
����������
�������

Citation: Cerruto, E.; Manetto, G.

Vibration from Electric Hand-Held

Harvesters for Olives. Appl. Sci. 2022,

12, 1768. https://doi.org/10.3390/

app12041768

Academic Editor: Pietro Picuno

Received: 23 January 2022

Accepted: 5 February 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Vibration from Electric Hand-Held Harvesters for Olives
Emanuele Cerruto and Giuseppe Manetto *

Department of Agriculture, Food and Environment (Di3A), Section of Mechanics and Mechanization,
University of Catania, Via Santa Sofia, 100, 95123 Catania, Italy; emanuele.cerruto@unict.it
* Correspondence: giuseppe.manetto@unict.it; Tel.: +39-09-5714-7515

Featured Application: Portable harvesters for olive harvesting expose workers to high vibration
risks to the hand-arm system. With the same harvester head, reduction in vibration may be
achieved by using carbon fiber rods rather than aluminum ones or by increasing the rod diame-
ter. However, the most significant reduction in vibration level is achieved by designing harvester
heads whose kinematics inherently incorporate oscillation compensation.

Abstract: Olive harvesting is the most expensive cultivation operation in areas where full mechaniza-
tion is not possible due to structural conditions such as low tree density, old trees, irregular spacing,
and terraced fields, which are very frequent in many small Italian farms. Under these conditions the
use of hand-held vibrating harvesters is quite wide spread, because they are capable of approximately
three times the productivity of workers using manual harvesting methods. Unfortunately, the use of
these machines exposes the operators to hand-arm vibration risk and acceleration values are affected
by several factors, including harvester kinematics, rod material and geometry, and load conditions. In
this study several models of electrical portable harvesters, obtained by combining six harvester heads
and four rods (one telescopic), were tested under idling and load conditions, measuring acceleration
values on the rod, near the hand positions. Assuming the use of the machinery for 4 h per day,
the result is a level of daily vibration exposure A(8) for the most exposed hand ranging from about
11 to 40 m/s2, much higher than the daily exposure limit value of 5 m/s2 stated by the European
Directive 2002/44/EC. With the same harvester head, reduction in vibration may be achieved by
using carbon fiber rods rather than aluminum ones or by increasing the rod diameter. The most signif-
icant reduction is achievable by designing harvester heads whose kinematics inherently incorporate
oscillation compensation.

Keywords: safety; health; vibration exposure; acceleration; HAV

1. Introduction

Olive cultivation in Italy produces approximately 2,500,000 tons and the cultivated
surface is about 1,160,000 ha [1], mainly concentrated in the centre-south of the peninsula.
According to FAO statistics [2], Italy, alongside Spain, Greece, and Turkey, is among the
major producers of olive oil in the Mediterranean basin.

However, olive cultivation incurs high production costs, mainly during the harvesting
phase. A recent study by Sperandio et al. [3] analyzed several scenarios and reported
harvesting costs of around 3300 EUR/ha with manual harvesting, 1720–1980 EUR/ha with
the use of hand-held equipment, 920–1350 EUR/ha with the use of trunk-shakers and
ground nets, 660–1060 EUR/ha using trunk-shakers equipped with collecting umbrella,
and 330–500 EUR/ha using self-propelled straddle harvesters in super-intensive groves.
Harvesting costs decrease with the increase in mechanization level.

The mechanization of the harvesting of olive groves characterized by low tree density,
old trees, irregular spacing, located in marginal areas, in some cases terraced and imprac-
ticable, such as that present in many Italian regions, is a very difficult task [4]. The most
appropriate level of mechanization should be chosen in a manner closely connected with
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technical-organizational factors such as the structural characteristics of the territory and of
the farm [5]. In olive groves where high levels of mechanization are not possible, the use of
hand-held vibrating harvesters is quite spread. These machines are approximately capable
of increasing by three times the productivity of workers using manual harvesting methods,
and they also reduce harvesting costs [6].

