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Computer-aided design of a coffee-dragging device

Desenvolvimento de um dispositivo de derrica de café com o
auxilio de programa computacional

Marcus Vinicuis Morais de Oliveira'*; Mauri Martins Teixeira?; Haroldo Carlos
Fernandes?; Daniel Marg¢al de Queiroz?; Raphael Magalhdes Gomes Moreira’

Abstract

Dragging is the most costly and time-consuming stage of the coffee harvest. Therefore, its mechanization
is important. The objectives of this study were to design, build, and evaluate the dynamics of a coffee-
dragging device in a laboratory setting. The prototype consists of a dragging device with rods mounted
on a metal plate and a chassis. Computer-aided design (CAD) software was used to generate a solid
second-order tetrahedral mesh for use in finite element analyses of the device and its parts. It was
possible to simulate and display the device’s errors and failures and generate data on part deformities,
Von Mises tension, and equivalent efforts. Equations based on the Denavit-Hartenberg theory were
developed to describe the dragging device kinematics, and the results obtained with these equations
were compared to those for the design developed using the software program. A preliminary drawing
analysis identified a lever-type system as the best configuration for the device, based on its simple
construction and its ability to balance the weight of the project parts. The safety factor achieved was
greater than 28. Adjustment of the vibration amplitude of the rods is possible using the eccentric shaft
of the connecting rod drive. Finite element analyses was used to analyze the connecting rod and predict
the likely failure points.
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Resumo

Na colheita do café a etapa de derrica ¢ a mais onerosa ¢ que demanda maior tempo, por isso sua
mecanizagdo torna-se tdo importante. Objetivou-se com este trabalho projetar, construir e avaliar a
dinamica de um dispositivo de derriga laboratorial para café. O prototipo consta de um dispositivo de
derri¢a com hastes montadas em uma placa metalica e um chassi. O programa computacional CAD gerou
uma malha solida tetraédrica de segunda ordem por meio de analises de elementos finitos. Foi possivel
simular e mostrar erros ou falhas dos dispositivos e, também gerar dados, tais como a deformacao
da peca, tensdo de Von Mises e esforgos equivalentes. Para descrever a cinematica do dispositivo de
derrica, foram desenvolvidas algumas equagdes baseadas na teoria de Denavit-Hartenberg, que foram
comparadas ao projeto desenvolvido em programa computacional. A andlise dos croquis apresentou
o sistema tipo alavanca como a melhor configuragdo para o desenvolvimento do dispositivo, por ser
de simples construcdo e que permita facilmente equilibrar as massas das pegas do projeto. O fator de
seguranca alcangado foi superior a 28. O ajuste da amplitude de vibracao das hastes foi possivel com o
eixo excéntrico de acionamento da biela. O estudo da biela e a previsao dos pontos de falha foi possivel
pela analise em elementos finitos.
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Introduction

Brazil is the largest producer and exporter of
coffee and the second largest worldwide consumer
of coffee (CONAB, 2010; SOUZA; QUEIROZ;
RAFULL, 2006). The heterogeneity and complexity
of the Brazilian coffee production are advantages in
comparison to coffee production in other countries.
However, producing a wide variety of coffee flavors
does result in some disadvantages because of the
different technological needs of different coffee
varieties during both the harvest and post-harvest
(RUGANI; SILVEIRA,2006). Only withappropriate
production techniques is it possible to produce high-
quality coffee. Coffee is an agricultural product
whose value is based on qualitative parameters
that determine its price and can vary considerably,
depending on their management (SILVA et al.,
2011; AFONSO JUNIOR; OLIVEIRA FILHO;
COSTA, 2006; SAATH et al., 2010). Therefore, a
broad knowledge of coffee cultivation is essential
to the machinery designer.

Labor shortages in rural areas, increases in
crop-growing areas, and the need for reductions
in processing times have led to an increased
demand for mechanization in coffee production
(MAGALHAES et al., 2006). In a country such as
Brazil, which is a leading coffee producer, research
institutions and the national coffee industry must
find solutions to these problems. The agricultural
machinery industry has a trajectory that differs
from that of the agricultural crop processing
industry. The latter follows a fairly constant growth
trend, whereas the industrial output of agricultural
machinery is characterized by large variations not
only over time but throughout the year (HARO;
RUAS, 2009; GAITHER and FRAZIER, 2005;
SCHEFFER; CARIO; NICOLAU, 2008).

