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Abstract: Olive picking is one of the most common social agricultural activities in many regions of
Andalusia where the predominant crop is the traditional olive grove. The machinery used includes
shakers, blowers and essential, low-cost hand-rake sweepers. The latter are generally used by the
women of the squads to sweep the olives that fall from the trees. This article is focused on the design
and optimisation of a hand-rake sweeper, in terms of durability and cost, for the picking of olives
and other fruits, such as almonds, which are currently the main alternative to nonperennial crops
in Andalusia. A parametric design of a hand-rake sweeper was created for this application using
the design software CATIA, and its most vulnerable points were analysed in terms of effectiveness
with varying design parameters, conducting usage simulations with ANSYS for a light material such
as polypropylene. The maximum von Mises stress of the whole structure was 155.81 MPa. Using
ANSYS, the dimension parameters of the hand-rake sweeper structure were optimised. The modified
design was analysed again, showing a reduction of maximum tensions of 10.06%, as well as a decrease
in its maximum elongations (0.0181 mm).
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1. Introduction

Olives are one of the most important crops in the Mediterranean region [1], and therefore in
Andalusia, occupying 47.24% of its cultivated surface area [2,3]; in fact, in some regions this is the
only crop grown. It is also one of the most social crops [4], especially during the harvest when the
workforce employed is the most significant expense, with an average of 13.83 workers per ha [2].
Picking represents 54.27% of the total work required for the olive grove [5,6]. It is a job performed
mostly by men, although women play a relevant role in the lighter tasks [7]. The machinery used
includes manual shakers for branches, shakers coupled to the tractor’s power take-off for the tree
trunks, blowers and bale pickers. On the other hand, there are other lightweight tools, such as rods
and hand-rake sweepers, which are used by part of the squad [7]. The latter are normally used by
women to pile the olives that fall from the trees and facilitate their collection, preventing them from
getting covered in dirt, which does not occur when carrying out this task using blowers [7].

Another crop, currently competing with the olive grove in the semiarid Mediterranean regions
due to their profitability, is the almond [8]. Its harvest, although very mechanised, also poses a high
cost due to the number of wages required [9,10]. In such harvesting process, the use of the hand-rake
sweeper is of special relevance [11]. The cost and durability of these rakes is an important expense to
take into account, since they tend to break easily and, thus, they must be replaced very often. The aim
of this paper is to obtain the parameterised design and subsequent optimisation of a hand-rake sweeper,
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considering both the strains it can withstand and its cost. With the parameterisation of the hand-rake
sweeper, it will be possible to simulate particular conditions, such as the different materials with which
it can be manufactured and its use, depending on the different olive varieties. In addition, this will also
allow extrapolating the application of this new tool to the harvest of other products, such as almonds.

2. Materials and Methods

2.1. Study Object

The hand-rake sweeper consists of one arm, traditionally made of wood (although nowadays it is
usually made of metal), and a base of teeth or spikes, which were traditionally made of metal and
are currently being replaced with plastic. Figure 1 shows some of the rakes that are commercialised
these days: rectangular rakes (Figure 1a), which are formed with a directrix that sets all the teeth with
the arm; and triangular rakes (Figure 1b), which open like a hand, fan up to the length of the sweep,
with transversal teeth that hold the main teeth/spikes together. The shapes of this base have changed,
with triangular and geometric shapes being the most widely used nowadays.
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Figure 1. Types of rakes in the market: (a) rectangular (b) triangular.

The work applied by the rake during its use can be described as an action of thrust against the
ground, plus a drag-in action (Figure 2). This operation is analysed using the structural “strut-and-tie”
model [12]. Such a model consists in discretising a system of internal strains that shows compression
and traction lines. This helps to separately “study” the functioning of each part of the target instrument
to be analysed. Figure 2 shows these traction and compression lines. The rake works by compression
and dragging. The compression, that is, the “push” toward the ground, is transmitted through the
handle of the rake, which works as a connecting rod, whereas its ends, which are resistant elements
that transmit the force toward the ground, act as tie rods (Figure 3) [12].