The use of vibrating equipment, both portable and self-propelled, is very common
in agriculture for harvesting operations of a wide range of products. Unfortunately, the
workers, when using these machines, are mainly interested in productivity, and very often
they underestimate ergonomics and safety aspects. Vibration of the hand-arm system
is probably the most important risk connected with the use of portable harvesters and
vibrating tools in general [7–12]. Exposure to hand-arm vibration may result in several
chronic disorders such as sensory, vascular, and musculoskeletal symptoms, recognized
by several names: secondary Raynaud’s phenomenon, vibration white finger, dead finger,
traumatic vasospastic disease, and vibration syndrome, collectively known as Hand-Arm
Vibration Syndrome (HAVS) [13–18]. If detected in the early states, HAVS is reversible
by reducing or eliminating further exposure to vibration, but, once in an advanced stage,
symptoms are progressive, and treatment is usually ineffective [19]. Moreover, as recently
established [20,21], exposure to vibration leads to the production of reactive oxygen species
that, in turn, can cause damage to biomolecules, including DNA. DNA damage is known
to lead to carcinogenesis, teratogenesis and premature aging, so vibration risk exposure
should be promptly recognized and properly managed.

The transmission of the vibration and its propagation in the organism through the
hand-arm system is a complex phenomenon that involves several factors, including biody-
namic characteristics [22,23], mechanical impedance of the hand [22,24,25], posture [26,27],
muscle tension and hand forces [28,29], handle size [29], use of isolators [30], which in-
teract with the intensity of the vibration and its transmissibility [31]. Considering the
vibration produced by portable harvesters for olives, the kinematics of the harvester head,
the rod material, its geometry (length and diameter), and its configuration (fixed length
or telescopic) play a key role. Other important aspects to be considered are the working
conditions (idling or full-load) and the operator characteristics (weight, grip force, ability),
so the assessment of the effective risk requires direct measurement under real working
conditions or the definition of standardized procedures able to provide reliable acceleration
values [32,33].

In this paper several models of electrical portable harvesters for olives are tested
under idling and load conditions and vibration values transmitted to the hand-arm system
are reported.

2. Materials and Methods
2.1. The Hand-Held Harvesters

The portable harvesters considered in this study were obtained from a local manu-
facturer and assembled by combining six harvester heads (Table 1) and four rods, one of
which is telescopic (Table 2). For the sake of simplicity, the telescopic rod was considered
as two distinct rods. In Table 2, total rod length includes the handle length (225 mm) and
a rear extension (335 mm (R1, R2 and R3) or 135 mm (R4–R5)). The resulting portable
harvesters and the operating conditions are summarized in Table 3.
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Table 1. Main features of the harvester heads considered in this study.

Harvester Head 3D Model Mass, kg Width, mm Stick, No. Stick Length ×
Diameter, mm

H1
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Table 2. Main features of the rods considered in this study.

Rods Material Diameter ×
Thickness, mm Mass (*), kg Type Total Length

(**), mm

R1 aluminum 35 × 1 1.09 fixed length 1940
R2 carbon fiber 40 × 1.5 1.14 fixed length 1940
R3 aluminum 40 × 1.5 1.23 fixed length 1940

R4–R5 aluminum 35 × 1 + 28 × 1 1.60 telescopic 1840–2630
(*) Handle and electric cable inside the rod included; (**) Rod + Handle + Rear extension.
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Table 3. Portable harvesters considered in this study.

Harvester Head Rod Total Mass, kg Total Length (*), mm
Running

Frequency, Hz

H1 R1–R2–R3 2.68–2.73–2.82 2424 18
H2 R1–R2–R3 2.64–2.69–2.78 2424 18
H3 R1–R2–R3 2.59–2.64–2.73 2494 18
H4 R4–R5 3.00 2320–3110 18
H5 R4–R5 2.89 2320–3110 18
H6 R4–R5 3.10 2354–3144 18

(*) Rod total length + harvester head length.

