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 Generally, strength is determined by using compression and penetration or dynamical 
vibration test. Dynamical methods require lower test time regard to statically test and 
thus are more commercially. The aim of this study is determining of modal properties 
of watermelon by finite elements method. In addition, the probability of resonance 
phenomena in watermelon evaluated while it is in transportation. To do so, three group 
of Charleston gray watermelon with three different volumes (small, medium and big), 
dimensional and mechanical properties have been investigated. The model contains two 
different parts: outer layer (green part of watermelon) and inner part (red core of 
watermelon). The first 20 mode shapes of watermelon have been evaluated. The results 
showed that natural frequency of watermelon in different mode shapes increased with 
decreasing in volume (e.g. 57.425 to 96.665 Hz for mode shapes number 20). It found 
that the effect of shape of product is more important parameter than volume of product 
on natural frequency. In addition, comparing the natural frequency of watermelon with 
activation vibration frequency in transporting of watermelon showed that the resonance 
would occur for Charleston gray watermelon in transportation and this variety of 
watermelon is not an appropriate watermelon for transporting such as exporting. 
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INTRODUCTION 
 

Internal or external properties of fruits can be used to determine quality of them. Major external properties 
of fruits are size, shape, aroma, appearance and major internal properties are taste and texture. Softness of 
texture is one of texture properties and indexes of quality of fruits. Recently the increasing demands of fruit with 
higher quality forced the farmer to control the quality of fruit in different agricultural operations (harvesting, silo 
and distribution). Classical destructive methods of fruits properties destroy the texture of fruit and it cannot be 
used to online checking of texture of fruits. 

The researcher found that it is a relationship between strength and quality and ripeness of fruit. This 
relationship can be described as elasticity modulus and rigidity modulus [8]. Measuring of strength of these 
products is necessary in different process in order to determine the best management system to keep the quality 
of them.  

Generally, strength is determined by using compression and penetration or dynamical vibration test. 
Dynamical methods require lower test time regard to statically test and thus are more commercially. It is 
founded that the ( f 2m )  or (f 2m2/3ρ1/3 ) formula, where f is natural frequency, m is mass and ρ is density, can be 
used as a coefficient or index of strength of spherical biological products. These formulas relate the dynamical 
properties (natural vibration) and physical properties (mass and density) of biological products to strength. 
These formulas have been used for different product and comparison between their result and results of 
penetration and compression test showed a good compatibility but second formula has better results [1,2].  

A spherical, linear elastic and isotropic product with constant poison ratio ν has a specific modal 
distribution, with any value of mass and density. So, those strength indexes can be used to achieve all modes 
theoretically, but it should be noticed that the result for lower frequency modes are more desirable. Generally, 
dimensional factors should be take account to prediction of product strength. Finite elements methods as a 
numerical method have been used by Lu and Abbot [6] to modal analysis of apple fruit. This method is easier to 
use in estimation of strength. 

Lu and Abbot [7] investigated mode shapes of apple fruit. They developed a three-dimensional finite 
element models to study modes of vibration in apples. The apple models were created using two mathematical 
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equations, in which the geometry of the apple was described by a four-parameter equation and the core structure 
by an exponential function. Modal analyses were performed to identify the vibrational modes and to study the 
effects of material properties, structure (i. e., the skin and core), shape, and size on them. There were three 
classes of vibrational modes in apples: torsional, spheroidal, and nonaxisymmetric. A majority of modes 
between 0 and 2000 Hz belonged to the nomisymmetric class. They found that the square of natural frequency 
was linearly related to Young's modulus of the apple. The presence of apple skin could increase the natural 
frequency by 7% for torsional modes and less than 4% for spheroid modes. As the elastic modulus of the core 
was doubled, the natural frequency increased by up to 7% for spheroid modes and well below 1% for torsional 
modes. The natural frequency for the first mode of each class decreased by no more than 8% as Poisson's ratio 
was doubled. Apple shape had a large effect on the natural frequencies of all three modes classes; spheroid 
modes, however, were less affected by apple shape. The natural frequencies decreased with increasing apple 
size, but use of the firmness index f2m2/3, where f is the natural frequency and m is the mass of the apple, 
minimized the size effect. 

