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ABSTRACT

Operator fatigue during work with agricultural machinery is a significant factor contributing to fatal accidents in
Greece. Workers operating agricultural machinery, especially those working with tractors and off-road
machines, constitute one of the most hazard-prone groups due to mechanical vibrations transmitted from the
ground to the operators’ seats. Operators of tractors and off-road machines are exposed to intense mechanical
vibrations, underscoring the importance of cumulatively calculating permitted working hours. This work
presents a study that was conducted at the Laboratory of Safety and Ergonomics of Agricultural Machinery,
Department of Agriculture — Agrotechnology, Faculty of Agricultural Sciences, University of Thessaly, in order
to evaluate the vibrations generated when operators work with agricultural tractors and off-road machinery.
The results of the study showed that the highest levels of vibration occurred during disc harrowing operation,
particularly when the disc harrow moved vertically or at an angle of 30° to the ploughing direction. For seed
bed preparation, it is recommended to use tractors equipped with a suspension system for the operator's cabin
and a seat with an adjustable range of perceived vibration. Additionally, to prevent fatigue or health problems
for tractor operators, it is advisable to limit permitted working hours to fewer than 8 hours per day.

MEPINAHWH

H kémwon tou xelpioth kard 1n OIGpKEIa TNG Epyadiac HE YEWPYIKA unxavauara eivar éva onuaviikos
TapAayovTac o orroio¢ oulBaAsl otnv mpdkAnon moAAwv Bavarnedpwy aruxnuarwyv otnv EAAGSa. Oi XeipioTég
YEWPYIKWY unxavnuarwy, 10iaitepa ekeivol mou xelpiovral EAKUCTAPEC Kal unxavAuara eKTos OpdLou,
arroreAoUv uia arro TIC TTI0 ETTIPPETTEIC O KIVOUVOUS OUABEC XEIPIOTWV AOYyWw TWV UNXAVIKWY Kpadaouwy Tou
ueradidovrar amo 1o £6agpog ora Kabiouara Toug. Or XEIPIOTEC EAKUTTIPWY Kal UNXavhUuATwy €KTOC SpOLoU
EKTIBevTal o€ £vTOVOUS unxavikous Kpadaououg, UtToypauuifovrag mn onuacia Tou CwpEUTIKOU UTTOAOYIGUOU
TWV EMTPETTOUEVWY WPWYV gpyaadiac. H epyacia autn mapouaialel pia ueAETn mou oie€nxén oro Epyaarripio
Aopdaieiac kar Epyovouiac AypoTtikwv Mnyavnudrwy tou Tuhfuarog Iewmoviag — AypoTtexvoAoyiag, The 2xoAn
lewtrovikwv Emotnuwy tou lMNavemortnuiou Osooaldiag kai Exel oav okotro Tnv aéioAdynon Twv dovrioewy Tou
onuioupyouvral Otav ol XEIPIOTEC epydlovral LE YEWPYIKOUS €EAKUOTAPES Kal 00IKa unxavhnuara. Ta
amroreAéouara NG HeAETNG €deiéav OTI Ta UWNAGTEPQA ETTITTEOX KPAGACUWY EUPAVIOTNKAV KATA TNV EKTEAEON
Epyaciwy ue TNV XpHon OIOKOOBApvas TPOOAPUOCUEVNS OF YEWPYIKO EAKUOTHpaQ, Iblaitepa Orav n
O10Kk0oaBdpva Kivouvrav KGOsta 1y utré ywvia 30° wg Tpog Tnv kareuBuvon rou opywuarog. [a tnv mpoeToluacia
NS OTTOPAC, ouvIaTaral N xpHRon eAkuarnpa eéomAiouévou e oloTnua avdprnong TS KauTivag Tou XEIpIoTH
Kai k@Bioua pe pubuiféuevo avrikpadaouikd ocuotnua. EmimAéov, yia va amogeuxBei n kérrwon i Ta
mpoBARUATA UYEIQS TwV XEIPIOTWY TOU EAKUOCTAPQ, CUVIOTATAI O TTEPIOPICUOS TWV ETTITPETTOUEVWY WPWV
Epyaoiag o€ AlyOTepes ammo 8 wWpEeS TNV NUEPQ.
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INTRODUCTION

Agricultural workers operating tractors face exposure to whole-body vibrations, a challenge influenced
by factors such as the type of mounted farm implements, tractor speed, and field conditions. These vibrations,
characterized by multiaxis translational and rotational inputs affecting various body areas, traverse through the
buttocks, torso, and spinal column (Amari et al., 2015; Scarlett et al., 2007). Operating in such an environment
leads to fatigue, impacting ride comfort and contributing to health issues like metabolic disorders,
cardiovascular problems, and nervous system complications (Rahmatalla et al., 2023; Loutridis et al., 2011).