The harvesting heads differ in number, length, and arrangement of the sticks (all in
carbon fibre), as well as in the direction of the oscillations. All are driven by a 12 V DC
electric motor (maximum power of 900 W and rotating speed of around 6300 rpm, fixed by
an electronic card), powered by means of an external battery; the electric cable is placed
inside the rod, from which it emerges in correspondence with the hand-grip equipped with
the activation switch. The motor shaft is connected to a box, that together with a gear ratio
of 10:58, moves the arms with the sticks with an oscillating frequency of about 18 Hz.

The H1, H2, and H3 models have an aluminum box and the same mechanism to
activate the sticks. The sticks are attached to a 360 mm main arm that in H1 and H2 is
disposed orthogonally to the motor shaft, whereas in H3 is coaxial, so the oscillating planes
are orthogonal. In particular, the 12 sticks of H3 are arranged in the classical flap-type
shape, widely used in older pneumatic models.

The harvesting heads H4, H5, and H6 have a plastic box to which are connected two
arms with opposing oscillations on a plane orthogonal to the motor shaft. They differ in
number of sticks per arm (4 in H4 and H5, 7 in H6), arm length (168 mm in H4 and H6,
121 mm in H5) and stick length (330 mm in H4 and H6, 360 in H5).

The harvester heads H1, H2 and H3 were applied to the rods R1, R2 and R3 in a
crossed experiment. This allowed the study of the interaction between the kinematics
of the harvester heads, features of the rods (material, diameter), and the test conditions
(idling, load). The harvester heads H4, H5 and H6 were applied to the same rod (R4–R5)
and this allowed the study of the behavior of one telescopic rod (R4: minimum length,
R5: maximum length) with different harvester heads (but with similar kinematics) under
different test conditions (idling, load). Considering the couple (harvester head, rod) as a
single portable harvester, globally 15 portable harvesters were tested.

2.2. The Experimental Activity

All the portable harvesters were operated by the same person (mass 84 kg, height
1.67 m, expert in using the machines) to limit the influence of operator features and all were
tested both at idling and load conditions.

Idling measurements were carried out considering three rod angles: 90◦ (vertical), 45◦

(inclined), and 0◦ (horizontal) with respect to the horizontal plane, to cover all the practical
conditions during harvesting. Load tests were carried out simulating the harvesting, by
inserting the sticks of the harvester heads into an olive tree canopy for a few seconds and
then moving the harvester head to another position to repeat the operation. Each test
condition was replicated 5 times and each measurement lasted about 60 s.

Vibration was measured, at different times, near to the position of the hands: rear
position (M1, near to the hand-grip with the activation switch) and front position (M2, on
the rod). During harvesting, the operator continuously changes his hand position along the
rod, so the distance between the two measuring points M1 and M2 was standardized at
1 m (Figure 1).
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Figure 1. Measuring points of the acceleration during the use of the portable harvesters (sizes in mm).
(a) Models with fixed length rod; (b) Models with telescopic rod.

2.3. The Acceleration Acquisition System

Acceleration values were measured by means of three mono axial accelerometers
(DJB, model A/123/S, DJB Instruments Ltd., Suffolk, UK, nominal sensitivity 10 mV/g,
1 g = 9.81 m/s2), screwed onto the faces of a small cube attached to the rod with a metallic
clamp. The reference axes were fixed according to the basicentric coordinate system
defined by the EN ISO 5349-1:2001 regulation [34]: x-axis perpendicular to the palm surface
area, y-axis parallel to the longitudinal axis of the grip, and z-axis directed along the
third metacarpus bone of the hand (Figure 2). To respect this constraint and considering
the different orientation of the palm of both hands, at least under static conditions, the
accelerometers were arranged differently in the two measuring points. However, during
harvesting, the operator continuously changed hand position and harvester orientation, so
x- and z-axes could not respect the basicentric coordinate system.
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Figure 2. Basicentric coordinate system for mounting accelerometers on a cylindrical bar (EN ISO
5349-1:2001).

The accelerometer signals were sampled at a frequency of 5000 Hz and then recorded on
the hard disk of a PC by means of a four-channel PC-based acquisition unit (Figure 3). The
acquisition system was managed by the dBFA Suite software (01dB-Metravib, Lyon, France).

