element (FE) models were used to simulate the process of static
bruising for apple fruits by contact of the fruit with a hard surface. Three
dimensional finite dement models with three different layer material models were
developed. The force relation between the cortex and elastic core was simulated
using a gluing mechanism. An external point load simulating the wall pressure was
applied on the fruit skin. The elastic, plastic and total strain energies in apple fruits
were calculated to estimate mechanical bruising. In order to validate the simulated
data, compression tests were carried out using a universal testing machine. Force-
deformation graphs were plotted and the area of the region restricted by the curve
and deformation axis between zero and 1.5, 3 and 4.5 mm deformations were
obtained at five replications to assess the stored strain energy in the fruit. Results
revealed that any increase in applied external displacement increased the bruised
area. A high correlation (r=0.994) was observed between bruised area and amount
of stored strain energy. Other results indicated that the bruised area highly depended
on skin easticity. Increasing in skin modulus of elasticity decreased the bruised
surface.
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INTRODUCTION

The most prevalent symptom of damage is fruit bruising which is caused during the post
harvest process. Bruise damage is produced by the impact or slow compression of the
fruit against other objects. The hard wall of the fruit box and the adjacent fruits are
usualy two externa objects that impact the apple fruit most during handling, storage
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and transportation, causing bruises on the fruit (12). Bruise is generdly defined as a
zone of brown tissue below the skin of the fruit. This brown tissue can reduce the quality
of the fruit and the fruit's marketing potential.

Some parameters like stiffness of the rigid wall in contact with apple, thermal
conditions of fruit storehouses, and the stiffness of the skin and cortex of the apple,
affect the area of the bruised surface. Many researchers have focused on the nature of
bruising and the effect of loading conditions on the fruit. However, only a few have
considered the effect of thermal conditions of storage on bruising. Usualy, bruising
happens when the absorbed energy in the fruit exceeds that of its alowable limit.
M easuring and predicting the energy absorption processin the fruit during static loading
can be performed experimentally or theoretically. Experimental tests have disadvantages
such as low accuracy, high cost and low generalizing ability. Many studies on apple
bruise formation have been carried out using a variety of techniques, such as
compression and drop tests (1, 3, 4, 5).

Modeling is another approach to investigate the mechanica damage to vegetative
textures, especially the bruising process in fruits. Finite element analysis (FE) is a
powerful theoreticadl method to model the process of apple bruising during the
application of force. Simple models for the structure of vegetative tissue have been
developed by many researchers (2, 9). In these models, fruits were assumed to have
uniform and symmetric shapes (such as a sphere or cylinder). Some assumptions like
homogeneity of texture and the elastic behavior of the apple were used to render an easy
analysis (7, 8). As reported in previous literature, vegetative tissues usualy exhibit
viscoelastic behavior. However, it has been reported that the mechanical strength
(modulus of elasticity and poison ratio) of the skin, cortex and core of apples are
different. Changes in storing temperature can affect the viscoelastic behavior of the
vegetative tissue (10).

In the present study, the finite element model was used to simulate the process of the
static bruising of apple fruits during the fruits contact with rigid surfaces at two
temperature levels. The main superiority of the present study with respect to those
avallable in the literature is the separation of the mechanical behavior of the apple fruit
into three parts, namely the skin, cortex and core.

The main objectives of the present study were to:

i. develop athree-dimensional finite element model with elastic-plastic behavior
of the apple fruit to simulate the bruising process.

ii. validate the FE model by comparing the theoretica results obtained from the
model and the experimenta data.

iii. investigate the effect of storing apple fruits on bruise propagation at two
different temperature conditions.

MATERIALSAND METHODS

Finite element model was developed to simulate the behavior of apple fruits undergoing
static load conditions. Some physica properties like modulus of elasticity were needed
as input parameters of the ssimulation model. In order to determine the modulus of
elasticity, a series of compression tests were carried out using Santam compression test
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apparatus. The compression tests were done on apples with and without skin. The
difference between these two conditions was used to predict the physical properties of
the gpple skin. In order to determine the viscoelastic behavior of the apple, five
relaxation tests were performed at two different deformation levels (2, 4 mm). All
experimental tests were carried out on Golden Delicious apples which had been stored at
two different temperature conditions (zero and 25 degree Celsius).

Viscoelastic M aterial M odel

Viscoelastic materias exhibit both viscous and elastic characteristics when undergoing
deformation. The Maxwell model can be represented by a damper as a viscous element
and a spring as an elastic element which are connected in the series (Fig. 1).

I
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Fig. 1. The M axwell model

The model can be represented by the following equation:

—dewtal :%+% :S_+id_s (1)

dt d dt h E dt

In this model, if the materia undergoes a constant strain, the stress gradualy relaxes.
First, an elastic component expands instantaneously, corresponding to the spring, and
relaxes immediately upon the release of the stress. The second component, viz. viscous
grows with time aslong asthe stress is applied. According to the Maxwell model, stress
decays exponentially with time. It was found that vegetative textures follow the same
behavior (10).