Farmers dedicate many hours to agricultural activities throughout the year, with tractor usage reaching
up to 14 hours on the busiest days (Sorainen et al., 1998). This prolonged engagement exposes them to work-
related hazards, notably whole-body vibration (Biris et al., 2022; Singh et al., 2021, VI&ddut et al., 2013). Unlike
the industrial sector, whole-body vibration exposure in tractor drivers is intricate due to variable factors during
fieldwork (Singh et al., 2018). Tractor-mounted implements and interactions with the terrain contribute to the
whole-body vibration experienced by drivers (Singh et al., 2018; Kumar et al., 2001). Vibrations are transmitted
to the operator's body through points of contact such as the tractor floor, operational levers, seat pan, seat
backrest, and steering wheel, potentially causing discomfort and health issues (Cheng et al., 2022; Dmitrieva
and Myakishev, 2019; Village et al., 2012).

Modern tractors are equipped with specialized shock-absorbing systems, primarily integrated into the
support bases of the control cabin and seat. The purpose of these systems is to absorb generated mechanical
vibrations as much as possible, thereby minimizing their impact on the operator's body (Marsili et al., 2002). It
is noteworthy that each part or organ of the human body has a range of natural resonance frequencies, and
these frequencies inherently affect the permissible duration of exposure to mechanical vibrations.

Many studies (Loutridis et al., 2011) indicate that tractor drivers often experience vibration levels
surpassing the exposure action value (0.5 m/s2) outlined in Directive 2002/44/EU (E.U. Directive, 2002).
Elevated vibration exposure is closely associated with various health conditions, including musculoskeletal
hazards (e.g., back pain) (Griffin, 2007), fatigue (e.g., muscle tiredness) (Loutridis et al., 2011), and nervous
system problems (e.g., carpal tunnel syndrome) (Goglia et al., 2003).

Driver performance is also affected by tractor vibrations (Village et al., 2012). Research indicates that
off-road situations expose individuals to more severe whole-body vibrations compared to on-road scenarios
(Adam et al., 2020), potentially surpassing recommended health exposure limits (ISO 2631-1, 1997). Elevated
whole-body vibration exposure is a significant occupational risk factor associated with lower back pain among
tractor drivers (Singh et al., 2019). Furthermore, whole-body vibration can induce muscle elongation and
shortening, leading to increased muscular tension and fatigue (Ritzmann et al., 2010). Of particular concern
are low-frequency vibrations (1-10 Hz), which significantly impact tractor operators due to uneven terrain and
imbalanced engine parts (Nawayseh, et al., 2020). The human body's sensitivity to low-frequency vibrations,
coupled with extended exposures, results in rapid weariness, reduced functioning, and potential harm to the
operator's health (Singh et al., 2021). Whole-body vibration directly affects driver attentiveness, increasing
physical and mental strain, leading to fatigue and drowsiness (Bhuiyan et al., 2022).

Exposure of a body part or organ to high-level vibrations at their resonance frequencies can lead to
extremely unpleasant symptoms, especially chronic health conditions.

The main physical characteristics of the mechanical vibrations measured during experimental tests
include their intensity, measured in m/s2, and their frequency, measured in Hz. It is crucial that the generated
vibrations do not surpass specific permissible values. These values are established to safeguard operators
and are determined in accordance with EU guidelines, specifically the 1ISO 2631/97/Amd 1:2010 standard and
Directive 89/391/EEC (consolidated in 2008)!

Measures aimed at safeguarding operators from mechanical vibration include the installation of safety
cabins on modern tractors, which are mounted on hydraulic shock absorbers. It is imperative that the seat is
capable of damping vibrations and is in good condition to effectively protect the operator during work. The
manner in which auxiliary agricultural machinery is connected to the tractor is a crucial factor, as it significantly
influences the intensity of the generated vibrations. Other factors that significantly affect operator fatigue
include the speed of movement during work, the condition of the ground, and the operator’s sitting posture. In
modern tractors, in addition to adjusting the vibration range, there is the option to rotate the operator's seat
15° to the right and left. This feature assists operators when they need to turn their bodies to look backward
and control the attached agricultural machinery (Brienza et al., 1996).
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This study aimed to identify, record, and analyse the factors that contribute to tractor operator fatigue
under real-time conditions. Additionally, the study sought to measure the magnitudes of mechanical vibrations
and frequencies that occur in the control cabin of agricultural tractors during field movement.

