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ABSTRACT: The development of an efficient machine for harvesting coffee requires comprehensive knowledge of the 
dynamic behavior of the plant and its parts. The finite element method is a numerical approach used to determine natural 
frequencies and mode shapes. However, the stochastic finite element method has not been employed for the analysis of the 
dynamic behavior of coffee. The aim is to determine the natural frequencies and mode shapes for the coffee fruit-stem-branch 
system. The natural frequencies and the mode shapes were determined by employing the stochastic finite element method, in 
which the elastic modulus and the specific mass were treated as random variables, and the variation in the natural frequency was 
obtained as a function of the variability of these properties. The natural frequencies were reduced according to the evolution of 
the ripening process of the fruit and stem or due to the increase in the total weight of the system due to an increase in the number 
of fruits attached to the stem. The natural frequencies increased with an increase in the elastic modulus or with a reduction in 
the specific mass.

Index Terms: Coffee, mode shapes, natural frequencies.

Comportamento dinâmico do sistema fruto-pedúnculo-ramo do 
cafeeiro, usando método de elementos finitos estocástico

RESUMO: O desenvolvimento de máquinas eficientes para a colheita do cafeeiro exige conhecimentos sólidos sobre o 
comportamento dinâmico da planta. O método de elementos finitos é uma ferramenta numérica utilizada para determinar 
frequências naturais e modos de vibração. Porém não se tem empregado o método de elementos finitos estocástico para análise 
do comportamento dinâmico do cafeeiro. Assim, objetivou-se neste trabalho determinar as frequências naturais e modos de 
vibração do sistema fruto-pedúnculo-ramo do cafeeiro. Foram determinadas as frequências naturais e os modos de vibração 
empregando-se o método de elementos finitos estocástico, em que o módulo de elasticidade e a massa específica dos frutos, 
pedúnculo e ramos foram tratados como variáveis aleatórias, obtendo-se a variação das frequências naturais em função da 
variabilidade destas propriedades. As frequências naturais reduziram na medida em que se evolui o estádio de maturação dos 
frutos e pedúnculos ou se aumenta a massa total do sistema, dado pelo aumento do número de frutos solidários ao pedúnculo. 
As frequências naturais aumentaram na medida em que se elevou o módulo de elasticidade ou se reduziu a massa específica 
dos frutos, pedúnculos e ramos.

Termos para indexação: Café, frequências naturais, modos de vibração.

1 INTRODUCTION

Coffee is an important product for the 
national economy. Brazil ranks as the largest 
producer worldwide, with an estimated production 
for the harvest of 2015 at 44.28 million 60-kg bags. 
The state of Minas Gerais is the largest producer, 
notable for Coffea arabica L. cultivation. Secondly 
there is the state of Espirito Santo, predominantly 
in growing  Coffea canephora Pierre ex A. 
Froehner (COMPANHIA NACIONAL DE 
ABASTECIMENTO - Conab, 2015).

In the coffee production cycle, harvesting 
is the most costly activity because it requires a 
large amount of manpower. Thus, mechanization 
of the harvest is a possible means to reduce 
costs through increases in operational capacity 
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(BARBOSA; SALVADOR; SILVA, 2005; CIRO, 
2001; OLIVEIRA et al., 2007a). Mechanical 
coffee harvesting is based on mechanical 
vibrations; inertial forces are applied to the fruit 
and overcome the stem attachment forces which 
results in fruit detachment (ARISTIZÁBAL; 
OLIVEROS; ALVARES, 2003; OLIVEIRA et al., 
2007b; SOUZA; QUEIROZ; RAFULL, 2006).

To develop efficient harvesters, it is 
necessary to understand the dynamic behavior 
of the plant, or its parts, to be harvested (CIRO, 
2001). To harvest using mechanical vibrations, 
the natural frequencies and mode shapes must be 
determined to design the machine. Studies related 
to the determination of the natural frequencies 
and mode shapes of coffee have been conducted 
through analytical equations, controlled laboratory 
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shapes using the stochastic finite element method. 
Specifically, for the fruit-stem and fruit-stem-
branch systems, situations with one, two or three 
fruits attached to the stem were analyzed for the 
green and ripe stages.

The geometrical, physical and mechanical 
properties studied in this work were determined 
experimentally by Coelho et al. (2015) using 
samples of the Red Catuai cultivar of C. arabica 
(Tables 1, 2 and 3) between May and July, 2013. 
The geometries of the models were generated by 
3D-CAD software (Figures 1, 2 and 3). For the 
branch system (Table 3), the Poisson’s ratio value 
was determined from the average of the results 
obtained by Ballarin and Nogueira (2003) and 
Mascia and Lahr (2006).

