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ABSTRACT
The objective of this research was to evaluate Tainung F1 papaya fruits in five degrees of ripeness, analyzing 
mechanical resistance and modeling behavior with finite element analysis to generate important postharvest 
and transport management data. Tainung F1 papaya fruits were evaluated in five degrees of ripeness by 
analyzing their mechanical strength. Firmness was determined by applying a uniaxial penetration test and 
mechanical properties with an axial compression test. The firmness modeling and simulation was done with 
Autodesk inventor professional 15.0 (ANSYS® Technology). The deformability modulus decreased with the 
increase in the degree of ripeness, from 1.81 MPa to 0.52 MPa for degree of ripeness 1 to degree of ripeness 5. 
The yield strength varied from 0.0073 MPa to 0.00239 MPa for the same range. The finite element simulation 
of the fruit firmness showed a negative correlation with the degree of ripeness.
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Papaya’s center of origin is in the lowlands of the 
tropical Americas, from southeastern Mexico to 
Costa Rica, although it is currently found in all tropi-
cal regions of the world. According to Garcia (2010), 
the papaya fruit can be cylindrical, elongated, pear-
shaped, oval or round, characteristic of the Carica ge-
nus. All Carica species are from the tropical Americas 
and have been used for consumption because of their 
various health properties. Currently, these character-
istics are not relevant for commercialization because 
organoleptic characteristics prevail (Jimenez, 2002). 

The Tainung F1 papaya fruits are a hybrid developed 
for the first time in Taiwan. The plants have three 
types: females, males and hermaphrodites (Gil and 
Miranda, 2005). In Colombia, it is commercialized 
as the F1 commercial hybrid seed. The plants have 
heights of 2 to 2.8 m, a factor that predetermines 
crop productivity. The fruits have an elongated shape 
when they come from hermaphroditic and an ellipti-
cal shape when they come from female plants (Alonso 
et al., 2009). The measurement of elastic properties in 
fruits and vegetables can be estimated with a simple 
penetration test coupled to a texturometer, obtaining 
force versus distance curves that are needed for the 
calculation of mechanical parameters such as force or 
penetration effort. Uniaxial compression tests have 
also been widely used, which provide stress versus 
strain data and the maximum breaking force for cal-
culating the modulus of deformability and the rup-
ture energy (Alvis et al., 2009). 

One of the important measurements in the textural 
characterization of fruits is firmness, which measures 
the resistance to mechanical damage during harvest 
and transport (Ciro et al., 2005; Rangel-Montes de 
Oca et al., 2018; Sanchez et al., 2020). The sum of the 
elastic and plastic deformations of a certain point in 
the force-deformation curve is used to calculate the 
unit deformation in the expression of the module. 
Firmness is the consistency of fruits and is used to 
determine the optimal harvest timing (Barreiro and 
Ruiz, 1996). Each material is characterized by a defor-
mation curve in response to variable forces applied to 
its surface (Zapata et al., 2010). 

Stress, defined as a force on a unit of area and gen-
erally expressed in Pa (N m-2), can be produced by 
tension, compression or cuts, while deformation, a 
dimensionless measurement, changes the original 
length of the material (Ramírez, 2006; Alvis et al., 
2009). The software Autodesk Inventor Professional 
15.0 Technology ANSYS® submits models of me-
chanical parameters to studies with computer-aided 
engineering, when performing a stress analysis (Ro-
jas et al., 2013). This software is parametric type and 
creates models of solids supported in the constructive 
geometry (Bonifácio et al., 2019). 