The use of computer software has proven to be
an important tool in the development of success
and reliability of successful and reliable products,
offering countless possibilities for assessing the

technical and economic viability of products
without physical models needing to be built
(MAGALHAES et al., 2006). The use of computer-
aided design (CAD) makes it possible to reduce costs
and increase safety by facilitating the prediction of
possible operational and material failures.

The use of CAD results in safer, more productive,
and more cost-effective agricultural machinery
design, which yields savings in both the cost and
time involved in creating a design (MUNDIM et al.,
2003; SHIGLEY; MISCHKE; BUDYNAS, 2004;
MINETTE et al., 2008; SANTOS et al., 2008).
Using CAD software, design errors can be detected
that might not otherwise be noticed in the early
stages of manufacture, including errors that could
compromise engine life or cause fatigue failure
of some engine parts (FREITAS; BEZERRA;
VIEIRA, 2010). The objectives of this study were
to design and build a dragging device for mountain
coffee harvesting using CAD software, conduct
a kinematic evaluation of the device design, and
identify the parameters that are key to operational
improvements on coffee plantations.

Materials and Methods

A coffee-dragging device was developed at
the Laboratory of Agricultural Mechanization of
the Department of Agricultural Engineering in the
Federal University of Vigosa/Minas Gerais — Brazil.
A CAD program was used to generate initial sketches
of the device. Based on the initial sketches, it was
decided to use a system of rods supported by a lever,
powered by a connecting rod crank, and coupled to
an eccentric shaft to produce oscillations. Using the
CAD program, all of the parts of the device were
designed and rendered with the physical properties
of the material with which the device would be
built. Carbon steel was used for most of the parts.
The material property values used were obtained
from the program library and are shown in Table 1.
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Table 1. Properties of the material (carbon steel).

PROPERTIES UNITS VALUE
Modulus of elasticity N-m 2.1et!
Poisson’s ratio 0.28
Modulus of rigidity N-m™ 7.9 et
Specific mass kg-m 7800
Resistance to traction N-m? 3.99 "%
Flow limit N-m? 2.20 ¢

Source: Elaboration of the authors.

After some adjustments, each part of the device
was redesigned, and some of the parts were subjected
to static distortion testing to improve the safety of
the machine. The parts were then connected with
perfect fit with respect to the joints and movement
restrictions so that the CAD program could be used
to analyze the device kinematics. A similar analysis
was performed by Alutei, Tatar and Maties (2011) to
determine the maximum forces on a robot’s joints.

After the device was assembled, the CAD
program “Study” was used to perform a statistical
analysis. The results of the statistical analysis
were used to simulate and display possible errors
and device failures. This program was also used to
generate data on part distortion, Von Mises tension,
and equivalent strain, in a manner similar to that used
in a study by Albiero, Maciel and Gamero (2011).
The Von Mises tension is a criterion for determining
material strength limitations. The forces applied

were determined as a function of engine power,
torque, and angular velocity, according to Equation
1, which describes the strength based on engine
information.

F= L
dw (D

where:

F = force, N;

P = Engine power, W;

d = displacement on the eccentric shaft, m; and

® = angular velocity, rad-s™.

The same program was used to generate a
second-order solid tetrahedral finite element mesh,
the main characteristics of which are presented in
Table 2.

Table 2. Properties of the mesh generated for the connecting rod study.

Type of Smooth Mesh Jacobian Element . Number of Number of
. . . Tolerance Quality
mesh surface generator used  verification size elements nodes
Solid -\ fivated Standardmesh 4 points 39496 (19748 mm  High 8472 14715
mesh mm

Source: Elaboration of the authors.

The connecting rod and lever were analyzed
using a static analysis; a solid mesh; the “FFEPlus”
solver; and deactivation of the in-plane effect of
the soft coil, of friction, of inertial attenuation, of
fluid pressure effects in the Solid Works Simulation
Xpress analysis package. The “Ignore clearance”

button for surface contact and the adaptive method
analysis option were also deactivated. Table 3
shows the material properties used for analysis of
the connecting rod, and Tables 4 and 5 show the
material properties and mesh properties used for
analysis of the lever.
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Table 3. Material properties used for the connecting rod study.

