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Abstract

Traditional and intensive olive groves account for a large part
of today’s olive orchards and their harvesting is based on trunk
shakers. The vibration parameters set in these machines and the
biomechanical properties of the olive tree influence the detach-
ment process. Tree geometry and morphology are fundamental
factors influencing the propagation of vibration. Understanding
the effect of tree geometry on vibration propagation can provide
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useful indications for tree training and pruning. The aim of this
work is to study the effect of branch inclination on the vibration
response when a trunk shaker is applied, as there is no experimental
information on this variable in the literature. We randomly select-
ed 80 olive trees from an intensive olive orchard, and the acceler-
ation of the trunk and one of the main branches was recorded for
each tree when forced vibration was applied using a trunk shaker.
Two triaxial MEMS accelerometers were used to measure the
vibration and, in addition, the location of each sensor, the trunk and
branch diameters and the branch angle were measured. It was
observed that in all cases there was an amplification of accelera-
tion from the trunk to the branch: the mean acceleration transmis-
sibility value was 139.5%. The highest acceleration values
occurred in branches with an inclination between 30 and 60
degrees, which also had the highest acceleration transmissibility,
with an increase of 13.8-16.8% and 6.3-10.5%, respectively. In
addition, the highest relative kinetic energy ratio was higher in
branches with an inclination between 30 and 60 degrees.

Introduction

In many fruit tree species such as almond, orange, pistachio and
olive, new plantations are using higher tree densities in order to
reduce the initial unproductive period and optimise the use of
machines, in particular for harvesting (Pérez-Ruiz et al., 2018) and
pruning (Dias et al., 2022). However, both traditional and inten-
sive orchards are still very widespread compared to high- density
ones. In the case of the olive, more than 70% of orchards are tra-
ditional (tree density lower than 180 tree/ha) and 25% are intensive
(tree density between 180 and 800 tree/ha) (I0C, 2023). For these
kinds of orchard, mechanical harvesting is mostly carried out
using trunk shakers.

Trunk shakers apply a forced vibration to the tree trunk which
is transmitted to the bearing branches in order to detach fruits. The
vibration parameters set in these machines influence the detach-
ment process and are specific for each type of fruit tree due to the
inherent biomechanical differences of each tree in its dynamic
response (Sola-Guirado et al., 2024). Some authors have developed
mathematical models to characterise the dynamic behaviour of a
tree against vibration, discretising the trunk and branches in a
mass-spring-damper system (Murphy and Rudnicki, 2012; Xue et
al., 2018), or studying factors such as energy dissipation in
branches due to different viscous and aerodynamic damping
effects (Théckes, Boutillon and De Langre, 2015). Other authors
propose computational analysis of the tree against the forced
vibration of the machinery (Hoshyarmanesh et al., 2017; Sanchez-
Cachinero et al., 2022). However, all these models have a certain
degree of uncertainty linked to the assumptions and simplifications
they present. Experimental tests in the field are therefore more
predictive for determining the influence of tree geometry parame-
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ters on the mechanical behaviour of trees. Within the same orchard,
there are important variations in the response of individual trees to
the same type of excitation. This can be attributed to the geometry
and morphology of the tree that, although trained to a specific sys-
tem, shows wide variability in terms of branch inclination, direction,
stiffness, etc. Thus, tree geometry can play a pivotal role, determin-
ing the propagation of vibrations through the tree. For example, in
the pistachio, the energy required to detach fruit is greater in trees
with long branches (Ma et al., 2022) and larger trunks (Homayouni
et al., 2022). In cherries, branch bifurcations have a negative
impact on the efficiency of transmitted vibration (Du et al., 2012).
In olive trees, leaf distribution and leaf density can dampen applied
vibration to a greater or lesser extent (Sola-Guirado et al., 2022),
but branch flexibility is also influenced by and related to the age of
the crop (Lodolini et al., 2018). In citrus trees, the amount and dis-
tribution of fruit on the branch modifies vibration transmissibility
(Castro-Garcia et al., 2020). Therefore, certain operations such as
pruning, which intervenes to change tree morphology, can affect
the efficiency of mechanical harvesting. It is well known that the
intensity of pruning influences the dynamic response of the tree,
particularly in the case of olive trees. For example, to improve
the efficiency of mechanised harvesting, some authors propose
pruning to eliminate secondary branches (Camposeo et al., 2023)
and to eliminate branch suckers (Tombesi et al., 2017) as this mod-
ifies the efficiency of vibration transmission. There are numerous
studies that relate vibration parameters to harvesting efficiency and
the damage generated, leaving to one side the study of a tree’s mor-
phological variables. The influence of branch angle on vibration
transmission has been poorly studied and is limited to laboratory
studies or computational models and, in the case of the olive tree,
such studies are scarce (Chen efal.,2021; Duetal.,2012; Xiaogiang
et al., 2015). The aim of this study is to study a large number of
olive branches experimentally and to obtain information on their
dynamic response as a function of different sets of established
angles. The innovation of this study lies in advancing the under-
standing of the behaviour of olive branches at different inclinations
when subjected to trunk-induced forced vibrations. The current
scientific literature on this topic is sparse, yet maximizing vibra-
tion transmission is crucial for optimizing the efficiency of mech-
anized harvesting. This research aims to fill this gap by investigat-
ing how branch inclination affects vibration transmission, thus
informing better tree training practices.
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Materials and Methods