Before and after each measurement session, the measurement chain was calibrated by
means of a vibration exciter (RION Co., LTD., mod. VE-10, Tokyo, Japan), which generated
a sinusoidal output acceleration signal of 10 m/s2 (root mean square, rms) at the frequency
of 159.2 Hz.
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2.4. Signal Analysis and Data Processing

According to EN ISO 5349-2:2001 [35], vibration is expressed in terms of root mean
square frequency weighted acceleration. So, the recorded acceleration signals were post-
processed in the laboratory by using the post-processing module of the same dBFA Suite
software. Broad band (one-third octave) analysis was applied in the frequency range
6.3–1250 Hz for each reference axis. In addition, narrow band analysis (Fast Fourier Trans-
form, FFT) was applied in the range 0–1800 Hz to identify the frequency of the main
harmonics. Linear acceleration values from the broad band analysis were used to obtain
the frequency weighted acceleration values according to the Equation (1):

ahwj =
√

∑
i
(Whi · ahij)

2 (j = x, y, z − axis), (1)

where ahij (m/s2) is the rms acceleration value measured in the i-th one-third octave
band and Whi the corresponding weighting factor (Table 4). All the computations were
implemented in the dBFA Suite software.

Table 4. Frequency weighting factors for hand-arm vibration.

Frequency Band
Number, i

Nominal Mid
Frequency, Hz

Weighting Factor,
Whi

Weighting Factor,
dB

8 6.3 0.727 −2.77
9 8 0.873 −1.18
10 10 0.951 −0.43
11 12.5 0.958 −0.38
12 16 0.896 −0.96
13 20 0.782 −2.14
14 25 0.647 −3.78
15 31.5 0.519 −5.69
16 40 0.411 −7.72
17 50 0.324 −9.78
18 63 0.256 −11.83
19 80 0.202 −13.88
20 100 0.160 −15.91
21 125 0.127 −17.93
22 160 0.101 −19.94
23 200 0.0799 −21.95
24 250 0.0634 −23.96
25 315 0.0503 −25.97
26 400 0.0398 −28.00
27 500 0.0314 −30.07
28 630 0.0245 −32.23
29 800 0.0186 −34.60
30 1000 0.0135 −37.42
31 1250 0.00894 −40.97
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Acceleration total value, ahv (m/s2), was computed as the root-sum-of-squares of the
three component values (Equation (2)):

ahv =
√

a2
hwx + a2

hwy + a2
hwz, (2)

where ahwx, ahwy and ahwz (m/s2) are the rms frequency weighted acceleration values for
the three reference axes.

The CEN/TR 15350:2013 (European Committee for Standardization, 2013 [36]), for
the measurement of the vibration emission for flap type fruit harvesters, recommends
weighting idling ahv,i and full-load ahv,l acceleration total values to calculate the equivalent
vibration total value ahv,eq (m/s2) according to Equation (3):

ahv,eq =

√
Ti
T

a2
hv,i +

Tl
T

a2
hv,l , (3)

with weighting factors Ti/T = 1/7 and Tl/T = 6/7 the respective daily exposure fraction
times. However, the measurements under load conditions considered in this study already
take into account the fraction times of idle running that occur when the operator moves
the harvester head to different points of the tree canopy during the harvesting. So, the
acceleration total value ahv obtained from Equation (2) was treated as the equivalent
vibration total value ahv,eq and used to calculate the daily vibration exposure A(8) according
to the Equation (4):

A(8) = ahv

√
T
T0

, (4)

where T is the total daily exposure duration (h) and T0 the reference time (8 h). Considering
a standard 7 h working day, the average daily exposure time may be assumed to range
from 3 to 5 h [37,38], being the residual time used for the positioning of the nets and the
recovery of the final product. In this study T was assumed equal to 4 h.