MATERIALS AND METHODS

The experimental determination of whole-body vibrations on the operator's seat of agricultural tractors
was conducted on uncultivated land containing straw remnants from previous cultivation. The moisture content
of the soil was 20% (dry basis), and this level remained constant throughout the tests. The soil had a sandy-
clay-loam (SCL) mechanical composition, and the ambient temperature during the experiments was 20°C.
For the experimental tests, the LAMBORGHINI Premium 950 tractor was used. This tractor boasts a power
output of 70 kW and is equipped with a mechanical system for adjusting the seat's vibration range, hydrostatic
steering, and 4-wheel drive (4WD). The speed was maintained within the range of 5.5 — 6.0 km/h throughout
the tests. Ploughing was conducted prior to disc harrowing to prepare the seedbed. The disc harrow used for
the experimental tests was a secondary tillage implement with a working width of 3.20 m, featuring a total of
33 discs, each with a diameter of 0.50 m, and operating at a depth of 0.11 m.

The study was focused on the whole-body vibrations generated during all agricultural operations
carried out with the aforementioned agricultural tools on the operator's seat.

To determine the accelerations of mechanical vibrations within the control cabin of the tractor,
experimental tests were conducted with a towed disc harrow attached. Sensors placed under the operator's
seat recorded the impacts of mechanical vibrations. The results of the experimental tests were analysed to
determine the magnitude of the interactions among all factors that cause unpleasant symptoms in operators
and to establish the permitted working time.

The vibrations were captured using an electronic recording unit known as VIBROTEST 60 from Bruel
& Kjaer Vibro Company. This unit is equipped with adjustable sensors secured under the operator's seat using
magnets, capable of recording signals for all magnitudes of vibration. This is to ensure better visualization and
assessment of the vibrations affecting the operator. Throughout the tests, the range of vibrations and the
corresponding frequencies were recorded. The device was calibrated to record 1600 values, for each 250 m
field stretch, capturing vibration accelerations in m/s2 and frequencies in Hz ranging from 0 — 100 Hz at intervals
of 0.3125 Hz. Three replicates were performed for each measurement. The experimental tests were conducted
along three movement paths: a) parallel to ploughing, b) at an angle of 30° degrees to ploughing, and c)
perpendicular to ploughing. From these measurements, the average was calculated and the maximum value
of the averages was taken for each direction. The measurements were conducted according to international
standards ISO 2631-1-5/1997, ISO 10326-2:2022 and I1SO 8041-1:2017. These standards define the
permissible limits for daily exposure to vibrations known as or A(8), which corresponds to a vibration
acceleration of 0.50 m/s2, and the vibration dose value (VDV) of 9.1 m/s"1.75.

The values obtained were analysed using a computer and specialized software designed to create
graphs. The graphs depict vibration accelerations in units of m/s2 versus frequencies in units of Hz.

Test measurements

The maximum vibration values were analysed in three axes: X (vibrations in the horizontal longitudinal
axis in the direction of tractor motion), Y (vibrations in the horizontal transverse axis in the direction of tractor
motion), and Z (vibrations in the vertical axis in the direction of tractor motion). Based on the experimental
tests, the averages of the maximum values obtained in the three directions, Xmax, Ymax, and Zmax were recorded,
and the daily vibration dose was calculated.

Calculation of the daily vibration dose or A(8)

The calculation of the daily vibration dose (DVD), internationally denoted as A(8), is determined by
taking the highest mean acceleration value of the three repetitions in the X, Y, and Z directions. This is shown
in equations (1) to (3).

The highest value of DVD or A(8) in m/s2 was taken into account during the calculation (Griffin et al.,
2006) of the permissible daily working hours (PDWH).

A.(8) =14,,, /& [m/s?] (@
TO
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where:
Texp = 6 h the desired duration of daily work (1ISO, 1997)
To =8 h the duration of daily work,
Owx, Owy, Owz = the maximum acceleration values (m/s?) in the x, y, and z axes, respectively.

The daily vibration dose was determined by the highest values of Ax(8), Ay(8), and Az(8). The daily
vibration dose, A(8), is calculated from the root mean square (rms) values of the vibration accelerations in all
directions. This value is proportional to the magnitude of the vibration acceleration and the square root of its
duration. The highest daily vibration dose (DVD), denoted as A(8), is determined according to equation (4)
(Griffin et al., 2006).