Olive orchards

The experiment was carried out in an olive orchard located on
the experimental plot of the Rabanales Campus belonging to the
University of Cordoba, Spain. (37°5607.9» N; 4°42°58.9» W).
The trees were 20-year-old ‘Hojiblanca’ variety, spaced 4 m on the
row, with 8 m between rows with form of an open vessel and three
or four main branches. In the intensive olive orchards, common
pruning was carried out, eliminating suckers, dry branches and low
branches that make mechanised harvesting difficult. The average
canopy volume, measured by measuring stick and tape measure,
was 53.45 m3 (SD=12.33). Harvesting took place in the second
week of November 2022, under the same conditions of weather,
fruit maturity and time of the day (Figure 1).

Trunk shaker

Harvesting was performed with an orbital trunk shaker
(Crispe, Ibros, Spain) which had an eccentric mass of 60 kg and an
eccentricity of 118 mm. The eccentric mass was controlled by a
rotary motor (VM4D-128, Veljan, Hyderabad, India). This motor
was in turn driven by a variable displacement piston pump of 100
cm? (A10V100 EK, Rexroth, Lohr am Main, Germany) with a the-
oretical flow rate of 200 I/min to 2000 rpm. The pump was driven
by the power take-off of a tractor (6420, John Deere, IL, USA) at
a working speed of 540 rpm when the tractor engine speed was set
to 2200 rpm. The trunk shaker head was suspended at the end of
the frame with silent-blocks and metal chains. To give greater flex-
ibility in gripping, the shaker head allowed a rotational movement
to attach trunks in a position perpendicular to the plane of the
clamp. The clamps were fitted with 55 SH (shore scale A) hardness
rubber pads to protect the tree from possible bark damage. In order
to carry out the study, a displacement of 102 cm?® was set for the
vane engine, generating a frequency of 17 Hz. This frequency has
the maximum acceleration value and is very close to the natural
frequency of the first mode found in intensive olive orchards with
the same tree architecture (Zhang et al., 2022; Castro-Garcia et al.,
2008).

Field test

Eighty trees were randomly selected, avoiding the border rows
of the plot and the initial and final trees of each row. The selected
trees had good physiological and sanitary conditions for harvest-
ing, as well as an adequate fruit load (yield: M=35.3 kg, SD=12.3).
Acceleration in the trunk and in one of the main branches was

Figure 1. Orchard and trunk shaker used in the experiment.
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recorded simultaneously for each of the selected trees (Figure 2),
with a total of 80 branches tested. Vibration recording was carried
out with 2 triaxial MEMS accelerometers, (Gulf Coast Data
Concepts LLC, X200-4, Waveland, MS). The position of each sen-
sor, both trunk and branch, and the diameters of the trunk and
branch where each sensor was located were measured with a tape
measure and callipers. In addition, the angle of the branch was mea-
sured with respect to the horizontal of the tree, parallel to the
ground, using a protractor. Three groups of angles were considered
for the study, which included horizontal branches from 0° to 30°,
inclined branches from 30° to 60° and vertical branches from 60°
to 90°. The branches selected had similar morphological character-
istics, without significant differences (ANOVA, p>0.05; Kruskal-
Wallis, p>0.05), with the aim of locating the sensor at similar
lengths and diameters for each tree (Table 1). This allows the vari-
ables of branch length and diameter, which affect vibration, to be
controlled so that the effect of branch angle can be isolated. The
position of the trunk-branch sensor pair and the diameters of the
trunk-branch sensors were similar for the different angle groups,
with no significant differences between them (ANOVA, p>0.05;
Kruskal-Wallis, p>0.05).