The ANSYS module assembles the design-manufac-
ture-production process. Graphic system techniques 
are numerous and vary according to the purpose of 
the measurements and needs (Sanz and Lafargue, 

RESUMEN
El objetivo de esta investigación fue evaluar el fruto de papaya Tainung F1 en cinco grados de madurez, analizando 
su resistencia mecánica y modelando su comportamiento a través del análisis de elementos finitos para brindar 
importantes datos de manejo postcosecha y de transporte. Los frutos de papaya Tainung F1 se evaluaron en cinco 
grados de madurez analizando su resistencia mecánica. La firmeza se determinó aplicando una prueba de penetra-
ción uniaxial y las propiedades mecánicas mediante una prueba de compresión axial. El modelado y simulación de 
firmeza fue realizado por el software Autodesk Inventor Professional 15.0 (Tecnología ANSYS®). El módulo de 
deformabilidad disminuyó con el aumento del grado de madurez de 1.81 MPa a 0.52 MPa entre el grado de madurez 
1 y el grado de madurez 5. El límite elástico osciló entre 0.0073 MPa y 0.00239 MPa respectivamente en la madura-
ción 5. La simulación de elementos finitos de la firmeza del fruto mostró una correlación negativa con el grado de 
maduración.
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2002). The objective of this research was to calculate 
the mechanical parameters of Tainung F1 papaya and 
simulate firmness in different ripeness degrees.

MATERIALS AND METHODS

The determinations were made with Tainung F1 pa-
paya fruits harvested by the Asociación Agroecologi-
ca de Productores y Comercializadores de Papaya del 
Alto Sinu (APPALSI) in Tierralta, on the upper Sinu 
River, in the Department of Cordoba, Colombia, and 
kept at an average temperature of 27.4°C, the ambi-
ent temperature, without irrigation. The analysis of 
the results obtained in the mechanical characteriza-
tion was adjusted to an experiment design based on 
the recommendations of studies carried out by San-
tamaria et al. (2009), which was completely random-
ized with 10 replicates for each degree of ripeness.

In the penetration test, a 2 mm diameter stainless 
steel cylindrical probe attached to a TA-XTPlus 
model texturometer (Stable Micro Systems, Surrey, 
UK) was used to calculate the “maximum penetra-
tion effort”. The trials were performed on the entire 
fruit with peel. In all cases, the test was adjusted to 
a deformation rate of 5 cm min-1 at room tempera-
ture (25°C). The compression test was performed 
unaxially on fruit samples cut into cubes with a 2 
cm edge. A 75 mm compression plate was used, and 
the compression distance was 5 mm with a speed of 
10 mm s-1. 

The fruit firmness simulation was performed with 
Autodesk Inventor Professional (San Rafael, CA) and 
ANSYS 15.0 (ANSYS Inc, Canonsburg, PA), which 
aided the finite element modeling and simulation 
(Moaveni, 1999). This software submits mechani-
cal parameter models to computer-aided engineer-
ing studies when performing a stress analysis (Rojas 
et al., 2013). This software is parametric and gen-
erates solid models supported in the constructive 
geometry.

For the calculation of density, the volume of the fruit 
was determined with Archimedes principle. The 
Poisson coefficient was determined for each degree 
of ripeness; a 49 Newton load cell was used, with an 
operating speed of 2 mm s-1 and 75 mm compression 
plate. For the test, the fruits were supported on the 
peduncle, and the axis of application of the force cor-
responded to the longitudinal axis of the fruits. The 

compression distance was set at 5 mm. The Poisson 
coefficient was calculated with equation 1:

µ =

Δ D

(1)
D

Δ L
L

where μ was the Poisson coefficient (adimensional), 
ΔD was the lateral deformation (mm), D was the ini-
tial cross length (mm), ΔL was the longitudinal defor-
mation (mm) and L was the longitudinal dimension 
(mm).

The data were analyzed with analysis of variance 
(ANOVA), P<0.05. The means were compared with 
Tukey’s multiple range tests (P≤0.05) for the me-
chanical properties and with the t-student test to 
compare the simulation data with the experiment 
data. All statistical data were analyzed with STAT-
GRAPHICS Centurion XVI v. 16.1.1 and IBM SPSS 
Statistics v. 23.

RESULTS AND DISCUSSION

Mechanical parameters for the firmness and 
penetration strength

The compression deformability module analysis 
was determined from the stress curve (MPa) vs. rela-
tive deformation (%) (Fig. 1). An average value of 
1.81±0.12 MPa was obtained for degree of ripeness 
1, which decreased to 0.52±0.015 MPa for degree of 
ripeness 5. 