Agriculture 2020, 10, x FOR PEER REVIEW 2 of 19 

 

hand-rake sweeper, it will be possible to simulate particular conditions, such as the different 
materials with which it can be manufactured and its use, depending on the different olive varieties. 
In addition, this will also allow extrapolating the application of this new tool to the harvest of other 
products, such as almonds. 

2. Materials and Methods 

2.1. Study Object 

The hand-rake sweeper consists of one arm, traditionally made of wood (although nowadays it 
is usually made of metal), and a base of teeth or spikes, which were traditionally made of metal and 
are currently being replaced with plastic. Figure 1 shows some of the rakes that are commercialised 
these days: rectangular rakes (Figure 1a), which are formed with a directrix that sets all the teeth with 
the arm; and triangular rakes (Figure 1b), which open like a hand, fan up to the length of the sweep, 
with transversal teeth that hold the main teeth/spikes together. The shapes of this base have changed, 
with triangular and geometric shapes being the most widely used nowadays. 

 
Figure 1. Types of rakes in the market: (a) rectangular (b) triangular. 

The work applied by the rake during its use can be described as an action of thrust against the 
ground, plus a drag-in action (Figure 2). This operation is analysed using the structural ″strut-and-
tie″ model [12]. Such a model consists in discretising a system of internal strains that shows 
compression and traction lines. This helps to separately ″study″ the functioning of each part of the 
target instrument to be analysed. Figure 2 shows these traction and compression lines. The rake 
works by compression and dragging. The compression, that is, the ″push″ toward the ground, is 
transmitted through the handle of the rake, which works as a connecting rod, whereas its ends, which 
are resistant elements that transmit the force toward the ground, act as tie rods (Figure 3) [12]. 

 

Figure 2. Stress diagram in rake operation.



Agriculture 2020, 10, 379 3 of 18

The rake parameterised and analysed in this study is triangular, and the material used for its
manufacture was polypropylene since it is currently the most widely used material. The rake is
fabricated by the injection of molten plastic in a steel mould. Some advantages of using plastic are
related to production, in addition to other reasons, such as being environmentally friendly [13], since
plastic materials require lower energy consumptions for their manufacture. Moreover, they also show
advantages in terms of durability, since plastic packages are practically unbreakable, which prevents
spilling or damage to the food products, and in terms of hygiene, as they do not rust. For the design of
the rake, polypropylene and wood were chosen for the base of the body and the handle, respectively.
A parametric design was developed using the CATIA software.
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2.2. Parametric Design of the Rake

A parametric design was developed using the CATIA software. Since it is a relatively flat object,
without stiffeners, there will be a low risk of undesired shrinkages and manufacturing defects derived
from contractions during solidification [14]. For the parameterisation of the rake, it was considered to be
solid inside. To observe the behaviour of each of the elements that make up the rake, the “strut-and-tie”
model was used, which is based on the theory of plasticity. This theory states that materials have
a plastic-rigid behaviour, and that they only deform when they reach a certain tension, from which
they keep deforming with no tension increase. Similarly, the body of the rake has a piece in its upper
part where the handle is inserted. Such insertion of the handle in the main body of the rake must be
adapted to achieve a correct functioning, after applying the necessary tensions to the body of the rake.
There is a hole in the front side to screw the wooden handle and keep it fixed to the rake.

The next part is flat, in order to transmit the push and compression tensions from the handle,
where the strain is applied down to the teeth/spikes. The teeth cannot be placed directly at the level of
the handle, since a space of around 45◦ is required to allow for the correct action of the connecting
rod. This design is based on models that are already in the market. Applying the “strut-and-tie”
model, a compression direction of 45◦ from the handle to the teeth/spikes was designed. The brand
or commercial identity of the rake does not have a mould release (draft) since it is 0.3 mm thick and
it was thus considered unnecessary. The next area in the parametric design is the teeth of the rake,
which expand to the final zone, where they are curved.