Perianu et al. [9] used finite element approach for simulating the dynamic mechanical behaviour of a 
chicken egg. They developed a three-dimensional finite element (FE) model to simulate both the dynamic 
behaviour of the eggshell and the fluid loading of the inside fluid. The aim was to analyze the effects of 
variations in certain geometrical and material parameters of the egg on the structural acoustic frequency 
response functions. It was found that geometrical modifications (eggshell thickness, size of the egg) had a 
considerable influence on the fluid structure coupled natural frequencies. In general, variations of material 
characteristics did not have much influence on dynamic behavior. However, the Young’s modulus of the 
eggshell strongly affected the natural frequencies of the coupled system.  

Vibration generated by vehicles during road transport has an important impact on agricultural products' 
damage process, particularly in the case of fruits and vegetables. Modulus of elasticity is one of the most 
conspicuous mechanical properties of fruits, the variation in which can be described as one of the most affecting 
damage criteria during transportation. Shahbazi et al., [12] considered effects of transport vibrations on modulus 
of elasticity watermelon, variety crimson sweet. They stated that vibration frequency, vibration acceleration, 
vibration duration, as well as fruit position, significantly affected the extent of the damage to watermelon. 

In addition, there are many researches about using of software to modal analysis of spherical fruits such as 
apple peach [15] and tomato [5]. 

Above-mentioned research on modal analysis and using of FEM shows important and capability of this 
analysis and method. But, there is no detailed study about vibrational properties of Charleston gray watermelon. 
So, in this study a modal analysis of this fruit has been performed. Also, the result of modal analysis, i.e. natural 
frequency of fruit, compared with activation frequency in transporting of this fruit to consider the resonance 
phenomenon. So, the aims of this study are: 
• Investigation of vibrational properties of watermelon fruit (Charleston gray ) 
• Determining relationship between natural frequencies and watermelon volume 
• Considering resonant phenomenon of Charleston gray watermelon in transporting 

 
MATERIALS AND METHODS 

 
Modal analysis refers to an experimental or analytical procedure applied in vibration analysis for describing 

the dynamic behavior of continuous (with distributed parameters) or discrete (with lumped parameters) 
mechanical structures. The analysis aims to define the basic deformation shapes (mode shapes) of a mechanical 
structure when excited at one of its natural frequencies. The simplicity and the transparency of the method are 
mainly determined by postulating four conditions for the structure. 

(1) It is assumed that the behavior of the mechanical system is linear. The response of the structure to a set 
of excitation forces must be equal to the sum of the responses of all the separate forces of the set. Vibrations on 
the structure, induced by random disturbances, are therefore linear superposition of the mode shapes. The 
amplitudes of the vibrations depend on the characteristics of the disturbing forces and their point of action on 
the mechanism.  

(2) The structure is time invariant, that is, its intrinsic characteristics remain constant in time. The time 
dependent parts of some parameters (which are for example a function of the temperature) are not built into the 
model.  

(3) The mechanical system should be observable. The measured outputs must give sufficient information to 
construct a reliable mathematical model. 

(4) Finally, the structure has to comply with Maxwell’s reciprocity principle. Under this condition, the 
frequency response function (FRF) between two points on the mechanism is independent of the choice of these 
points as a measurement point or as an excitation point. As every deformable structure can be considered as a 
combination of an infinite number of (small) rigid body masses, all structures have an infinite number of 
degrees of freedom (DOF). However, all these systems will be approximated by a combination of a limited 
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number of such masses (a set of physical points of interest with six DOF each), yielding a finite number, N, of 
DOF. This number also defines the dimensions of the analytical mass, stiffness and damping matrices, and the 
number of theoretical natural frequencies and mode shapes. However, practical limitations will limit the number 
of measured DOF: rotational DOF are very difficult to measure and the bounded frequency range limits the 
number of detect detectable modes [5].  

Finite elements modal analysis is a numerical method in which natural frequencies and modes shape of 
object can be calculated. In this study, the ANSYS 12.0 software has been used to perform this analysis. 
Following principles should be taken: 

Displacement in any point of element e, in term of nodal displacement 𝑞𝑞e(t) can be showed as follows: 
 
𝑢𝑢(𝜉𝜉, 𝑡𝑡) = 𝑁𝑁𝑒𝑒(𝜉𝜉). 𝑞𝑞𝑒𝑒(𝑡𝑡)                            (1) 

 
Where, 𝑁𝑁𝑒𝑒(𝜉𝜉) is shape function matrix. 
By using time variable loads F(t) and stress-strain condition for different degree of freedom, following 

matrix can be determined for dynamical movement of watermelon: 
 