The mesh geometry, the setting of the 
physical and mechanical properties and boundary 
conditions, and the visualization of the solution 
and the results were performed with the aid of 
the ANSYS Mechanical APDL software, version 
14.5. For mesh generation, tetrahedral elements 
with ten nodes were used. 

The elastic modulus and the specific mass 
of the fruit, stem and branch were set as random 
variables. The dimensions and Poisson’s ratio were 
set as constant values. Fifty values were generated 
for each random parameter and each component 
of the fruit-stem-branch system. These values 
were generated from the mean values and standard 
deviations for each parameter (Tables 1, 2 and 3) 
by applying the Equation (1). A random number 
generator program was developed in Fortran 90 
language and compiled by the G95 compiler.

( )12 −i0i Ns+V=V                                                                     
where

iV = i-th random value;
0V = mean value of the parameter;

s = standard deviation of the parameter;
iN = i-th random number with values between 

0 and 1, which is generated from the algorithm 
proposed by Press et al. (1992).

The systems were modeled with multiple 
degrees of freedom and subjected to undamped free 
vibration, and the differential equation in matrix 
form (Rao, 1995). For simplification, the materials 
that compose the fruits, stems and branches were 
treated as homogeneous and isotropic.

The algorithm selected in ANSYS 
Mechanical APDL was the Block Lanczos 
algorithm that is used to solve problems with 
eigenvectors and eigenvalues, which provide the 
natural frequencies and mode shapes for systems, 
respectively. 

experiments, field experiments and computational 
tools (ARISTIZÁBAL; OLIVEROS; ALVARES, 
2003; CIRO, 2001; SANTOS et al., 2010a, 2010b, 
2015). Among the computational tools, the finite 
element method stands out as it is based on the 
generation and solution of differential equations 
that govern the physical phenomena under study. 
Under this method, the analysis of the geometrical, 
physical and mechanical properties of the system 
is required (RODRÍGUEZ et al., 2006).

The finite element method has two 
variants: the deterministic and the stochastic. In 
the deterministic finite element method, input 
parameters with single and constant values are 
used so that a single output parameter value is 
obtained. In the stochastic finite element method, 
the input parameters are defined as a set of random 
values, so a set of results is obtained for the output 
parameter (BERTHAUME et al., 2012; REH et al., 
2006). Random values are usually generated from 
models that describe the probability distribution of 
the parameters under analysis (STEFANOU, 2009).

The finite element method has been used 
to model several systems, both mechanical and 
biological. The studies that have been undertaken 
using deterministic or stochastic models include 
the coffee dynamic behavior (SANTOS et 
al., 2015), the stresses and strains in monkey 
skulls (BERTHAUME et al., 2012), the modal 
analysis of pears (JANCSÓK et al., 2001), the 
thermomechanical analysis of gas turbine blades, 
the modal analysis of automobile structures (REH 
et al., 2006), and the stresses and strains on teeth 
(PENEDO et al., 2010). However, there has been 
little research on applying the stochastic finite 
element method to the analysis of the dynamic 
behavior of plants, specifically coffee or its parts.

The use of the stochastic finite element 
method in dynamic behavior analysis is an advance 
in coffee research given the large variability in the 
geometrical, physical, and mechanical properties 
of coffee plants (ARISTIZÁBAL; OLIVEROS; 
ALVARES, 2003; RODRIGUEZ et al., 2006). 
Therefore, this paper is aimed at determining the 
natural frequencies and mode shapes of the fruit-
stem, branch and fruit-stem-branch system using 
the stochastic finite element method. Additionally, 
we evaluated the influence of the ripeness stage 
and number of fruits attached to the same stem on 
the natural frequencies and mode shapes.

2 MATERIALS AND METHODS
The coffee fruit-stem, branch and fruit-

stem-branch systems were modeled to determine 
their natural frequencies and corresponding mode 

     (1)
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(a) (b) (c)

FIGURE 1 - Geometry of the fruit-stem system with (a) one, (b) two and (c) three fruits attached to the stem.

FIGURE 2 - Geometry of the branch.

(a) (b)

(c)

FIGURE 3 - Geometry of the fruit-stem-branch system with (a) one, (b) two and (c) three fruits grouped on each stem. 