2376

Name of the property Units Value Value type
Modulus of elasticity N-m? 2.1 ¢ttt Constant
Poisson’ ratio NA 0.28 Constant
Modulus of rigidity N-m? 7.9 ¢*010 Constant
Specific mass kg-m 7800 Constant
Resistance to traction N-m? 3.9983 1008 Constant
Flow limit N-m? 2.2059 8 Constant
Thermal conductivity W-(m-K)! 43 Constant
Specific heat J-(kg-K)! 440 Constant
Source: Elaboration of the authors.
Table 4. Material properties used in the lever study.
Name of the property Units Value Value type
Modulus of elasticity N.m? 2.1 ™M Constant
Poisson’s ratio NA 0.28 Constant
Modulus of rigidity N-m? 7.9 e*010 Constant
Specific mass kg'm? 7800 Constant
Resistance to traction N-m?2 3.9983 "8 Constant
Flow limit N-m 2.2059 "% Constant
Thermal conductivity W-(m-K)! 43 Constant
Specific heat J-(kg'K)! 440 Constant
Source: Elaboration of the authors.
Table 5. Mesh information generated for the lever study.
Type of  Smooth Mesh generator  Jacobian Element Tolerance  Quality Number of Number of
mesh surface used verification size elements nodes
rsn(;lgﬂ Activated Standard mesh 4 Points 9';1511216 O'ﬁ;@ High 9085 15757

Source: Elaboration of the authors.

Construction of the equipment

The device designed is essentially a cart that was
built using angle outlines, in a way that permitted
the installation of a 3.7-kW electric motor in its
base (Figure 1A). In the upper part, a platform was
installed, and a lever was fixed to permit vibration
of the rods. The front side of the cart has a system
of gutters to prevent motion being caused by the
plate to which the rods are fixed. To facilitate rolling
on tracks, the cart was fitted with rubber tires. To
vary the amplitude of displacement of the rods, an
amplitude-adjustable eccentric shaft driven by the

electric motor was built. A set of connecting rods
and a universal joint were installed in the eccentric
shaft to change and restrict the rotational movement
to translation. Translational movement is produced
by a universal joint and stud installed at the end
of the lever and in the rods’ mounting plate. This
device is responsible for transmitting motion to the
rods at the other end.

A mounting joint at the center of the lever was
designed to be moved every time vibration of the
rods is needed and is not achieved, by adjusting
the eccentricity. The rods were fixed to a steel plate
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with horizontal dimensions of 350 x 350 mm and
a thickness of 4 mm. In this plate, arranged in four
rows and four columns, 19-mm holes were initially
spaced 100 mm apart. Threaded bolts were welded
to the plate to affix each set of rods to the plate
surface.

The rods, 13 mm in diameter and 800 mm long,
were made of 70% fiberglass and 30% polyester
resin. The fixation bolts serve to regulate the rods’
length. A Siemens Micromaster 420 frequency
inverter with single-phase input and three-phase
output for engines up to 5 KVA was used to adjust
the vibration frequency. An electric generator was
used to power the entire system in the field. This
made it possible for the dragging device to be used in
areas lacking electricity, such as coffee plantations.

A set of multimeters with a data logger known as
a Universal Quantity Meter (MUG) was installed to
quantify the energy consumption. This instrument
measures and stores data, such as electrical current,
voltage, and power data. In addition to its accuracy,
the MUG offers the advantage that it stores data in
formats that are compatible with computer programs
that can generate graphs of the energy demands of
the dragging device.

Validation of the results obtained using the CAD
program

A standard part was designed and analyzed in
the dynamic tests performed to validate the CAD
program. This part was a steel beam with a 10-mm
rectangular base, 20 mm in height and 100 mm
in length. A uniformly distributed 3-kN load was
applied to the top of the beam.

The maximum deflection of the beam was
calculated using Equations 2 and 3.

bh?

=1

2)

gL*

Bpiax = 3EI

3)

where:

I = moment of inertia, m*

b = base width, m;

h = height, m;

Sviay — Maximum displacement, m;

q = uniform load, N-m;

L = beam length, m; and

E = modulus of elasticity modulus, N m~.

The results obtained using Equation 3 were
compared with the distortion results obtained using
the CAD program.

Results and Discussion

All the device part drawings were made using
rigid articulated bars so that the final system would
be restricted to one degree of freedom. The device
was designed with a CAD program representing the
rigid bars and its joints to permit analysis of this
possible movement. After analyzing the models
of the previously drawn sketches, it was decided
that a lever or scale system would provide the best
configuration for a device that would be simple to
construct and that would facilitate balancing the
weight of the parts.

Once the model was established, the next step
was to design the device’s parts with the CAD
program and then perform an analysis of the
kinematics of the device. Special care was devoted
to realistic modeling of the parts because some parts
that were already available were used in the device.
Using the CAD application assembly, the parts were
joined together, taking into consideration the joints
and their movement restrictions (Figure 1B), and the
device kinematics were tested. With this program, it
was possible to create an assembly line and perform
a simulation of the device in operation.
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Figure 1. (A) prototype design produced using the CAD software and (B) design of the joints for the dragging device

prototype.