A(8)=max[ A, (8),A 8),A®)] [M/s?] (4)

The accelerometers were placed in the same position as the operator, for example, under the
operator's seat. Their orientation was aligned with the directions of the vibrations. The recording was
continuous during the 6 hours of daily working time of exposure (Texp = 6 h).

The calculation of the daily vibration dose or A (8) is given (Griffin et. al., 2006), by equation (5):

1 3
A® =k L <6 -1 La, (s ®
where:
aw = the maximum value of the averages of vibration accelerations (r.m.s.), in direction i, for a desired
daily working duration (6 hours).
ki = human sensitivity factor, equal to 1.4 for the x and y directions and 1.0 for the z direction.

Calculation of the operator's permitted daily working hours
The calculation of permitted working hours for agricultural tractor operators is based on guidelines
provided by European Standard EN 14253: 2003 + Al: 2007 and ISO 2631-1-5/1997. According to these
standards, the upper limit of the tolerable permissible acceleration of vibration at the operator's seat, above
which personal protective measures are required for up to eight (8) hours of work, is determined as: A(8) =
0,50 m/s? for To = 8 hours of work.
The calculations took into account the permissible vibration acceleration, which is lower than A(8) =
0,45 m/s? for To = 8 hours of work eliminating the need for additional measures. Therefore, the calculation of
permissible working hours is given by equation (6) and is a function of the permissible value of the daily
vibration dose (A8), the desired working hours To and the maximum value of the daily vibration dose. This
maximum value is obtained from the maximum accelerations of the vibrations in each direction (x, y, and z) on
the operator's seat (ISO, 2631-1-5: 1997).
2
T, = M [h] (6)
Apnax (8)

max

where:
Te was measured in hours
A?max (8) = m/s?, the maximum value of the daily vibration dose from the three directions x, y, and z,
A? (8) = 0.45 m/s?, the allowable daily vibration dose at which operator protection measures are not
required.
To = 8 hours
Te = allowed working hours/day

If the daily vibration dose is Ai (8) > 0.45 m/s?, then additional measures must be taken to protect the
operator's health.
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RESULTS
Determination of the daily vibration dose A(8) and the operator's working hours with the Lamborghini
premium 950 tractor with disc harrow was performed.

Test No.1 Lamborghini premium 950 tractor with disc harrow, 1st pass on ploughed ground, movement parallel
to ploughing, Tractor speed = 8.0 km/h.

From Table 1, for movement parallel to ploughing (1st pass), it can be seen that the developed
accelerations ow = m/s? of the vibrations in the three directions Xmax, Ymax, and Zmax, are at low levels <0.5m/s?.
Therefore, the permissible working hours can be more than 8 hours per day. The maximum value was
observed in the Z direction, aw = 0.326 m/s?, and the value of the daily vibration dose (DVD) in the X direction
is A(8) = 0.297 m/s2,

Table 1
Values of the daily vibration dose (DDI) and the allowable working hours of agricultural tractor operators
Vibration Max mean Frequencies DDI Allowed Vibrations Vibration
axis values values working comparison change
A(8) hours percentage
[aw = m/s?] [Hz] [m/s?] [h] [%0]
X 0.245 1.56 0.297 >8 X—=Y 51.2°
Y 0.162 1.88 0.197 - Z—Y 101.2
Z 0.326 2.19 0.282 - Z—X 33.0°

" The rates of change of the vibrations are obtained for the x-axis ((0.245-0.162)/0.162)*100 = 51.2, for the y-axis ((0.326-0.162)/0.162)*100
=101.2, and for the z-axis ((0.326-0.245)/0.245)*100 = 33, respectively.

Test No.2 Lamborghini premium 950 tractor with disc harrow, 2nd pass on ploughed ground, movement
parallel to the ploughing, Tractor speed = 8.0 km/h.

From Table 2, for movement parallel to the ploughing (2nd pass), it can be seen that the developed
accelerations Ow = m/s? of the vibrations in the three directions Xmax, Ymax, Zmax, are at low levels <0.5 m/s?.
Therefore, the permissible working hours can be more than 8 hours per day. The maximum value is found in
the Z direction, dw = 0.376 m/s?, and the value of the daily vibration dose (DVD) in the Z direction is A(8) =
0.326 m/s2,

Table 2
Values of the daily vibration dose (DDI) and the allowable working hours of agricultural tractor operators
. . DDI Allowed . . Vibration
V|bra_t|on Max mean Frequencies values working Vlbratlc_)ns change
axis values comparison
A(8) hours percentage
[ow = m/s?] [Hz] [m/s?] [h] [%]
X 0.145 3.44 0.176 - Y—X 37.3
Y 0.199 1.25 0.241 — Z—Y 89.0
Z 0.376 2.19 0.326 >8 Z—X 159.3

Test No.3 Lamborghini premium 950 tractor with disc harrow, on dry ploughed ground, movement parallel to
the ploughing, Tractor speed = 8.0 km/h.