In the design, a certain tooth-to-tooth distance was set according to the objects to be swept,
i.e., olives in this case, which could vary depending on the olive variety or the type of fruit, to prevent
them from passing through the space between teeth. The two stiffening arches shown in Figure 4
strengthen the rake to prevent it from widening during sweeping. These act as tie rods that “sew” the
main directrices. Lastly, the end of the teeth/spikes are curved inwards to facilitate sweeping. Figure 5
shows the posterior part of the rake.



Agriculture 2020, 10, 379 4 of 18

Agriculture 2020, 10, x FOR PEER REVIEW 4 of 19 

 

 
Figure 4. CATIA (computer-aided three dimensional interactive application) representation of the 
area of the teeth/spikes of the rake. 

 
Figure 5. Representation of the posterior part of the rake. 

Finally, since this is a plastic material, a general draft angle of 1.5° was considered for the 
injection of plastic. When releasing the piece, this should not have straight walls with respect to the 
mould, since it will have to slide on it and there would be an opposing friction. Therefore, the walls 
will never be up to 90°; instead, they open outwards to allow the piece to be released from the mould. 
There are three types of parameters that can and cannot be modified in the design of the rake, 
influencing its optimisation. The optimisation of the design requires the minimisation of the traction 
tensions in the flexed area and the reduction of the volume. Table 1 shows the classification of such 
parameters according to a colour code. Figure 6 shows the description of each parameter. 

Table 1. Colorimetric classification of the parameters for the design of a hand-rake sweeper. 

 FIXED PARAMETERS: fundamentally, they depend on the type of fruit to be 

swept. They are set at the beginning of the design and are not modified. For 

example, “total rake width”, that is, the length to be swept per sweep.  

 MODIFIABLE PARAMETERS WITH NO REPERCUSSION IN THE 

STRUCTURAL OPTIMISATION OF THE MODEL: these parameters do not 

influence the optimisation of the design. For example, “tooth radius” and “draft 

angle”.  

 STUDY PARAMETERS: these must be modified to influence the optimisation of 

the design. 

Figure 4. CATIA (computer-aided three dimensional interactive application) representation of the area
of the teeth/spikes of the rake.

Agriculture 2020, 10, x FOR PEER REVIEW 4 of 19 

 

 
Figure 4. CATIA (computer-aided three dimensional interactive application) representation of the 
area of the teeth/spikes of the rake. 

 
Figure 5. Representation of the posterior part of the rake. 

Finally, since this is a plastic material, a general draft angle of 1.5° was considered for the 
injection of plastic. When releasing the piece, this should not have straight walls with respect to the 
mould, since it will have to slide on it and there would be an opposing friction. Therefore, the walls 
will never be up to 90°; instead, they open outwards to allow the piece to be released from the mould. 
There are three types of parameters that can and cannot be modified in the design of the rake, 
influencing its optimisation. The optimisation of the design requires the minimisation of the traction 
tensions in the flexed area and the reduction of the volume. Table 1 shows the classification of such 
parameters according to a colour code. Figure 6 shows the description of each parameter. 

Table 1. Colorimetric classification of the parameters for the design of a hand-rake sweeper. 

 FIXED PARAMETERS: fundamentally, they depend on the type of fruit to be 

swept. They are set at the beginning of the design and are not modified. For 

example, “total rake width”, that is, the length to be swept per sweep.  

 MODIFIABLE PARAMETERS WITH NO REPERCUSSION IN THE 

STRUCTURAL OPTIMISATION OF THE MODEL: these parameters do not 

influence the optimisation of the design. For example, “tooth radius” and “draft 

angle”.  

 STUDY PARAMETERS: these must be modified to influence the optimisation of 

the design. 

Figure 5. Representation of the posterior part of the rake.