Vibrational analysis
Five seconds of the stable period were selected for analysis of

the vibration signals using the free software R (R Core Team ver-
sion 4.1.0, Vienna, Austria) and studying the following parameters:

Acceleration RMS (ARMS) (m/s?): root mean square acceler-
ation RMS (vector sum) in the three axes (x, y, z) of the accelerom-
eters in the time domain during vibration time (equation 1).

Apms = Jﬂmsf +Agms,” +Agus,” (Eq. 1)

where: ARMSx is the acceleration RMS in the in the x-axis;
ARMSy is the acceleration RMS in the in the y-axis and 4RMSz
is the acceleration RMS in the in the z-axis.

Acceleration transmissibility (ATRANS) (%): rate, in percent-
age, between the ARMS of the different sample points measured in
trees along each path: Trunk-Branch (equation 2).

= AmMspranen , 100

A &
TRANS = 7 i (Eq. 2)

where: ARMS Branch is the vector sum of the acceleration RMS
values of the three axes on the branch and ARMS Trunk is the vector
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Figure 2. Real position (left) and schematic (right) of the acceleration sensors on the tree.

Table 1. Geometrical characteristics of the accelerometer position.

Group of branch angles

0°-30° 30°-60° 60°-90°
Trunk height (m) 0.73+0.14 0.70+0.14 0.75+0.17
Trunk diameter (m) 0.134+0.03 0.13+0.02 0.1240.03
Branch length (m) 0.48+0.14 0.48+0.13 0.45+0.13
Branch diameter (m) 0.06+0.02 0.07+0.03 0.06+0.02

Mean values + SD.
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sum of the acceleration RMS values of the three axes on the trunk.

Relative kinetic energy ratio (RKER): ratio of input kinetic
energy to output kinetic energy along the tree. A variable that mea-
sures the change in dynamic response at a specific location com-
pared to a reference point, using terms of velocities and study
diameters. Assuming uniform mass density (pwooden) and that the
sections have a circular area without any irregularities (Du et al.,
2012) (equation 3).

RKER = Ebranch _ —; Mpianch Voranch” _ (g v )z
Etrn Brrunk Verunk

1
;’mu—nnk'\’mmkz

(Eq. 3)

where: Ebranch and Etrunk are the energies of the branch and the
trunk; mbranch and mtrunk are the masses of the branch and the
trunk; vbhranch and verunk are the velocities of the branch and the
trunk and Obranch and Otrunk are the diameters of the branch.

Frequency (Hz): number of cycles per second. Windowed
scalograms were used for the analysis. They provide information
analogous to the Fourier transform, but unlike the Fourier trans-
form, where the time domain is lost, they allow the frequency com-
ponent to be found in a time domain. For each scale and central
time, it is defined as the square root of the integral of the squared
modulus of the wavelet transform with respect to the time (equa-
tion 4).

WSiindowraa (t6,5) = ([ indowrsd e )12 deyt/2 (Eq. 4)

where: tc is the central time; s is the scale and ¢ is the time.

Vibration time (s): time elapsed from the beginning of the ini-
tial transient period (start of the unbalance mass) to the final tran-
sient period (stop of the unbalance mass).

pagcpress

Statistical analysis

Both parametric and non-parametric methods were used in
results analysis, depending on the nature of the variables studied.
In each case, the test performed is indicated. The software used for
the statistical analysis was IBM SPSS Statistics 25 (IBM
Corporation; SPSS Statistics 25, New York, USA).