Given the experimental design, acceleration total values were analyzed separately for
harvester heads H1–H3 with rods R1–R3 and harvester heads H4–H6 with rods R4–R5, both
as crossed experiments. Due to the high number of factors (harvester head, rod, measuring
point, rod angle, load conditions), the study was limited to the first order interactions
considered of interest. The significance of differences between mean values was assessed
by applying the Kruskal–Wallis non-parametric test. All statistical analyses and graphical
representations were carried out using the open source software R [39] (R Core Team, 2021).

3. Results
3.1. Harvester Heads H1–H3 with Rods R1–R3

Figure 4 summarizes the mean acceleration total values with respect to the main
factors analyzed in the study.

Considering the harvester heads, mean acceleration total value ranged from 26.49 m/s2

(H2) to 32.76 m/s2 (H3). However, according to the Kruskal–Wallis test, differences be-
tween the harvester heads were not statistically significant. The differences due to the
rod type were statistically significant. The highest acceleration total value (38.76 m/s2)
was measured with the rod R1 (aluminum made, 35 mm diameter), the intermediate
value (27.04 m/s2) with the rod R3 (aluminum made, 40 mm diameter), and the lowest
(21.30 m/s2) with the rod R2 (carbon fiber made, 40 mm diameter). These results suggest
that, with the same material (aluminum), vibrations are reduced as the rod diameter in-
creases, whereas with the same diameter (40 mm), carbon fiber reduces vibration with
respect to the aluminum. The difference between the two measuring points was significant.
The highest acceleration total value was measured in the front position (M2, 37.21 m/s2)
and the lowest in the rear position (M1, 20.84 m/s2), implying different exposure of the
operator’s hands. The differences between the three rod angles under idling conditions
were not statistically significant: 31.76 m/s2 at 90◦, 30.84 m/s2 at 45◦, and 27.89 m/s2 at 0◦.
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The “variable” angle in Figure 4 refers to tests under load conditions. On average, idling
conditions were more stressing than load conditions, 30.16 vs. 25.60 m/s2, respectively.
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The interactions between the harvester head and the other main factors are summa-
rized in Table 5.

Table 5. Acceleration total values (m/s2) with harvester heads H1-H3 (mean separation by
Kruskal–Wallis test for each interaction: means with the same letter are not statistically different at
p = 0.05 level).

Harvester Rod Rod Angle Measuring Point

Head R1 R2 R3 0◦ 45◦ 90◦ Variable M1 M2

H1 36.32 a 22.00 d 25.25 b–d 26.95 a–c 31.83 a–c 26.30 a–c 26.34 a–c 22.50 b 33.21 a

H2 34.23 ab 21.35 d 23.91 cd 26.07 a–c 29.31 a–c 26.89 a–c 23.70 c 19.02 c 33.97 a

H3 45.74 a 20.57 d 31.97 a–c 30.61 a–c 31.39 ab 42.16 a 26.87 bc 21.01 bc 44.51 a

Considering the head × rod interaction, it emerged that the predominant factor was
the rod type. With the same rod, the acceleration values were not statistically different
among the three harvester heads. The highest value (45.74 m/s2) was measured with the
harvester head H3 (the flat-type model) when used with the rod R1 (aluminum, 35 mm
diameter). The differences within the head × rod angle interaction were significant for only
a few cases regarding the tests under load compared to the idling tests. More specifically,
the lowest acceleration total value (23.70 m/s2) was measured under load conditions with
the harvester head H2, whereas the highest values were measured with the harvester head
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H3 under idling conditions at 90◦ (42.16 m/s2) and at 45◦ (31.39 m/s2). Finally, acceleration
values in the front position (measuring point M2) were significantly higher than in the rear
position (measuring point M1) for all the three harvester heads.