Finally, since this is a plastic material, a general draft angle of 1.5◦ was considered for the injection
of plastic. When releasing the piece, this should not have straight walls with respect to the mould,
since it will have to slide on it and there would be an opposing friction. Therefore, the walls will never
be up to 90◦; instead, they open outwards to allow the piece to be released from the mould. There
are three types of parameters that can and cannot be modified in the design of the rake, influencing
its optimisation. The optimisation of the design requires the minimisation of the traction tensions in
the flexed area and the reduction of the volume. Table 1 shows the classification of such parameters
according to a colour code. Figure 6 shows the description of each parameter.

Table 1. Colorimetric classification of the parameters for the design of a hand-rake sweeper.

FIXED PARAMETERS: fundamentally, they depend on the type of fruit to be swept. They are set at
the beginning of the design and are not modified. For example, “total rake width”, that is, the length
to be swept per sweep.
MODIFIABLE PARAMETERS WITH NO REPERCUSSION IN THE STRUCTURAL
OPTIMISATION OF THE MODEL: these parameters do not influence the optimisation of the
design. For example, “tooth radius” and “draft angle”.
STUDY PARAMETERS: these must be modified to influence the optimisation of the design.
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Table 2 shows the design parameters, indicating the nomenclature used and their description,
the type and the initial values.

2.3. Design Optimisation

The worker applies a drag and compression strain toward the ground when piling the olives,
which is transmitted to the body of the rake, moving the teeth backwards and pushing them against
the ground (Figure 7).Agriculture 2020, 10, x FOR PEER REVIEW 7 of 19 

 

 
Figure 7. Strain scheme of the rake in action. 

The rake is subjected to two types of flexion (Figure 8): one in the line of teeth, which are curved 
backwards, and another one in the body of the rake, which is curved with the teeth/spikes. The 
wooden handle remains embedded while the body of the rake works. The teeth flex backwards. There 
is a maximum flexion at the start of the teeth in the central body. 

 
Figure 8. Strain scheme of the rake. 

The flexion of the teeth can be divided into two areas: one subjected to traction strains in the area 
to be swept, and another one subjected to compression in the swept area. Since it is a plastic material, 
the compressed area will plastify, whereas the tractionated area will stretch until it brakes [15]. There 
is a neutral fibre, represented with a dotted line in the middle of the object, that is not subjected to 
any strain. The side that curves suffers a traction (side A), and thus the fibre flexes to open and the 
failure occurs. In side B, the fibre compresses, suffering a crush in this area (Figure 9). To optimise 
the product, the values of the design variables will be modified after their parameterisation. There 
are several options to improve the product: 

- Strengthening the flexed area with more material to reduce the tensions; 
- Re-dimensioning the parameters of the entire set, in a way that the tensions decrease in the 

failure area.  

Minimising the volume of the object and designing with the smallest amount of material possible 
is fundamental for the product to be economical. Using the ANSYS finite element program, an 
analysis of von Mises tensions was carried out to optimise the design of the rake from specific 
contour, strain and displacement conditions [16]. The Finite Element Method (FEM) is a suitable 
analysis to examine these aspects in a quantitative way for optimisation purposes [17–26]. This 

Figure 7. Strain scheme of the rake in action.



Agriculture 2020, 10, 379 6 of 18

Table 2. Design parameters and their initial values.

Variable Description Type Initial Value Units

Thickness Thickness 2.5 mm

Stick Diameter Handle diameter 25 mm

L_H_1 Horizontal L of the first side 82 mm

Angle_L2 Angle of the second side 15 ◦

a_0 Vertical L between the start of the handle and the start of
the body 60 mm

L_H_2 Horizontal L of the second side 150 mm

a3_ L up to the end of the body 755 mm

A_L3 Angle of the third side 65.0 ◦

r_1_Handle Radius of the contour of the handle where it is anchored with
the body 20.0 mm

R_L1-L2 Radius between the first and second sides 12.0 mm

R_L2_L3 Radius between the second and third sides 7.5 mm

d_1_Plane Reference plane to make the teeth 70.0 mm

s_1_plastic Horizontal distance of each tooth in the reference plane
(d_1_Plane) 12.0 mm