Results

The recorded accelerations showed mean vibration times of
8.5 s (SD=1.6), with an initial transient period of 1.5-2 s and a final
transient period of 0.5-0.7 s (Figure 3, left). The analysed frequen-
cy obtained a mean value of 16.3 Hz (SD = 0.83), close to the
established value of 17 Hz, with a small decrease in frequency.
Frequency increased in the initial transient period, while the final
transient period was shorter, corroborating the acceleration signal
versus time. In the windowed scalograms, low amplitude values
were observed at higher frequencies associated with the different
harmonics (Figure 3 right). Mean ARMS for all registered data, in
the time domain were 116.8 m/s? (SD=19.2) and 162.9 m/s?
(SD=32.8) in the trunk and in the branch, respectively, producing
an average increase of 39.5% of ARMS of the branch relative to
the trunk. The mean ARMS values of the trunk decomposed for
each of the x, y and z axes were 26.2 m/s? (SD=10.8), 79.7 m/s?
(SD=19.2) and 77.3 m/s? (SD=22.7). This indicates that the trunk
shaker was working in the yz plane, transverse to the trunk, trans-
mitting vibration vertically to the trunk and the direction of tree
growth (x-axis). There was no difference in the frequency applied
to the trunk (Kruskal-Wallis, p>0.05); therefore, having established
an eccentricity which defines the amplitude of the vibration, the
ARMS of the trunk also showed no differences (ANOVA, p>0.05)
(Table 2). This indicates that the branch angle groups were not
influenced by these variables. It was verified that the records
obtained present in a coherent pattern, with a proportional relation-
ship between trunk diameter and branch diameter. While the
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Figure 3. Time-domain acceleration signals for the branch and trunk in the three axes (left) and the windowed scalograms corresponding
to the three axes of the branch (right).
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records obtained for branch length of the sensor versus branch
diameter show an inverse correlation (Pearson’s correlation coeffi-
cient, p<0.05), the relationship between branch diameter and trunk
diameter was not influenced by these variables.

The 30-60° angle group had significantly (ANOVA, p<0.05;
post-hoc pairwise Student’s t-test with Holm correction, p<0.05)
higher (+16.8%) values of ARMS (M=175.0 m/s2, SD=33.8) than
the group of 0-30° (M=149.8 m/s2, SD=24.4) (Figure 4). The mean
ARMS of the 60-90° group (M=153.8 m/s?, SD=32.0), was
between that the other two groups without significant differences
(ANOVA, p<0.05; post-hoc pairwise Student’s 7-test with Holm
correction, p>0.05). The 0-30° group was the most compact group,
with the lowest variability (CV=16.3%), compared to the other
groups, which presented higher variability with similar values
between them (CV=19.3% and 20.8%, respectively).

The decomposition of the ARMS values for each group of
angles and axes can be seen in Table 3. It is observed that there is
no significant difference in the magnitude of the acceleration for
each of the axes in the group of more horizontal branches (0-30°)
(ANOVA, p>0.05; Kruskal-Wallis, p>0.05). However, the x-axis is
lower in the more vertical branches (30-60° and 60-90° group) in
which the acceleration has a higher value on the y- and z-axis
(ANOVA, p<0.05, post-hoc pairwise Student’s t-test with Holm
correction, p<0.05; Kruskal-Wallis, p<0.05, post- hoc Mann-
Whitney U test with Holm adjustment, p<0.05). As with the ARMS
value of the branch in Table 2, higher acceleration values are shown
in the 30-60° group compared to the rest, increasing by 16.5-32.7%
in the y-axis and 2.8-29.7% in the z-axis. The range of acceleration
transmissibility values (ATRANS) was between 107.8 and
174.9%, so in all cases there was an amplification of the accelera-
tion produced in the trunk to the branch (Figure 5). The maximum
amplification occurred in the 30-60° branch angle group
(M=145.8%, SD=22.4) and the minimum in the 60-90° group
(M=132.0%, SD=16.2), with significant differences between the
two groups (Kruskal-Wallis, p<0.05, post-hoc Mann-Whitney U
test with Holm adjustment, p<0.05). This difference was a mean
value of 13.8%. The 0-30° angle group had intermediate values
with respect to the other groups (M=137.2%, SD=18.6), with no
significant differences with the other groups (Kruskal-Wallis,
p<0.05, post-hoc Mann-Whitney U test with Holm adjustment,

p>0.05). Although the 30-60° group had the highest values, it also
had higher variability (CV=15.4%) and amplitude (107.8-174.9%)
than the 0-30° and 60-90° groups, which had similar variability
values (CV=13.6% and 12.3%, respectively). The 30-60° angle
group had the highest RKER values (M=0.565, SD=0.284) show-
ing significant differences with the 0-30° group (M=0.396,
SD=0.197) (+42.7%) (Kruskal-Wallis, p<0.05, post-hoc Mann-
Whitney U test with Holm adjustment, p<0.05), while the 60- 90°
group (M=0.487, SD=0.267) showed no differences with the rest
of groups (Kruskal-Wallis, p<0.05, post-hoc Mann-Whitney U test
with Holm adjustment, p>0.05) (Figure 6). The RKER results show
a similar division to those obtained for branch acceleration.