3.2. Harvester Heads H4–H6 with Rods R4–R5

The plot-design in Figure 5 summarizes the mean acceleration total values measured
with the harvester heads H4–H6. Average values ranged from 7.72 m/s2 (H5) to 16.15 m/s2

(H6), much lower than those measured with harvester heads H1–H3. Demonstrating
that the different kinematics of the harvester H4–H6 with respect to H1–H3 contributed
enormously to the reduction of the vibration transmitted to the hand-arm system.
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The differences between the two rods were not statistically significant, 11.69 m/s2

with R4 (telescopic, minimum length) and 11.86 m/s2 with R5 (telescopic, maximum
length). Acceleration in the front position (M2, 12.85 m/s2) was again significantly greater
than in the rear position (M1, 10.71 m/s2). The comparison among the three rod angles
under idling conditions confirmed the results obtained with harvester heads H1–H3. Even
if not statistically significant, there was a decreasing trend in acceleration values as the
angle decreased from 90◦ (11.18 m/s2) to 0◦ (10.21 m/s2). However, contrary to what
was measured with the harvester heads H1–H3, the acceleration under load conditions
(14.84 m/s2) was significantly greater than that under idling conditions (10.76 m/s2).

Table 6 summarizes the interactions between the harvester head and the other main
factors. The interaction with the rod was not statistically significant, in fact, for all rods the
result was the same for the three harvester heads (highest acceleration for H6, intermediate
for H4, lowest for H5). The head × rod angle interaction revealed that the harvester head
H6 produced the same acceleration both under idling and load conditions, ranging from
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15.30 to 16.78 m/s2, whereas for the other two harvesting heads vibration under load
conditions was significantly greater than under idling conditions. Finally, the interaction
head × measuring point was not statistically significant. The acceleration values in the
front position were always greater than in the rear position, for all the harvester heads.

Table 6. Acceleration total values (m/s2) with harvester heads H4-H6 (mean separation by
Kruskal–Wallis test for each interaction: means with the same letter are not statistically different at
p = 0.05 level).

Harvester Rod Rod Angle Measuring Point

Head R4 R5 0◦ 45◦ 90◦ Variable M1 M2

H4 11.22 b 11.70 b 10.22 d 10.97 d 10.79 d 13.87 c 10.10 d 12.83 c

H5 7.62 c 7.82 c 5.10 e 5.57 e 5.97 e 14.24 c 6.84 e 8.60 d

H6 16.25 a 16.06 a 15.30 bc 16.12 ab 16.78 a 16.41 ab 15.20 b 17.11 a

3.3. Acceleration Components

Figure 6 reports the fraction fwj of the acceleration total value due to the j-axis compo-
nent for each harvester head, defined as:

fwj =
ahwj

ahv
, (j = x, y, z − axis). (5)
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Considering the harvester heads H1–H3, Figure 6 shows that in the rear position (M1)
the main acceleration component was always that along the x-axis, accounting for 81–92%
of the acceleration total value at varying the rod. The lowest component was that along the
y-axis for harvester heads H1 and H2 and that along the z-axis for harvester head H3. In
the front position (M2) the lowest component was always that along the y-axis, whereas
the main component was affected by the rod type. When the carbon fiber rod (R2) was
used, the main acceleration component was again that along the x-axis (from 82 to 92%),
whereas when the aluminum rods were used, the z-axis component was predominant for
the harvester heads H1 and H2.

When the harvester heads H4–H6 were used, the y-axis component was almost always
predominant in both measuring points, accounting for 58–77% of the acceleration total
value in the rear position and for 71–91% in the front position.