As stated by Mohsenin (1970), deformation stress 
curves provide very specific mechanical indexes for 
food, such as the elastic limit, the bioyeld point, the 
plastic range and the point of rupture. Figure 1 shows 
that, for papaya Tainung F1, there was no bioyeld 
point in the fruits subjected to axial compression in 
ripening degrees 1 and 2, while the bioyeld was re-
markable in ripening degrees 3, 4 and 5. This char-
acteristic is associated with the absence of cellular 
internal rupture within the range of deformation, 
giving way to the rupture of the sample when there 
is bioyeld (Mohsenin, 1972). 

In the maturation stage, the action of enzymes de-
grades the cell wall of plants by breaking pectin 
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chains. These processes can decrease the modulus of 
deformability by 50% as maturity advances, as com-
pared to maturity degrees zero and one (Errington et 
al., 1997; Wang, 2006; Namdari et al., 2020).

The results obtained from the stress strain curves are 
shown in table 1. Poisson’s coefficient increases with 
the degree of maturity and presented significant dif-
ferences according to the Tukey test (P≤0.05). Table 
2 shows the comparison between the strengths ob-
tained experimentally and those obtained by simula-
tion. The t-student test revealed that there were no 
significant differences between both measurements.

Figure 1.  Stress curve deformation in Tainung F1 papaya fruits.

Table 1.  Mechanical properties of Tainung F1 papaya fruits for five degrees of ripeness.

Degrees of ripeness Density (kg m-3) Poisson coefficient Deformability module (MPa) Elasticity limit (MPa)

1 0.90±0.001 a 0.46±0.13 e 1.81±0.12 a 7.31·10-2±0.002 a

2 0.94±0.007 a 0.47±0.22 d 0.85±0.015 b 5.06·10-2±0.002 b

3 0.95±0.006 a 0.69±0.19 c 0.70±0.013 bc 4.30·10-2±0.003 c

4 0.94±0.002 a 0.78±0.11 b 0.68±0.012 d 2.46·10-2±0.002 d

5 0.94±0.003 a 0.94±0.008 a 0.52±0.015 d 2.39·10-2±0.002 d

Means indicate significant differences according to the Tukey test (P≤0.05).

Table 2.  Comparison between the firmness strength obtained experimentally and that obtained by simulation in Tainung F1 
papaya.

Ripeness degree Simulated strength (N) Experimental strength (N) Safety factor %Error

1 65 58.65 0.25 10.83

2 40 41.84 0.42 4.40

3 25 33.34 0.93 25.01

4 22 21.45 0.84 2.50

5 18 19.7 0.86 8.63

95 % confidence intervals, standard deviation of simulated firmness: 16.5523 and 29.4902; standard deviation of peel: 11.4193 and 20.345; range of variances: 
0.925876 to 4.76791; F-test for comparing standard deviations: F = 2.10107, P = 0.0750865.

For the other mechanical parameters, such as density, 
the values increased with the degree of ripeness and 
presented a slight drop in the ripenness levels 4 and 
5. There was not a significant difference between the 
five degrees of ripeness. The behavior of density has 
been described by Villamizar (2001) as being the re-
sult of the flow of gaseous components of fruits from 
internal spaces towards the outside as ripening pro-
gresses. The decrease in density in advanced degrees 
of ripeness could be related to respiration, water loss 
through transpiration and air inside the fruit (Oster-
loh et al., 1996; Wills et al., 1998; Pinzón et al., 2007; 
Uba et al., 2020).
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Poisson’s coefficient expresses an increase with the 
degree of ripeness and presents significant differences 
according to the Tukey test (P≤0.05). Said behavior 
reflects a greater lateral deformation with respect to 
longitudinal deformation during the compression of 
fruits. In behavioral studies on fruits, such as mango 
(Mangifera indica), Poisson’s values have been re-
ported as 0.54, 0.66 and 0.94, respectively, for green, 
medium-ripe and mature fruits (Mayans et al., 2015).