240 b
200 9 &h
i
g —t—
~ 160 p— |
§ 120
o
E 80
m
40
0
0-30° 30-00° 60-90°
Group of branch angles

Figure 4. Acceleration RMS measured in tree branches according
to the group of branch angles (mean and standard error).
Differences between letters indicate significant differences
(ANOVA, p<0.05; post-hoc Student’s ¢-test with Holm correction,
p<0.05).

Table 2. Vibration parameters obtained according to branch inclination.

Group of branch inclinations

0°-30° 30°-60° 60°-90°
Frequency (Hz) 16.25+0.83% 16.51+0.842 16.26+0.822
Trunk Arwms (m/s?) 110.14+18.012 116.43+18.112 120.90+19.66%
Branch Arwms (m/s?) 149.82+24.412 174.98433.79 b 153.84+32.002
ATRANS (%) 137.24+18.58 145.82+22.43? 131.95+16.23°

Mean values + SD; »Pdifferences between letters in the same row and numbers in the same column indicate significant differences (ANOVA, p<0.05, post-hoc pairwise Student’s t-test with
Holm correction, p<0.05; Kruskal-Wallis, p<0.05, post-hoc Mann-Whitney U test with Holm adjustment, p<0.05).

Table 3. Vibration parameters obtained according to branch inclination.

Group of branch inclinations

30°-60° 60°-90°

81.83+30.11 12
87.18+27.82 12

ARrwMs on x-axis (m/s?)
ARMs on y-axis (m/s?)

69.80+29.42 12
115.67+36.30 2°

50.41+28.49 1P
99.31+31.95 2%

ARrwMs on z-axis (m/s?) 77.88+34.42 12

101.03+£37.57 2b 98.30+30.24 220

Mean values + SD; 2bdifferences between letters in the same row and numbers in the same column indicate significant differences (ANOVA, p<0.05, post-hoc
pairwise Student’s ¢-test with Holm correction, p<0.05; Kruskal-Wallis, p<0.05, post-hoc Mann-Whitney U test with Holm adjustment, p<0.05).
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Discussion

Resultant acceleration values of 70-100 m/s? have been report-
ed in olive trees on the trunk, using frequencies between 24 and 27
Hz, with a vibration time of 5-7 seconds (Leone et al., 2015).
These values are slightly lower than those obtained in this study,
however, in our experiment, trees had a smaller crown volume,
which could have affected the vibration, decreasing the mass damp-
ing and therefore increasing the acceleration. The similar accelera-
tion obtained in the y and z axis in the trunk indicates a good
adjustment of the perpendicularity in the work of the trunk shaker,
with the axis of action normal to the plane. This fact minimises the
shearing forces that cause debarking and may also be influenced
by the diameter of the trunk, the thickness of the bark and the grip
height of the clamp (Ghonimy et al., 2025). Both grip height and
trunk diameter were similar in the trees tested. In relation to trans-
missibility accelerations, other authors report values in olive
groves of 130-170%, depending on whether the location of the sec-
ond point was on the cross or branch of the tree, for 21 Hz, and 117-
160% for frequencies of 15.5 Hz (Sola-Guirado et al., 2023),
which are in the range of the present study. Average transmissibil-
ity of acceleration between trunk and branch are usually higher
values than those between the trunk and the shaker, with values of
196% for 3.5 Hz and 240% for 7 Hz, since the dynamic response
recorded in the trunk is minimal compared to that recorded in the
branch. This is due to the rapid damping of the shocks generated
by the canopy shaker (Sola-Guirado et al., 2023). In citrus fruits,
accelerations are 61-177 m/s? in trunks and 121-430 m/s? in branch-
es, depending on their location and morphology, for frequencies of
14.4-22.6 Hz, with an average acceleration amplification of 88%
(Torregrosa et al., 2010). This acceleration transmissibility value is
just over double the average value obtained in this study (39.5%)
and, although there are many factors involved, such as the mass
and stiffness of the wood, the position on the branch relative to the
application point of vibration is a key factor. Homayouni et al.