Source: Elaboration of the authors.

Dynamic Testing Conducted Using the CAD

Program

The maximum forces demanded by the dragging
device were determined using a 3.7-kW electric
motor, shortest minimum distance of 14.16 mm in
the eccentric shaft, and lowest minimum angular
velocity of 47,124 rad-s™'. Using Equation 1, a 5.77-
kN maximum force was obtained, based on the
virtual resistance tests. This maximum force would
only occur in the case of locking of the mechanisms
by an external agent for security reasons.

The connecting rod was the first part tested with
the CAD program. The results (Figure 2A, 2B, 2C and
2D) are summarized in Table 6, which also contains
the results of the tension, displacement, and distortion
studies. The X and Y reference points are located
at the center of the part’s largest hole (Figure2B).
The CAD results suggest that decisions should not
be made solely on the basis of the parameters of
the program, so program tools that would permit
reduction in either the size or the thickness of the part
to meet safety limits were not used.

According to the CAD results, the flow of the
material would be approximately 2.21¢"® N-m?,
while the critical point of the part would experience
a maximum Von Mises tension of approximately
7.8¢"% N-m?, resulting in a safety factor of 28.3,
during the virtual testing of the compression. The
full results of the lever design analysis are presented
in Table 7.

Figure 2. Results of the tension study for the connecting
rod in the dragging device prototype: (A) solid tetrahedral
mesh, (B) Von Mises tension, (C) displacement of the
connecting rod, and (D) distortion of the connecting rod.

Nome do mosdelo: Biela_3
Nome do estudo: Estudo 2

Valor globat. 0 @ 4.983610-005 m

(<)

Nome do estuda: Estudo 2

(D)

Source: Elaboration of the authors.
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Validation of the results obtained by the CAD
program

deformation was 2.79¢%

Figure 3 shows the distortion results obtained
from the dynamic analysis of the standard part
in the CAD program. The predicted maximum

Table 6. Results of the dynamic test of the rod.

mm. According to
equation 3, for the standard part measurements and
the values given in Table 1, the maximum deflection
would be 2.67¢* mm. Thus, the error in the CAD
result with respect to the theoretical value is 4.3%.

Name: Type Min. Location Max. Location
(x, ¥, 2)
. Von Mises 2417652 Nem?  2ABIMM g gy o0 N2 -13.90 mm
Tension tension node: 14150 ~10.00 mm node: 13079 3.00 mm
’ 159.86 mm ' 103.88 mm
- -15
. Resulting 0Om 7.52 mm, 4.98 €5 m 3.67¢" mm,
Displacement displacement node: 5616 12 mm, node: 209 9.5 mm,
p : 144.99 mm : 30 mm
. . Equivalent 3.13¢7 -2.11 mm, 247 e"% -12.94 mm,
Distortion ffort | 3922 -9.48 mm, 1 3519 2.25 mm,
eror clement: 159.19 mm o oment 103.186 mm
Source: Elaboration of the authors.
Table 7. Results of the dynamic test of the lever.
Name: Type Min. Location Max. Location
(%, y, 2)

. Von Mises 1761.99 N-m?> 3mM, 391973 e N2 205276 mm,
Tension . 110 mm, 59.5833 mm,
tension node: 15378 node: 6581

14.5 mm 0 mm
. Resulting 0m 270 mm, 6.3165 ¢® m 0 mm,
Displacement . 0 mm, 55 mm,
displacement node: 696 node: 209
0 mm 12.5 mm
o Equivalent 1.08403 e 523.25 mm, 1.2325 e 254.59 mum,
Distortion 107.708 mm, 60.9979 mm,
effort element: 9037 element: 4905
14.5 mm 1.64973 mm

Source: Elaboration of the authors.
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Figure 3. Distortion of the standard part.

Nome do modelo: Pegal
Nome do estudo: Estuco 1

Tipo de plotagem: Deslocamento estético Deslocamentol
Escala de distorcéo: 36.0953

Source: Elaboration of the authors.

Conclusions

A CAD program was used to develop and evaluate
a design for a coffee-dragging device. The CAD
analysis results indicate that the device design has
no potential critical problems, such as component
failure or malfunction. The rod design tested via
CAD analysis was found to have a safety factor
of 28.3. The eccentric shaft of the connecting rod
permits the adjustment of the vibration amplitude of
the rods. The finite element mesh generated made it
possible to analyze the design of the connecting rod
and predict the location of the point at which failure
would occur.
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