Results on the acceleration components were strictly correlated with the harmonic
content of the signals. As an example, Figure 7 shows the FFT spectra of the harvester heads
H1–H3 applied to the rod R2 (carbon fiber) and H4–H6 applied to the rod R4 (telescopic,
minimum length). To better analyze the results and highlight the main differences between
and within the two groups of harvester heads, all FFT spectra were computed under idling
conditions and in the most exposed measuring point (front position, M2). In addition, the
frequency range in the plot was limited to 0–200 Hz, the effect of the higher frequencies
being attenuated by the weighting curves stated by the EN ISO 5349-1:2001 regulation
(Table 4).
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As it might be expected, the frequency of the first harmonic was around 18 Hz for all
the harvester heads. In fact, all the machines were driven by the same engine model, the
kinematics of the initial part of the motion transmission system was the same, as well as
the reduction ratio. Comparing the acceleration values at the different frequencies, it is
possible to point out that the arrangement of the arms carrying the sticks with respect to the
transmission box had a significant effect on the results. In fact, with the harvesting heads
H1 and H2, where the main arm oscillates orthogonally to the motor shaft, the highest
acceleration values were recorded along x- and z-axes. Instead, in H3 the sticks oscillate
around the motor shaft and this has resulted in an increase in acceleration values along the
y-axis and in a decrease along the z-axis. In addition, the different disposition of the sticks
in H2 with respect to H1 made the harmonics between 100 and 200 Hz of higher amplitude.
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The FFT spectra of the harvester heads H4–H6 were all characterized by harmonics
of lower amplitude along the x- and z-axes and higher amplitude along the y-axis with
respect to H1–H3, and this can be attributed to the opposite movement of the two arms
carrying the sticks. In addition, all the spectra showed the presence of harmonics fairly
uniformly along a wide range of frequencies, indicating a more widespread distribution
of the energy levels. Comparing H4 and H6, which differ only in the number of sticks, it
emerged that the greater the number of sticks, and then of the oscillating masses, the higher
the acceleration values at almost all frequencies. Finally, comparing H4 and H5, which
differ mainly in the length of the oscillating arms, and then in the distance of the sticks
from the center of oscillation, it emerged that the shorter the length of the arms, the lower
the acceleration values at all the main frequencies.

4. Discussion

Vibration exposure is the major physical risk resulting from the use of electrical
portable harvesters. Noise risk has been greatly reduced due to the use of electric mo-
tors [10] in substitution of pneumatic drives [40] or internal combustion engines [41].
Measured acceleration values may vary significantly depending on harvester head kine-
matics, rod features, load conditions, and user ability. Unfortunately, in many situations,
these are very high acceleration values and expose operators to HAVS risk.

In this study, considering the most exposed hand under load conditions (measurement
in front position), mean acceleration total value in the worst case (rod R1, lowest diameter,
aluminum made) ranged from 41.79 (harvester head H1) to 56.97 m/s2 (harvester head H3,
flat-type model). Better results with harvester heads H1–H3 were obtained with the use of
the carbon fiber rod (R2). In this case the acceleration total value ranged from 22.80 (H2) to
24.73 m/s2 (H1).

Similar results are quite common in the literature, with acceleration values in the
front position being higher than in the rear position. Deboli et al. [32], testing two electric
beaters for olives, measured acceleration values under load conditions ranging from 19.9 to
29.8 m/s2. Calvo et al. [18], testing three electric beaters used by five operators, measured
values ranging from about 10 to 35 m/s2. Caçkmak et al. [10], testing five models of electric
portable harvesters, measured for a flat-type model, similar to the harvester head H3
analyzed in this study, acceleration values over 40 m/s2 under full-load conditions. Other
research by Calvo et al. [42] on five beaters reported acceleration values in the front position
under full-load conditions ranging from 10.38 to 24.81 m/s2. Much higher values (around
60 m/s2) may be measured using hook-type harvesters driven by an internal combustion
engine [43].

The acceleration values measured with the harvester heads H1–H3 led to daily vi-
bration exposure values, A(8), computed with an assumption of an exposure time of 4 h
per day, ranging from 16.12 to 17.49 m/s2 (best case) or from 29.55 to 40.28 m/s2 (worst
case). In any case, these values are much higher than the daily exposure action value of
2.5 m/s2 or the daily exposure limit value of 5 m/s2 stated by the European Directive
2002/44/EC [44]. To respect the limit of 5 m/s2, these machines should be used in the best
scenario for less than half an hour a day, much lower than the expected time.