S2_hole Horizontal distance of each space between teeth in the
reference plane (d_1_Plane) 7.0 mm

d2_level_Plane Start of the teeth 80.0 mm

R_Arc_Lower Radius of the lower arch where the teeth end 2560.0 mm

Dis_Arc_Lower Distance over the symmetry axis from the handle to the end of
the teeth 330.0 mm

R_Nerve_1 Radius of the upper tooth 1120.0 mm

W_Nerve_1 Width of the upper tooth 32.0 mm

D_Nerve_1 Distance over the symmetry axis from the handle to the axis of
tooth 1 200.0 mm

D_Nerve_2 Distance over the symmetry axis from the handle to the axis of
tooth 2 260.0 mm

R_Nerve_2 Radius of the lower tooth 2780.0 mm

W_Nerve_2 Width of the lower tooth 27.0 mm

L_Teeth Length of the teeth 87.9 mm

Up_Thickness_Teeth Excess thickness of the teeth 0.0 mm

R_Teeth Radius of the teeth 35.0 mm

R_Up_Teeth Increase of the radius of the teeth 0.0 mm

R_General General radius 1.0 mm

R_2_Handle Radius of the corner between the handle and the body 23.0 mm

R_General_Corner General radius of the corners between teeth 3.0 mm

R_End_Teeth Radius of the end of the teeth 2.0 mm

R_Var_Handle Variable radius of the corner between the handle and the body 3. mm

L_Handle Handle length 100.0 mm

L_Screw_Handle Distance from the holding point of the handle to the body of
the rake 27.0 mm

D_Screw_Handle Diameter of the handle screw 1.5 mm

Teeth_Drafting Drafting of the teeth 25.0 ◦

Handle_Drafting Drafting of the inside of the handle 3.0 ◦

General_Drafting General drafting 1.5 ◦
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The rake is subjected to two types of flexion (Figure 8): one in the line of teeth, which are curved
backwards, and another one in the body of the rake, which is curved with the teeth/spikes. The wooden
handle remains embedded while the body of the rake works. The teeth flex backwards. There is a
maximum flexion at the start of the teeth in the central body.
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The flexion of the teeth can be divided into two areas: one subjected to traction strains in the area
to be swept, and another one subjected to compression in the swept area. Since it is a plastic material,
the compressed area will plastify, whereas the tractionated area will stretch until it brakes [15]. There
is a neutral fibre, represented with a dotted line in the middle of the object, that is not subjected to
any strain. The side that curves suffers a traction (side A), and thus the fibre flexes to open and the
failure occurs. In side B, the fibre compresses, suffering a crush in this area (Figure 9). To optimise the
product, the values of the design variables will be modified after their parameterisation. There are
several options to improve the product:

- Strengthening the flexed area with more material to reduce the tensions;
- Re-dimensioning the parameters of the entire set, in a way that the tensions decrease in the

failure area.

Minimising the volume of the object and designing with the smallest amount of material possible
is fundamental for the product to be economical. Using the ANSYS finite element program, an analysis
of von Mises tensions was carried out to optimise the design of the rake from specific contour, strain
and displacement conditions [16]. The Finite Element Method (FEM) is a suitable analysis to examine
these aspects in a quantitative way for optimisation purposes [17–26]. This software, ANSYS, allows
conducting strain simulations to analyse the most favourable distribution of tensions and optimising
it according to the finite element analysis. ANSYS has a special module for the optimisation of the
structural design of objects. A scripting language is used, using a parametric model in term of variables,
in order to enable variables changes over the optimisation process [27]. The hand-rake sweeper stress
patterns depend on the structure geometry, the magnitude of the loads, the mechanical properties of
the materials, and the physical conditions of use [17]. Thus, the flow of tensions through the body
of the rake was observed, and each parameter was modified in order to minimise its total volume,
reducing the tractions in the breaking area, that is, in the anchoring of the teeth with the body. Figure 9
shows the strains to which the working rake is subjected. These loads are continuous, but not cyclic.
When lifting the rake to move it backwards, there is a relaxation time in which it recovers its initial
position. A static analysis was conducted to optimise all the variables except two: thickness and
strengthening in the flexed area. In the dynamic analysis, these two variables were adjusted. Table 3
shows the initial and modified values of the design parameters to be optimised.
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Table 3. Design parameters of the rake. Modified values.