𝑀𝑀�̈�𝑞(𝑡𝑡) + 𝐶𝐶�̇�𝑞(𝑡𝑡) + 𝑘𝑘𝑞𝑞(𝑡𝑡) = 𝐹𝐹(𝑡𝑡)                               (2) 

 
It is assumed that the system is not damped. Not damped vibration of nodes can be described by: 

 
Mq̈(t) + kq(t) = F(t)                                        (3) 

 
Where, M is mass matrix, C is damping matrix, K is stiffness matrix, q(t), �̇�𝑞(𝑡𝑡) and �̈�𝑞(𝑡𝑡) are displacement, 

velocity and acceleration vectors and t is time. Free vibration is applied in this modal analysis and there is no 
any force in the analysis, then F(t)=0. In a linear system this vibration will be harmonic. So: 
 
𝑞𝑞i(t) = ∅i . sinωit                          (4) 

 
Where, ∅i  is eigenvector of i natural frequency, ωi is angular i natural frequency and t is time. By 

substitution of equation 4 in equation 3: 
 
(𝐾𝐾 − 𝜔𝜔i

2𝑀𝑀)∅i = 0                         (5) 
 
And 

𝑑𝑑𝑒𝑒𝑡𝑡(𝐾𝐾 − 𝜔𝜔i
2𝑀𝑀) = 0                       (6) 

 
Equation 6 is an eigen value problem which can be solved for n value of 𝜔𝜔2 (eigen value) and n 

eigenvector. Where, n is number of all degree of freedom (DOFs). This eigen value problem had been solved by 
ANSYS 12.0 software and Block Lanczos method. The first 20 shape mode has been calculated. Different 
shapes of mode determined by deformation chart and animating of shape mode by animation. 

Different finite element models of watermelon prepared by ANSYS 12.0. In order to preparing these 
models the watermelon assumed is an elastic matter. Thus, the nonlinear viscoelastic texture of watermelon take 
accounted as a linear elastic texture. This simplifying has been used in researches conducted on dynamical 
properties of fruit [3]. These researches show good compatibility between modeling and experimental result. 

The element Solid 92 3D has been used in modeling. This element has a quadratic displacement behavior 
and 10 nodes and each node has 3 degree of freedom. Also, is well suited to model irregular meshes. The 
physical properties which was needed in modeling of watermelon for modal analysis by ANSYS software 
provided from results of research conducted by Sadrnia et al. [10] (Table 1). The watermelons separated in 3 
different groups: big (A), medium (B) and small (C). 
 
Table 1: Physical properties of watermelon (Charleston gray) (Sadrnia et al., 2009) 

Group replications parameter dimensions (mm) density (𝑘𝑘𝑘𝑘 𝑚𝑚3)⁄  
c b a 

 
A 

 
20 

Mean 177.5 183.45 395.65 956 
(SD) 8.26 8.32 28.16 0.014 
CV  4.65 4.53 7.12 1.41 

 
B 

 
20 

Mean 163.3 167.1 356.1 956.1 
(SD) 6.09 6.67 23.70 0.01 
CV  3.73 3.99 6.65 1.04 

 
C 

 
20 

Mean 154.4 159.1 313.5 957 
(SD) 7.42 7.22 26.30 0.007 
CV  4.81 4.54 8.38 0.739 
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The watermelon modeled in two layers with different mechanical properties (Figure1). These mechanical 
properties provided from Sadrnia et al, [11] (Table 2), A layer for outer green layer and other for inner red layer 
(Figure1). 

 

 
                                               (A)                                                        (B)                       

 
Fig. 1: The created models (A) with two layers for watermelon (B) 

 
Table 2: Mechanical properties of the watermelon [10] 

Layer Group Elasticity modulus (MPa) 
 
Red layer 

A 0.437 
B 0.396 
C 0.551 

 
Green layer 

A 3.013 
B 2.542 
C 2.977 

 
Three different groups A, B and C of watermelon have been considered to evaluation of dynamical 

behavior of the watermelon and relationship between geometry and mechanical properties. 
 