Stressrelaxation test

As discussed by Nassiri and Jafari (11), constants E; and T; were obtained from the
relaxation test using the generalized Maxwell model. This model can be expressed by
the following equation:

t

s(t)=e,(Ee"+E,e"+..+E) )

According to the fruit geometry, the above equation can be modified as follows:

t t

F(t)= K(DI)(E,e ™+ E,e ™ + ...+ E_) 3)
where Al istheinitial deformation and K equalsw (¢)%(4D). ¢ is the probe diameter and
D is the equatorial mean diameter of the fruit. Stress relaxation tests were carried out at
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two levels of deformation (2 and 4 mm), and two storage conditions (zero and 25 degree
Cedlsius). Afterwards, the model was verified by repeating the tests with new samples.
Finally, the secured constants were used as input for the finite element moddl.

SPSS software (release 16.0.0, 2007. SPSS Inc) was used to determine the
Viscoelastic model constants. The time and stress values were determined by relaxation
testsin the laboratory using Santam apparatus.

Theoretical Background

Finite element analyses were carried out using ANSY S software (ANSY S, Release 12).
The ANSYS program was used for solving the non linear model. This advantage
supports al nonlinear material and geometric and boundary (contact, follower force or
opening/closing of gaps) issues. It is important to mention that the entire experimental
tests were completed in the large deformation stage (tota strain more than 25%). In the
present study, al sources of nonlinearity were available including the amount of large
deformations as well as the property of the material. The presence of contact elements
emphasizes the nonlinearity behavior as well.

Finite Element M odeling

An appropriate modeled geometry was chosen to create apple quarters. The cutting
planes of the quarter were through the stem-calyx axis of the gpple fruit. For the purpose
of generating apple geometry, the plane polar curves of the gpple with the equation
r = K(1+sinq) were plotted and then revolved by 90° around the stem-cayx axis of the
apple fruit. Finite element models of the apple were constructed using geometry
modeling and mesh generator engines of the software. The geometrical model was
designed by three layers (Core, cortex and skin).

In order to establish the force relation between these layers, gluing and contact

mechanisms were used (6). The main difference between glue and contact mechanismis
the nature of the load transfer. The contact manager of the software was able to create
the contact element with different norma and tangential stiffness. The nature of the
transferring force between the two connected layers was adjusted by using the contact
wizard engine and changing the normal and tangential stiffness of the contact el ement.
The gluing mechanism could transfer the entire external load between two different
layers. In the mentioned FE model, the skin was jointed to the cortex using contact
elements. The cortex was glued to the apple core so that the entire internal load in the
cortex-core boundary was transferred to the core. The 8 node brick element (solid 45)
was used for skin and cortex meshing. The “PLANE 183” element was used to mesh the
viscoelastic materia (flesh). The “Cont 174 element which is able to transfer normal
and tangential loads was adopted as contact element (Fig. 2).
The linear elastic property material model for the skin and cortex, and the nonlinear
viscoelastic property material model for the flesh were assumed. Elastic and viscoel astic
properties of the apple fruits were calculated using measured data from experimental
tests. The Maxwell viscoelastic materiad model in the material properties engine of the
ANSY S software had 95 constant inputs

The external load was gpplied on the contact surface of the quarter of the
modeled apple as an external displacement. The vertical displacement (along the Y axis)
was exerted at three levels of 1.5, 3 and 4.5 mm. The model was constrained so that it
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was not free to rotate. The normal constrain was aso applied on the apple fruit so that
the fruit was not free to move along the Y axis. A series of FE analyses were run at
various load levels. The contours of principle stress, Von misses stress, total strain
energy and normal strain (adlong the exerted load) were plotted and their maximum
values were calcul ated.

Fig. 2. Geometry and mesh of a quarter of an applefruit

RESULTSAND DISCUSSION

Compression Tests

As mentioned earlier, compression tests were conducted at three displacement levels
(d, =1.5mm,d, =3mm,d, = 4.5mm) and two storage conditions (cool and warm). The

bruised area was measured at 48, 96, 144, 192 and 240 hours after applying the load.
Increase in external displacement resulted in increasing bruised areas (11).

The force-deformation graph for each treatment was plotted and the area of the
region restricted by the curve and deformation axis between zero and 1.5, 3 and 4.5 mm
deformations were calculated in five replications to obtain the stored strain energy in
each treatment (Fig. 3). Comparisons between the absorbed strain energy for each
treatment indicated that increasing the external deformation gpplied on apple fruits,
results in increases of total strain energy. Changing the storing condition from warm to
cold increased elastic strain energy and decreased the plastic one. Results showed that
total strain energy was approximately constant for each level of external displacement.