Parameter No.
Tests Description Type Initial Value

(mm)
Modified

Value (mm)

Thickness 6 Thickness 2.5 1.8

r_1_Handle 2 Radius of the contour of the handle
where it is anchored to the body 20.0 40.0

R_L1-L2 2 Radius between the first and
second sides 12.0 20.0

R_L2_L3 2 Radius between the second and
third sides 7.5 20.0

W_Nerve_2 3 Width of the bottom spike 27.0 40.0

L_Teeth 4 Tooth length 87.9 30.0

R_Up_Teeth 4 Increase of tooth radius 0.0 3.0

R_End_Teeth 6 Final tooth radius 2.0 1.5

For the distribution of tensions, the “strut-and-tie” model was used. The plastic material
considered for the rake was polypropylene, with the following mechanical properties: Young′s
modulus (E = 1400 MPa) and Poisson ratio (ν = 0.42). The von Mises stress or equivalent tensile stress
can be formulated as a scalar value of stress that can be computed from the Cauchy stress tensor.
A certain material is said to start yielding when the von Mises stress reaches its yield strength. The
von Mises stress is used to predict yielding of materials under complex loading from the results of
uniaxial tensile tests. Von Mises stress, total deformation and the safety factor values are calculated
by conducting static structural analysis with the ANSYS software [28]. This analysis is applicable for
the study of ductile materials undergoing plastic deformation [19]. The von Mises stress fulfils the
singularity where two stress states with equal distortion energy have an equal von Mises stress. A high
von Mises stress value is understood as an indicator of high possibility of failure [29,30].

• Equivalent stress: the equal stress portrays the direct components. It is based on standard load
failure criteria.

• Total deformation: this is the change in an object when there is a force applied. Authors such as
Punarselvam et al. [31] stated that this is the most valuable parameter to analyse the stresses.

Design optimisation consists in modifying certain parametric variables and conducting an ANSYS
analysis in an iterative way, in order to calculate the total deformation and the maximum von Mises
stress reductions of the final modified design [16].
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3. Results and Discussion

To study the flow of tensions using the ANSYS software, neither the brand of the commercial
product nor the hole in the handle were considered. These two “bodies”, so called by ANSYS, do not
influence the tension level of the body, and thus their removal simplifies the study. Firstly, the behaviour
of the tensions with the initial design values was observed, in order to obtain a first idea on how to
improve the rake. Figure 10 shows the nonstructured triangular mesh provided by this software by
default. Using the “Refinement” command, it was possible to apply a condensation of triangles in
the area where the handle is embedded with the body. Then, in a first static test, a “push” of the
rake against the ground was simulated, applying an embedment in the interior of the handle and
a displacement at the end of all the teeth, considering 5 mm in the horizontal direction backwards,
and 0 mm in the vertical direction. The ambient temperature considered was 8 ◦C, as an illustrative
average of the temperature at which the rake is used in the time of olive harvest. An average sweep
duration of 0.4 s was considered.
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Von Mises stress, deformation and factor of safety plots were obtained by conducting static
structural analyses. Figure 11 shows the factor of safety obtained in this first static test. It is the ratio of
the yield to the maximum stress developed. The minimum factor of safety obtained was 1.6045 (≥1),
which suggests that the hand-rake sweeper model is safe [32,33]. The results of this structural analysis
indicate that the embedding area of the teeth had a lower factor of safety (1.60). Similarly, there was
also a weak area in the adjacent area where the handle is coupled to the rake, showing even lower
values of the minimum factor of safety, with this area being the one through which the tensions are
transmitted to the body of the rake.