The axial compression test performed on the Tainung 
F1 papaya samples provided the maximum strength 
data shown in table 3.

Table 3.  Maximum strength of uniaxial compression in 
Tainung papaya fruits F1. 

Ripeness grade Breaking point (N)

1 1005.56±0.29 a

2 475.00±0.42 b

3 342.81±0.37 c

4 168.01±0.85 d

5 126.98±0.23 e

Means with different letters indicate significant differences according to the 
Tukey test (P<0.05).

The analysis of variance of the mechanical param-
eters, deformability modulus and limit of elasticity 
submitted to the Tukey test (P≤0.05) showed sig-
nificant differences between the modules measured 
for the initial degrees of ripening and the consump-
tion ripeness stage, whereas ripeness grades 4 and 5 
did not show statistical differences. The modulus of 
deformability, calculated as the slope of the linear 
part of the stress vs. strain curve, showed differences 
between the degrees of maturity and was lower for 
grades 4 and 5. A mean value of 1.81±0.12 MPa was 
obtained in the degree of maturity (1) and decreased 
to 0.52±0.015 MPa in degree of ripeness 5. This effect 
is attributable to the loss of firmness in fruits during 
the maturation process (Ciro et al., 2005). 

The modulus of deformability is suggested as a 
measure of firmness in fruits, and the limit of elas-
ticity elucidates the maximum load that a fruit can 
withstand during storage under the action of static 
charges (Chen et al., 1987). In other vegetables, such 
as yams, modulus of deformability values of 1.7 MPa 
are indicated on average, while the sweet potato has 
values of 4.39 MPa (Alvis et al., 2015). Keitt variety 
mangoes have deformability modules of 2.065 MPa 

at physiological maturity (green) and 1.31 MPa with 
consumption ripeness. Fruits with a higher fiber con-
tent have greater resistance and higher deformability 
modulus values (Negrín et al., 2013). Guava fruits 
(Psidium guajava) have values of 3.51 MPa when green 
fruit and 1.22 MPa with consumption ripeness, with 
reports of 0.91 MPa for ripe fruits (Fernández et al., 
2013). Babarinsa and Ige (2014) observed deformabil-
ity modules from 1.14 to 1.87 MPa in their studies 
on the tomato Roma variety. The yield limit for the 
Tainung F1 papaya ranged from 7.31·10-2±0.0021 
MPa at ripeness level 1 to 2.39·10-2±0.0022 MPa. This 
parameter has been reported in fruits, such as guava, 
with values of 0.22 MPa in physiological ripening, 
along with values of 0.018 MPa in soursop in green 
fruits and 0.0013 MPa for fruits with consumption 
ripeness (Marquez, 2009; Yam et al., 2009; Kabas et 
al., 2015). 

The axial compression test in table 3 showed that the 
fruits had a greater sensitivity to the rupture of tissue 
in the mesocarp and exocarp in the equatorial zone 
because of the effect of tension during compression. 

In studies carried out on mechanical resistance to 
rupture in papaya variety Maradol Red, rupture 
point values of approximately 90 N were reached for 
the consumption ripeness stage and 250 N in other 
cultivars of the same variety. Physiological ripening 
(degrees of ripeness 0.1 and 2) can have maximum 
strength of rupture values of 2000 N and 2,500 N, as 
reported by Vázquez et al. (2003, 2013).

Studies conducted by Villaseñor et al. (2006) have 
shown that low axial compression on less mature 
fruits in the vertical position can register higher com-
pression loads when reaching the elastic limit and 
breaking point. In comparison with the data obtained 
in this study, melons (Cucumis melo) present average 
values of 411 N at commercial maturity and 1950 N 
in fruits with degree 1 ripeness. 

The physiological behavior of compressed fruits is 
not different from the behavior of intact fruits, pro-
vided that the compression load does not exceed the 
limit of elasticity of the fruit. 