180 a
ab b
160

140+ —— ;
120]

Atpans (%0)
o
o

30-60° 60-90°

Group of branch angles
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(2022) have shown that the position of the accelerometer on the
branch results in a greater wave amplitude as it approaches the end
of the branch, and this is enhanced as the diameter of the branch
decreases, facilitating the increase in dynamic response (Sola-
Guirado et al., 2019). Whereas in other crops, such as nuts, values
have been recorded for pistachio branches of 40— 120 m/s2at fre-
quencies of 15-20 Hz (Homayouni ef al., 2022) and in stone pine
branches, values of 51.2-78.4 m/s? for frequencies of 16-19 Hz
with vibration times of 6 s (Castro-Garcia et al., 2012). The results
in terms of relative kinetic energy ratio report values similar to
those obtained for pistachio harvesting by trunk shaker (0.2-1.2)
depending on the positions studied and the vibration patterns
selected (Ma et al., 2022). This variable is linked to the ratio of
diameters of the selected points; therefore, the values can certainly
be increased if they have similar magnitudes (Du et al., 2012). On
the other hand, through simulations and using modal analysis, it
has been observed that the optimum range of vibration frequency
for harvesting in olive groves is between 18.7-29.0 Hz (Niu ef al.,
2022). However, experimental studies have shown that frequencies
close to 1020 cycles/min (17 Hz) with high amplitudes, around 100
mm, which are very similar to the conditions of this study, produce
high levels of fruit detachment (~80%) when using trunk shakers
(Ferguson et al., 2010). These parameters are similar to those
obtained by Homayouni et al. (2022) in pistachios, with similar
amplitudes and frequencies, which use scalograms for vibration
analysis.

The branch angle can influence the dynamic behaviour of trees
by maximising or minimising the amplitude of vibrations (Kovacic
et al., 2018). In our study, it was found that angles between 30-60°
have the highest vibration transmission. According to the decom-
position of the acceleration in the different axes of the branch
(Table 3), it is observed that the branches with the greatest inclina-
tion (60-90°) have a similar pattern to that carried out in the trunk
by the trunk shaker. As the branches become more horizontal, this
decomposition varies until it reaches a similar value in all direc-
tions (0-30°), decreasing the total magnitude of the acceleration.

08 b

0.6 ) L
04 -+

Relative kinetic energy ratio

0.0

30-60° 60-90°

Group of branch angles

Figure 5. Acceleration transmissibility according to the group of
branch angles (mean and standard error). Differences between let-
ters indicate significant differences (Kruskal-Wallis, p<0.05, post-
hoc Mann-Whitney U test with Holm adjustment, p<0.05).

Figure 6. Relative kinetic energy ratio at the three proposed angle
groups (mean and standard error). Differences between letters
indicate significant differences (Kruskal-Wallis, p<0.05, post-hoc
Mann-Whitney U test with Holm adjustment, p<0.05).
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This effect may be due to a rotation of the branch that causes part
of the energy transmitted by the vibration to be absorbed in
deforming the branch, decreasing the amplification of the acceler-
ation. It has been observed that horizontal branches act as flexible
elements that absorb and dissipate energy, decreasing vibration
transmission and contributing to the structural stability of the tree
(Camposeo et al., 2023; James, 2014). However, in the branches
with an intermediate inclination (30-60°) the maximum value of
the vectorial sum of the acceleration is reached as the acceleration
increases in the longitudinal direction of the branch, in accordance
with the more inclined branches, and the acceleration in the
transversal plane, that is to say, in the diameter of the branch, in
accordance with the rest. These branches better capture the trans-
verse component of the vibration, since the waves generated by the
vibration propagate both longitudinally and transversely. This
behaviour may be due to achange in the stiffness or the mass to
stiffness ratio of the branch due to its inclination, affecting the
modes of vibration and it is natural frequency, which may be closer
to the frequency of the forced vibration, causing a greater ampli-
tude of the oscillation due to resonance effects (Chau et al., 2022;
Zhuo et al., 2022). Tous (2011) and Lavee (2010) indicate that har-
vesting with a trunk shaker is improved with straight olive trees
and with 2 or 3 main branches with narrow insertion angles. Other
authors suggest that horizontal branches do not transmit accelera-
tion as well as those with a certain angle, which transmit vibrations
more effectively. In the case of the olive, this angle is between 35-
40° (Nasini and Proietti, 2014). The results obtained in these stud-
ies are close to those found in our work. It should also be consid-
ered that the trees used in our experiment provided branches with
different changes of direction and irregularities in their wood, fac-
tors that affect the mass, stiffness and damping terms of the tree
structure and, therefore, affect its dynamic response. In addition,
there are other crops where the role of branch angle in vibration
behaviour has been evaluated. In apple trees, it has been observed
that the growth angle of the tree branch is an important factor
affecting dynamic behaviour (Bu et al., 2021). In almond trees, it
has been determined that for the use of trunk shakers it is important
to have a branching angle that should not exceed 45°, and that
branches should be erect and relatively stiff (Carbé and Connell,
2017). Other authors have quantified the distribution and dissipa-
tion of vibration response applied to cherry branches, in which the
vibration recorded was amplified in branches with acute angles
between nodes and in lateral branches of a shorter length
(Homayouni et al., 2022). Xiaoqiang et al. (2015) reported that
straight branches and a higher angle facilitate vibration transmis-
sion in Chinese hickory trees.