The Monte Carlo simulation method 
was employed to solve the stochastic model by 
extracting the five natural frequencies and the 
corresponding mode shapes. From the results, the 
average natural frequency was determined, and the 

deviation is shown as an error bar. The influence 
of the variation in the natural frequencies from the 
random variables was evaluated graphically for 
the green and ripe stages. The mode shapes were 
evaluated from its modal deflection.
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3 RESULTS AND DISCUSSION
Modeling the fruit-stem system with one fruit 
on the stem

The range of values (Figure 4) represents 
the mean value and deviation of the natural 
frequencies due to the variability in the specific 
mass and the elastic modulus considered in the 
stochastic modeling. The natural frequencies of 
the fruit-stem system with a fruit attached to the 
stem were reduced according to the progression 
of the ripeness process. This behavior was also 
observed by Ciro (2001) and Santos et al. (2015) 
and is caused by a reduction in the stiffness of the 
stem, which is related to cell wall degradation 
(CASTRO; MARRACCINI, 2006).

For a selective harvest performed 
exclusively by mechanical vibration, the use of 
natural frequencies corresponding with up to the 
fifth mode is inefficient because there is an overlap 
between the frequency ranges of the green and 
ripe stages. Ciro (2001) determined the natural 
frequencies of the fruit-stem system and obtained 
values of 26.97 and 25.10 Hz for the shape of the 
first mode and 518.79 and 470.95 Hz for the shape 
of the second mode for the green and ripe stages, 
respectively. In turn, using the finite element 
method, Santos et al. (2015) calculated 23.2, 
23.30 and 57.7 Hz and 19.9, 19.9 and 50.4 Hz, for 
the first, second and third natural frequencies of 
the green and ripe stages, respectively. 

The uncertainty in the results is related 
to variations in the geometrical, physical 
and mechanical properties of the system. 
Moreover, these properties are associated with 
the characteristics of the soil, climate and the 
plant, such as age and variety, as well as plant 
management (ARISTIZÁBAL; OLIVEROS; 
ALVARES, 2003; RODRIGUEZ et al., 2006).

The mode shapes were similar for both 
ripeness stages and for different values of the 
elastic modulus and specific mass as there were no 
variations in the geometrical aspects and distribution 
of mass. The first and second mode shapes were 
characterized as pendulum displacements of 
the fruit-stem system in perpendicular planes, 
which explains the approximation of the natural 
frequencies of these modes. These mode shapes 
were also obtained by Filgueiras (2001) and 
Santos et al. (2015). In the third mode, the system 
presented a torsional displacement. The fourth 
and fifth mode shapes were characterized by a 
counter-phase pendulum displacement, in which 
the fruit moves in one direction and the stem in 
an opposite direction which was also observed 
by Santos et al. (2015). The detachment using the 
natural frequencies corresponding to the third, 
fourth and fifth modes should be more efficient 
because higher stresses may be generated in stems 
(ESPINOSA; RODRÍGUEZ; GUERRA, 2007) 
with the counter-phase pendulum and torsional 
displacements.

FIGURE 4 - Natural frequencies for the fruit-stem system with one fruit attached to the stem at the green and ripe stages.
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characterized as pendulum displacements in 
perpendicular planes. In the second mode shape, 
there is a rotation of the system in relation to stem 
attachment. In the fourth, only the fruit moves 
in a pendulum displacement. The fifth mode is 
characterized by a rotation of only the fruit. For 
the fruit-stem system with three fruits attached 
to the stem in the first mode, the system rotates. 
The second and third modes are characterized by 
pendulum displacements in perpendicular planes, 
and the fourth and fifth modes are represented 
by a pendulum displacement of the fruit. For the 
rotation and pendulum displacement mode shapes, 
the natural frequency of the fruit-stem system is 
reduced with increasing numbers of fruit and, 
consequently, the mass of the system. 

Modeling of the fruit-stem system with two 
and three fruits on the stem

For fruit-stem systems with two and three 
fruits attached to the stem, the natural frequency 
values were reduced according to the ripening 
stage (Figures 5 and 6). This behavior is also 
related to changes in the mechanical properties of 
the fruits and stems due to the ripening process 
(CASTRO; MARRACCINI, 2006). For a selective 
harvest by mechanical vibration, the use of natural 
frequencies up to the fifth mode shape is not 
effective given the overlap of frequency ranges 
between the green and ripe stages.

For the fruit-stem system with two 
fruits, the first and third mode shapes were 

FIGURE 5 - Natural frequencies for the fruit-stem system at green and ripe stages with two fruits attached to the stem.