Vibration can be reduced through properly designing the machine or by an optimal
choice of the operating parameters. As an example, Monarca et al. [45] proposed some
modifications to the harvester head aimed isolating the rotary members, to reduce the
transmission of the vibration to the operator’s hands. Modifications of the kinematics of
the harvester head are probably the best way to reduce vibration. The harvester heads
H4–H6 considered in this study have kinematics quite different from the heads H1–H3.
The opposing oscillations of the two arms carrying the sticks lead to a partial compensation
of the accelerations transversal to the rod axis (x- and z-axis), resulting in a modification
of the weight of the components and a general lowering of the total vibration. In fact,
even if applied to an aluminium rod with a diameter of 35 mm, acceleration values in the
front position under load conditions ranged from 16.00 (H4) to 17.70 m/s2 (H6) (average
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between the two rods), achieving a reduction of 60–70% with respect to the harvester heads
H1–H3 applied to the 35 mm aluminum rod.

The different kinematics of the harvester heads modify the harmonic content of the
acceleration signals, the relative weight of the acceleration components, and also the
behavior with respect to the load conditions. In fact, the harvester heads H1–H3 in the
front position have greater acceleration values along x- and z-axis, whereas the harvester
heads H4–H6 produce greater acceleration values along the rod axis (y-axis). In addition,
the oscillations of the two arms carrying the sticks, when inserted into the olive tree canopy,
cause axial thrusts, resulting in an increase of the acceleration values under load conditions
compared to the idling conditions. This result justifies the need to assess the risk under
effective working conditions, as stated by some authors [42].

The daily vibration exposure values ranged from 11.31 to 12.51 m/s2. Despite the
finding that they were lower than those measured with the harvester heads H1–H3, they
were more than double the daily exposure limit value of 5 m/s2, so other studies are
necessary to further reduce vibration transmission to the operator’s hand-arm system.

5. Conclusions

The research confirmed that vibration is the main risk resulting from the use of portable
harvesters for olives, and the daily vibration exposure value A(8) depends on several factors,
among which kinematics of the harvester head, geometry and material of the rod, and
loading conditions were analyzed in this study.

Idling tests, useful for comparing the behavior of the different models of harvester
heads without the effects of the tree canopy, showed that in the group H1–H3 the harvester
head H3 (the flat-type model), consistent with the harmonic content of the acceleration
signal, produced on average the greatest acceleration (34.70 m/s2). In the group H4–H6,
acceleration values decreased significantly from H6 (16.07 m/s2) to H4 (10.66 m/s2) to
H5 (5.55 m/s2), that is from the widest harvester heads and with the most sticks to the
narrowest and with the fewest sticks, without differences between the two rods. This
implies that the different number, arrangement, and distance of the sticks from the centre
of oscillation also affect the harmonic content and acceleration total value. In both groups,
differences between the rod angles were not statistically significant and acceleration total
values in front position (M2) were always greater than in the rear position (M1), implying
different exposure of the worker’s hands.

The results of the load tests showed that A(8) values, assuming a usage time of
4 h per day, were much higher than the daily exposure limit value of 5 m/s2 stated by
the European Directive 2002/44/EC for all the machines. The most significant factor in
reducing acceleration was the kinematics of the harvester head. Models with opposing
oscillations of the two arms carrying the sticks guaranteed partial compensation of x-
and z-axis acceleration components, resulting in lowering A(8) values of round 60–70%.
In addition, different kinematics may imply different behavior between idling and load
conditions. These results require, on the one hand, assessment of risk under real working
conditions, and on the other hand, other studies to further reduce the vibration transmission
to the operator’s hand-arm system by exploiting different kinematics and/or different rod
material and geometry.
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Nomenclature

ahij acceleration value in the i-th one-third octave band for axis j (j = x, y, z) (m/s2)
Whi weighting factor for the i-th one-third octave band
ahwj frequency weighted acceleration value for axis j (j = x, y, z) (m/s2)
ahv acceleration total value (m/s2)
fwj fraction of the acceleration total value due to the j-axis (j = x, y, z)
hv,i acceleration total values at idling conditions (m/s2)
hv,l acceleration total values at full-load conditions (m/s2)
ahv,eq equivalent vibration total value (m/s2)
A(8) daily vibration exposure (m/s2)
g gravity acceleration (9.81 m/s2)
T total daily exposure duration (h)
Ti/T daily exposure fraction time at idling conditions
Tl/T daily exposure fraction time at full-load conditions
T0 reference time (8 h)
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