The result of the static test was 5.0197 mm of maximum deformation, which was concentrated
in the final area of the teeth of the rake (Figure 12). As is shown in Figure 13, the areas with greater
tension were located at the start of the final sections of the central teeth and the adjacent area where
the handle is embedded in the main body of the rake, which needed to be strengthened by adding
more material. The following values were obtained: 3.71 × 10−7 MPa (minimum equivalent stress) and
155.81 MPa (maximum equivalent stress).
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3.1. Design Optimisation

In a first attempt to improve and optimise the design, the aim was to reduce the volume of the
product, thus minimising the tensions in the dangerous points. To this end, the following parameters
were modified (Table 4), located as they are in Figure 14.

Table 4. Rake design modified parameters (test 2).

Parameter Initial Value (mm) Modified Value (mm)

r_1_Handle 20.0 40.0

R_L1-L2 12.0 20.0

R_L2_L3 7.5 20.0
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The distribution of tensions was determined again using the ANSYS software, obtaining lower
von Mises tensions, from 155.81 MPa to 144.47 MPa, which is a 7.28% decrease (Figure 15). This
von Mises stress reduction are higher than the one achieved by Yang et al. [34], which was 2.40%.
Conversely, authors such as Ghosh et al. [19] have succeeded in reducing the stress significantly by
27.22% in a guided robotic arm, after adding a support in the link which can cause failure. Yao et al. [16],
by modifying angular parameters, reached 36.4% von Mises stress reduction. Yu et al. [35] achieved
31.89% von Mises stress reduction by reducing the weight of the structure. As is shown in Figure 18,
the object was more relaxed regarding the distribution of tensions. Thus, after these results, it was
observed that, in order to reduce the generated tensions, the upper ends of the body of the rake must
be at 45◦, as was previously indicated based on the strut-and-tie diagram.
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However, the modification of such design parameters did not influence the deformation results of
the test, obtaining a maximum total deformation of 5.0222 mm (Figure 16). Next, to continue with the
optimisation of the design, the width of the lower spikes was modified, which is a parameter related to
the teeth (test 3). This parameter (W_Nerve_2) was increased from 27 to 40 mm to gather the tensions
of the embedment of the teeth (Table 5). That is, the start of the teeth was modified, changing from a
plane to an arch. This modification was performed at the end of the optimisation. The other parameters
were not modified since they were considered to be of little or no relevance in the optimisation.
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Table 5. Modified rake design parameter (test 3).

Parameter Initial Value (mm) Modified Value (mm)

W_Nerve_2 27.0 40.0

Figure 17 shows that the maximum von Mises tensions increased to 212.15 MPa, which is a
46.84% increase from the value obtained in test 2 (144.47 MPa) and 36.16% with respect to the first
test. Therefore, it is deduced that the increase in nerve width 2 was not relevant for the optimisation.
However, the minimum von Mises tensions decreased 6.94% with respect to the improvement achieved
in test 2. Similarly, Arcar et al. [36], in one of their optimisation tests for an automobile torque
arm, managed to maintain the maximum tension while decreasing the minimum tensions by 53.88%,
although the optimal achievement in design optimisation is to decrease both the maximum and
minimum tensions [37,38].
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The total deformations did not show significant differences with respect to the values obtained
with the first modification, after altering the following parameters: r 1 Handle, R L1-L2 and R L2-L3
(Figure 18). Next, in test 4, the parameters related to the final section of the teeth were modified,
i.e., the length (shortening) and radius (increase) of the teeth (Table 6, Figure 19).
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Table 6. Modified rake design parameters (test 4).

Parameter Initial Value (mm) Modified Value (mm)

L_Teeth 87.9 30.0

R_Up_Teeth 0.0 3.0
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Figure 19. Modified design parameters (R_Up_Teeth, L_Teeth) (test 4).