Pruning influences different productive and management
aspects of a crop. In apple orchards, plantations have been formed
with branch angles of 5° with respect to the horizontal of the
ground in order to facilitate the work of a harvesting robot (Bloch
et al., 2018). In cherries, planting has been designed at an angle of
55° to the horizontal of the ground for harvesting by hand-held
shaker (Zhou et al., 2014). In the case of olive trees, the timing and
type of pruning can affect the vegetative growth and yield of trees
in high density olive orchards (Dias et al., 2022; Londolini et al.,
2023). However, in turn, tree shape and structure are fundamental
considerations when adapting machinery to achieve an efficient
harvest (Castillo-Ruiz ef al., 2017; Dias et al., 2020). Several
authors opt for young branches with greater flexibility because they
are better suited to harvesting olive groves with straddle harvesters
(Lodolini et al., 2018; Tombesi and Farinelli, 2014). To improve
the transmission of acceleration when using trunk shakers, the tree
should be formed as a free vase, with an open centre, short main
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branches with few forks, and short branches, avoiding pendulous
ones (Nasini and Proietti, 2014). The crown should not be dense
and closed; it should also be opened by pruning to avoid a reduc-
tion in acceleration transmission to the branch and, subsequently,
to the fruit (Connor et al., 2014). This pruning must be carried out
annually (Tous, 2011). In addition, according to our data, training
should facilitate the branch angle being in the right range, to
increase the dynamic response generated by the trunk shaker and
make mechanised harvesting more effective. Therefore, proper
pruning management facilitates the interaction of the harvesting
machinery with the tree, both at the level of accessibility and
geometry and in the efficiency of vibration transmission, optimis-
ing the operation of mechanised harvesting and achieving high val-
ues of fruit detachment (Messina et al., 2025).

Future improvements of the study could be aimed at pruning a
plot with established branches between the 30-60° angle group and
analysing the performance of the trunk shaker in terms of harvest-
ing efficiency and dynamic response. The use of LIDAR allows the
identification of the different angles of inclination of the tree struc-
ture, which facilitates the generation of an optimal vibration to max-
imise harvesting efficiency, based on a previous database. Other
future lines of research could focus on the study of this variable in
citrus or nut crops, as these are the most common crops for trunk
shakers.

Conclusions

In this work we have evaluated and quantified the contribution
of branch inclination on the vibration response of olive trees when
a trunk shaker is used for harvesting. The acceleration produced at
the trunk and branches, the associated acceleration transmissibility
and the relative kinetic energy ratio have been determined for dif-
ferent groups of branch inclination angle: 0-30° (horizontal
branches), 30-60° (inclined branches) and 60-90° (vertical branch-
es). The results obtained in the vibration analysis show that the 30-
60° angle branch group has increased vibration transmission
according the three terms studied, in comparison with the 0-30°
group and the 60-90° group. The 30-60° group recorded 13.8-
16.8% higher values than the others for the branch acceleration
variable, and 6.3-10.5% for the acceleration transmission variable
between the trunk and branch points. The relative kinetic energy
ratio variable shows the same trend of results as the two previous
ones, with increases in the 30-60° group between 16.0- 42.7%. The
vibration analyses carried out show that the horizontal branches,
with the greatest parallelism to the ground, have the greatest diffi-
culty in transmitting vibration. The implications of these findings
are substantial for the field of agricultural engineering. By under-
standing the optimal branch inclinations for vibration transmis-
sion, growers can adopt better tree training practices that enhance
the efficiency of mechanized harvesting. This not only improves
yield but also reduces the physical strain on the trees and the
machinery.
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