FIGURE 6 - Natural frequencies for the fruit-stem system at green and ripe stages with three fruits attached to the stem.
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Modeling the coffee branch
As presented in Figure 7, the natural 

frequency values of the branch were higher than 
those found by Filgueiras (2001). In addition to the 
difference in the magnitude of the elastic modulus 
used, the differences in the results may be related 
to aspects of model, such as its geometry and 
elements used in the meshing.

In the first and second mode shapes, 
the branch shows a pendulum displacement 
in perpendicular planes. The third and fourth 
modes were also characterized by pendulum 

displacements in perpendicular planes but with 
counter-phase shifts. In the fifth mode shape, 
there was counter-phase pendulum displacement 
but with an increased amount of counter-phase 
sections. The obtained mode shapes agree with 
those obtained by Filgueiras (2001).

Modeling of the coffee fruit-stem-branch 
system

Similar to fruit-stem systems, the natural 
frequency of fruit-stem-branch systems reduced 
as the stages of ripeness advanced (Figure 8).

FIGURE 7 - Natural frequencies for the branch as obtained in this work and by Filgueiras (2001).

FIGURE 8 - Natural frequencies for the fruit-stem-branch system with (a) one, (b) two and (c) three fruits at the 
green and ripe stages.
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In the three situations evaluated, one, 
two or three fruits attached to the stem, the first 
and second mode shapes were characterized by 
pendulum displacements in perpendicular planes 
of the fruit-stem-branch system. In the third, 
fourth and fifth modes, there were pendulum and 
rotational displacements.

Filgueiras (2001) modeled the coffee 
fruit-stem-branch system and also observed a 
pendulum displacement for the first and second 
mode shapes. In the third mode, however, a 
pendulum displacement in counter-phase with a 
branch deformation occurred. This difference can 
be explained by the modeling method used by the 
author, in which fruit masses were not displaced 
from the branch axis and were ignored in the fruit 
and stem geometries.

Thus, as occurred for the fruit-stem system, 
the natural frequency values in the same mode 
shape decreased with an increasing number of 
fruit attached to the same stem, i.e., the mass of 
the system. This was also verified by comparing 
the results from the fruit-stem-branch system 
with those of the branch, which also decreased 
due to the increase in mass and in agreement with 
Filgueiras (2001).

The results indicate that the application 
of frequencies of the third, fourth or fifth mode 
shapes will achieve the most efficient harvest. 
For these frequencies, the displacements mainly 
occurred due to stem displacement, which 
increases the probability of detachment. However, 
for a selective harvest, frequencies up to the fifth 
mode shape are not appropriate given the overlap 
of frequencies related to the green and ripe stages.

There was an increase in natural frequencies 
as the specific mass was reduced or the elastic 
modulus of the fruit, stem and branch increased 
(Figure 9). The increase in the natural frequency 
is related to a reduction in mass or an increase in 
the stiffness of the system.

The specific mass of the fruit varied from 
918-1116 kg m-3 (22 %), and the elastic modulus 
of the stems varied from 15.4 to 32.5 MPa (111 
%), both in relation to the experimental mean. 
This resulted in a range of values between 14.0 
and 21.3 Hz for the first natural frequency, which 
represents a percentage variation of 52 %.

Therefore, the variations in the physical and 
mechanical properties of the fruit-stem-branch 
system of coffee plants significantly influenced the 
values of the natural frequencies. This influence 
stresses the importance of using the stochastic 
finite element method to study the dynamic 
behavior of coffee with the goal of developing 
more efficient harvesting machinery that allows 
for greater selectivity.

 4 CONCLUSIONS
It can be concluded that:
The natural frequencies of the fruit-stem 

and fruit-stem-branch systems show a downward 
trend in response to the evolution of the ripeness 
process.

The natural frequencies of the systems 
reduce with increasing numbers of fruit due to the 
increase of the total mass of the systems.

In the fourth and fifth mode shapes, there 
are larger displacements of stems in the fruit-stem 
and fruit-stem-branch systems.

There is an overlap of natural frequencies 
relative to the green and ripe stages due to the 
variation in the physical and mechanical properties 
of the system, which may make selective 
harvesting by mechanical vibration impossible.

The natural frequencies of the fruit-stem, 
branch and fruit-stem-branch systems presented in 
this study increase with an increase in the elastic 
modulus or with the reduction in the specific mass 
of the fruit, stem and branch.

FIGURE 9 - Variation of the first natural frequency of the fruit-stem system with a ripe fruit with the variability of 
the specific mass of the fruit and the elastic modulus of the stem for (a) a response surface and (b) cuts.
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