The results of the present study indicate that the 
loading position of the Tainung F1 papaya had a 
significant effect on the mechanical response of the 
product, with more resistance to uniaxial compres-
sion than to unidirectional compression, which can 
originate with the structural heterogeneity of the 
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Figure 2.  Experiment test of firmness and simulated firmness test with the entanglement of the solid with finite 
elements for the Tainung F1 papaya fruits.

Figure 3.  Results of the firmness simulation for Tainung F1 papaya fruits in ripeness stages 1 (A), 2 (B) and 3 (C), 4 
(D) and 5 (E).
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pulp-skin with materials and nanotechnology (Stro-
shine, 1999; Zhang et al., 2005; Chandran, 2020). 

Figure 2 shows the mesh of the solid when applying 
finite elements for the monitoring of the firmness by 
simulation; a comparison between the current test 
and the simulated test is included.

Figure 3 shows the results obtained with the simu-
lated tests when using the software for a numerical 
analysis with finite elements by means of a homoge-
neous-continuous-isotropic-linear-elastic model.

The results of the simulation (Fig. 3), the application 
of a smaller force and the force that ruptured the fruit 
because of a loss of firmness in the test are shown. 
The darker areas, which appear red, determined the 
area that was most affected during the test and the 
rupture of the plant tissue. 

The simulation of finite elements in other fruits, such 
as guava, have reported values of 3 to 9% displace-
ment during simulated compression tests and com-
pression zone for the greater effort as in the Tainung 
F1 papaya, which extends from radial shape (Fernán-
dez et al., 2014). The simulation clearly showed the 
zones of greatest tension in the fruits subjected to 
a load. The results in table 2 compare the strengths 
obtained experimentally and those obtained by simu-
lation. The t-student test showed that there were no 
significant differences between the measurements. 

When observing the adjustment error between the 
measurements, the simulation was adjusted more for 
degrees of ripeness 2, 4 and 5. Zeebroeck et al. (2006) 
reported simulated impact loads on apples with an 
error of 5% with respect to experiment impact loads. 
Similarly, Cherng et al. (2005) obtained errors of 6% 
in a study on firmness in ellipsoidal fruits. Accord-
ing to Bourne (2002), biological materials have three 
types of fractures: a simple type that occurs when the 
body separates into two or more pieces, a fragile type 
that occurs when there is low absorption of energy 
before deformation, and a ductile type that occurs 
when there is high absorption of energy in the mate-
rial before it ruptures. 

During this process, first an internal fracture occurs 
while the outside of the structure remains instance. 
Finally, a rupture with physical disintegration occurs 
(Pollak and Peleg, 1980). The safety factor shown in 
table 2 expresses the applied stress on the limit stress 
of the material under test for degrees of maturity 

3, 4 and 5. This value is closer to unity, a fact that 
represents the highest probability of failure of the 
structure in fruits subjected to an external force, as 
expressed by Salazar (2007). Safety is related to the 
probability of failure of the structure; the lower this 
probability is, the lower the safety factor.

CONCLUSIONS

The results obtained in this study could be used to de-
velop devices for harvesting and to design technolo-
gies for better technical and energy performance. The 
mechanical response of the Tainung F1 papaya fruits 
was affected by ripening. There was greater resistance 
with the shorter post-harvest time. The modulus of 
deformability and the elastic limit of the Tainung F1 
papaya decreased as the ripening progressed, which 
constitutes fruit softening. This loss of rigidity is one 
of the most obvious changes during the maturation 
process in viscoelastic materials. For the Tainung F1 
papaya, there was no bioyield point in the fruits sub-
jected to axial compression in degrees of ripeness 1 
and 2, but while the bioyeld was remarkable in de-
grees of ripening 3, 4 and 5. This result demonstrated 
that fruit transport is safer in degrees of ripeness 1 
and 2, where there is greater internal resistance in 
the equatorial tissue. Numerical techniques, such as 
the finite element method in ANSYS®, can reduce 
experiments that determine static charge damage in 
Tainung F1 papaya fruits.
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