RESULTS AND DISCUSSION 
 
The mode shapes for all three groups had been same. By using the subspace iteration technique, the first 20 

natural frequencies and the corresponding mode shapes are determined. The lowest six modes are the so-called 
rigid body modes of the free object [14]. The next modes are deformation modes of which the first ones are well 
separated. The natural frequencies of the higher modes are rather close and the corresponding mode shapes are 
complex. The resulting natural frequencies and mode descriptions are summarized in table3. The mode shapes 
are shown in figure2. 

The shape of watermelon in some of modes for A set of watermelons is as follow (Figure2). Some of 
vibrational mode of watermelon were bending modes (seven and eight). The modes number nine was a torsional 
mode. In this mode axes of torsion was along length direction and two ends of watermelon torsion about length 
direction and inversely. Also, the mode number 11 was a torsion mode but the center of rotation was in center of 
watermelon and perpendicular to length direction. The behavior of watermelon in modes number 12 is like 
mode 11 but the direction of torsion is in opposite of mode 11. In the modes number 13 watermelon is under 
torsion in three section about length direction. Direction of torsion in two ends are same and opposite of torsion 
direction of centric part. There is bending and torsion in mode 14 simultaneously. The deformation of 
watermelon in mode 15 is complex. In this mode each half of watermelon is in compression but direction of 
compression in each half is perpendicular to the other. In mode 16 half of watermelon is in axial compression 
and other half is in tension. In modes 17 and 18 watermelon is compressed and tensioned in lateral direction. 
These modes known as compressing or tension modes. Modes number 19 and 20 are torsional mode and axes of 
torsion is in the center of watermelon and perpendicular to length direction. The higher modes were more 
complex and were not related to aims of this study. In table 3, the natural frequency of first 13 deformation 
mode shapes, in term of Hz of watermelon has been shown.  
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Fig. 2: Some of shape modes of Charleston gray watermelon 

 
As it can be seen in table 3 and figure 2, with decreasing in volume of watermelon, the natural frequency 

for each mode has been increased. This is in contrary with result which reported for pear [13,16] and crimson 
sweet watermelon [4]. It can be stated that the shape is more effective parameter on natural frequency of 
products. Most of previous researches about modal analysis of agricultural product have conducted on spherical 
product and this may be the cause of same result of effect of volume on natural frequency.  
 
Table 3: Natural frequency of first 10 modes shape of watermelon, Hz 

C B A Mode shape 
0 0 0 1 
0 0.18345E-4 0.13063E-4 2 
0.22747E-4 0.22786E-4 0.30034E-4 3 
0.44419E-4 0.29069E-4 0.388823E-4 4 
0.47813E-4 0.33524E-4 0.49555E-4 5 
0.10735E-3 0.72653E-4 0.73886E-6 6 
48.487 36.489 18.292 7 
48.504 36.516 18.293 8 
53.665 41.725 25.587 9 
60.549 47.130 31.359 10 
68.833 54.441 35.502 11 
68.898 54.460 35.511 12 
74.317 58.982 50.065 13 
74.458 59.009 52.128 14 
88.027 68.903 52.150 15 
88.056 68.910 54.317 16 
89.802 70.562 55.908 17 
92.874 71.699 55.924 18 
92.916 71.727 57.423 19 
96.665 76.114 57.425 20 
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Fig. 3: Natural frequency versus volume of watermelon 

 
In addition, by comparing the results of the modeling and results of research conducted by Shahbazi et 

al.[12], it can be seen there is the probability of resonance in transporting of Charleston gray watermelon. 
Shahbazi et al. [12], measured and analyzed the vibration of watermelon due to transporting. They showed that 
5-10 Hz and 10-15Hz frequencies are main frequencies and average of the frequencies were 7.5 Hz and 13Hz. It 
is known that the value of natural frequencies for preventing of resonance should be three times higher than 
activation frequency. The minimum value of natural frequency for watermelon was found to be 18.292 Hz. This 
is higher than required value (18.292/15=1.22). At the result, it can be said that the resonance will occur for 
Charleston gray watermelon in transportation. By comparison of this results with result found for crimson sweet 
watermelon [4], it can be said that the crimson sweet watermelon is better watermelon for transporting because 
the effect of vibration during transporting is lower on crimson sweet watermelon. 
 
Conclusions: 

In this study modal analysis of Charleston gray watermelon has conducted. Major findings are as below: 
1. 20 first mode shapes of watermelon and their natural frequency calculated. 
2. With decreasing in volume of watermelon, the natural frequency for each mode has been increased.  
3. The resonance will occur for Charleston gray watermelon in transportation. 
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