In the third modification (test 4), the maximum tension decreased again, down to 144.87 MPa
(Figure 20), although that is still slightly higher than the result obtained in test 2. The maximum von
Mises tensions decreased by 7.02% and the minimum tensions decreased by 74.64% with respect to
the first test (initial level). However, in test 4, the obtained results are less promising than the ones
obtained in test 2, in which the values of both tensions (maximum and minimum) were optimal.

Maximum tension values of 64 MPa were obtained in the teeth. Regarding the total deformations,
it was in test 4 where tooth length was reduced and tooth radius was increased, obtaining the lowest
maximum deformations, i.e., 5.0004 mm, which is 0.38% lower than the value obtained in the initial
test, and 0.43% lower with respect to test 2 (Figure 21).

Another improvement of the design of the rake, achieved in test 5, resulted from strengthening
the lower embedment area of the handle where the tensions accumulate, designing it with excess
thickness. Using ANSYS, a “Face Sizing” was applied to the strengthened area, in order to facilitate
the capture of the points (Figure 22).
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Figure 22. Triangulation of the strengthening using the ANSYS software (concentration of tension in
the handle).

In test 5, there were significant decreases in maximum von Mises tension (140.13 MPa), around
3.00% with respect to the value obtained in test 2, which makes it the optimal design. Moreover,
there was a 47.58% decrease in the minimum tensions with respect to test 2 (Figure 23). The tension
accumulation areas that were strengthened showed lower tension values, between 62 and 77 MPa.
By strengthening the lower embedment area of the handle, it was possible to reduce the maximum
von Mises tension by 10.06% with respect to the initial test. However, regarding the values of total
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deformations obtained in test 5, where the lower embedment area of the handle was strengthened,
there were no substantial improvements. The maximum deformation was reduced by 0.0206 mm with
respect to test 2 (Figure 24), and 0.0181 mm with respect to the initial situation. The total deformation
decreased by 0.36% with respect to the initial test.
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3.2. Possible Future Improvements

Another improvement worth studying consists in reducing the volume of the material required
to manufacture the object. To this end, it is proposed to reduce the general thickness of the plastic
(polypropylene) to 1.8 mm. In this improvement simulation, it is also proposed to reduce the final
tooth radius to 1.5 mm (Table 7).
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Table 7. Rake design parameters to modify in future research lines for its optimisation.

Parameter Initial Value (mm) Modified Value (mm)

Thickness 2.5 1.8

R_End_Teeth 2.0 1.5

4. Conclusions

The most widely used rake in olive harvesting is plastic-injection model. In this study, it was
possible to parameterise such a rake using the CATIA software. The parameters that must be established
for its optimisation are the following:

- Sweep distance: the distance between the ends. This usually ranges between 50 and 70 cm;
- A compression direction of 45◦ from the handle to the teeth, creating two lines at 45◦ from the

two ends toward the embedment area of the handle.

Regarding the optimisation, once the main scheme was designed, interesting results were obtained
by strengthening the lower embedment area of the handle, with excess thickness or stiffeners, where the
tensions accumulate. The von Mises tensions were reduced by 10.06%, and the total deformation
by 0.36%. The increase of the radius of the contour of the handle where it anchors to the body of
the rake, as well as the radius between the first and second sides and between the second and third
sides, reduced the maximum tensions by 7.28%. Once the part where the greatest tensions accumulate
is strengthened, it suffices to shape the teeth (curved or straight) depending on the product to be
swept, to fix the final distance between teeth. Lastly, it is also convenient to design the corresponding
union arches.

By considering the internal functioning of the rake, according to the strut-and-tie model,
the possible improvements regarding the design must be explored based on such knowledge related to
the behaviour of the strain of the rake fibres. Firstly, the areas at risk of failure, that is, the tractionated
areas, must be strengthened with greater thickness (in this study, this was the area of the final teeth
where they are anchored to the body of the rake). Secondly, the posterior part of the teeth must be
strengthened in the area where they are bound to the traction strengthening strap.
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