Finite Element Results

Variations of stress, strain and caculated energy by the FE method at different input
levels were plotted to illustrate the effects of static loading on stress and strain
propagation. Stress, strain and energy variations in an apple quarter had approximately
the same contour shape. Maximum values of the aforementioned parameters were
obtained in the inner layers of the fruit, near the interface of the core and the skin. Stress
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and strain decreased when the effect of the externa force was transferred toward the
apple core (Fig. 4).

a0
i -~

n /
60 /

L1 (] —
a0

Fovea (N)

£11]
0
10
0

1] 1 2 3 4 5
Daformation from)

Fig. 3. A for ce- deformation graph samplefor applefruitssubjected to 4.5 mm deformation to
calculate absorbed strain energy

Fig. 4. Digribution of Von-Misses gress for warm storage conditionsfor 2mm displacement treatment

In order to find the best criterion for the formation of mechanica apple bruises,
correlation coefficients between bruised areas and stress, strain and energy were
calculated in different days. For al parameters, the highest correlation was observed at
the 144 hour storing period (6 days after loading). Results reveded that having a
correlation coefficient of less than 0.35 for all days, strain was not a good predictor of
bruise formation.

The Von Misses stress graph and strain energy versus bruised area after 6 days were
plotted to determine the best criterion for gpple bruise prediction (Fig. 5 and 6). A nonlinear
relationship (second order polynomial) was observed between the area of the bruised
aurface (11), and Von misses stress (Fig. 5), whereas, a linear relationship was observed
between the area of bruised surface and total strain energy (Fig. 6). As depicted in Fig.
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6, average strain energy in the apple fruit is the best criterion for predicting the
probability of bruises. Results indicate that it is possible to predict bruising in apple
fruits when the gpplied strain energy to the fruit exceeds its dlowable limit. Fig. 7 shows
that it is possible to increase the strain energy in apples up to acritical level without any
mechanica bruising. This minimum level highly depends on the mechanical properties
of the apple skin.
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Fig. 7. Estimated strain energy by two modeling approach versus measured onesfor the samples
stored in cold condition

Theoretical FE results indicated that stored strain energy and consequently
bruised areas were highly dependent on skin elasticity. Increases in the skin modulus of
elasticity decreased the bruised area. The main reason for this phenomenon lies in the
nature of the load transfer in the apple fruit. As mentioned before, the apple skin can
absorb strains up to a definite level and transfer the extra load to the flesh texture.
Increases in the skin modulus of elasticity decreased total skin deformation. FE results
showed that the elasticity modulus of the skin is highly dependent on storage
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temperature. The cold storage condition resulted in increasing the easticity modulus of
the skin, thereby decreasing the bruised area.

CONCLUSIONS

Simulation results as compared to experimental ones indicated that bruising six days
after loading highly correlated with stored strain energy in the apple fruit. The fruits
which were stored in the refrigerator tolerated more external load than those stored at

ambient storage conditions. Increases in the modulus of elasticity for apple fruits
decreased bruised surface areas.

COMPARISION OF THE RESULTS (PARTSONE AND TWO)

As describe in parts one (11) and two (the present study), analytical and finite element
methods were developed to smulate the nature of the bruising process considering the
amount of stored strain energy in the apple fruit. As reported previously, the absorbed
strain energy in apple fruitsis areliable predictor of bruising. In order to characterize the
capability of each model to predict the strain energy, data for stored strain energy
predicted by two modeling methods (FE and analytical approach) versus a measured one
(compression test) were plotted for various levels of externa load, and compared to 1:1
line (Figs 7 and 8). As indicated by these Fig.s, both models overestimated the strain
energy, which might be due to initial assumptions made about the material model
behavior. In real mode, when a viscoelastic material is subjected to an external load, the
mechanical properties of the materia will change with variations in the load magnitude.
In this case, increases in the amount of external load result in lower elasticity modulus.
However, constant mechanical properties of fruits at different load magnitudes were
assumed for both analytical and finite element models. Both models gave closer answers
when the fruits were compressed 4.5 mm.
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Fig. 8. Estimated strain energy by two modeling versus measur ed approachesfor the samples
stored in warm condition

As indicated in Table 1, the analytical model predicted strain energy and the
consequent bruising process with less dispersion than the finite element model. Also, it
was found that both models predicted strain energy better when the samples were stored
in cold conditions. Keeping apples at room temperature before the tests and their
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consequent change in mechanical properties were the man sources of errors for
predicting strain energy in both studies.

Table 1. The RM SE of two modeing approachesfor predicting theabsorbed strain energy at two
different storage conditions

M odeing approach

Storage condition

Analytical Finite Element
Cold 0.251 0.297
Warm 0.347 0.399
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