From Table 3, for movement parallel to ploughing on dry soil, it is seen that the developed
accelerations Ow = m/s? of the vibrations in the three directions Xmax, Ymax, Zmax, are at high levels >0.5 m/s?.
Therefore, the permissible working hours not exceed 8 hours per day, specifically 4:07 hours. The maximum
value is found in the Z direction, 0w = 0.729 m/s?, and the value of the daily vibration dose (DVD) in the Z
direction is A(8) = 0.631 m/s2.
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Table 3
Values of the daily vibration dose (DDI) and the allowable working hours of agricultural tractor operators
. : DDI Allowed , . Vibration
Vlbra_t|on Max mean Frequencies values working V|brat|(_)ns change
AXxis values comparison
A(8) hours percentage
[ow = m/s?] [Hz] [m/s?] [h] [%]
X 0.350 1.88 0.424 - Y—-X 40.3
Y 0.491 1.88 0.595 — Z—-Y 48.5
z 0.729 2.50 0.631 4:07 Z—X 108.3

Test No.4 Lamborghini premium 950 tractor with disc _harrow, on dry ploughed ground, movement

perpendicular to the ploughing, Tractor speed = 8.0 km/h.

From Table 4, for movement perpendicular to the ploughing, it can be seen that the developed

accelerations Qw = m/s2 of the vibrations in the three directions Xmax, Ymax, and Zmax, are at high levels >0.5
m/s2. Therefore, the allowable working hours must not exceed 8 hours per day, specifically 1:16 hours. The
maximum value is found in the Z direction, 0w = 1.364 m/s?, and the value of the daily vibration dose (DVD) in
the Z direction is A(8) = 1.181 m/s2.

Table 4
Values of the daily vibration dose (DDI) and the allowable working hours of agricultural tractor operators
Vibration Max mean | Frequencies DDI Allowed Vibrations Vibration
axis values values working comparison change

A(8) hours percentage

[aw = m/s?] [Hz] [m/s?] [h] [%0]

X 0.810 2.81 0.982 — X—Y 10.6

Y 0.732 6.56 0.887 — Z—-Y 86.4

Y4 1.364 2.19 1.181 1:16 Z—X 68.4

Test No.5 Lamborghini premium 950 tractor with disc harrow, on dry ploughed ground, driving at an angle of
30° degrees to the ploughing, Tractor speed = 8.0 km/h.
From Table 5, for movement at an angle of 30° degrees to ploughing, it was found that the developed

accelerations dw = m/s? of the vibrations in the three directions Xmax, Ymax, Zmax, are at high levels >0.5 m/s2.
Therefore, the allowable working hours must be less than 8 hours per day, specifically 2:05 hours. The
maximum value is observed in the Z direction, 0w = 1.364 m/s?, and the value of the daily vibration dose (DVD)

in the Y direction is A(8) = 0.990 m/s2.

Table 5
Values of the daily vibration dose (DDI) and the allowable working hours of agricultural tractor operators
Vibration Max mean Frequencies DDI Allowed Vibrations Vibration
Axis values values working comparison change
A(8) hours percentage
[ow = m/s?] [Hz] [m/s?] [h] [%0]
X 0.583 2.81 0.707 — Y—X 40.2
Y 0.817 2.81 0.990 2:05 Z-Y 34.6
V4 1.10 2.19 0.953 — Z—X 88.7
DISCUSSION

The threshold values that trigger action for daily vibration exposures are 1.15 m/s? for A(8) and 21
m/s~1.75 for VDV. Exceeding these levels of whole-body vibrations can pose risks to health and affect the
operator's ability to operate the tractor (Gialamas et al., 2007; Gialamas et al., 2009; Gravalos et al., 2009). It
is commonly reported that these vibrations cause or exacerbate injuries to the lower back and spine. Risks are
highest when accelerations are high and when the duration of exposure is long. Additionally, the frequency of
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the vibrations plays a significant role, as they can cause coordination issues with various body organs.
Vibrations from agricultural machineries, particularly tractors, are known for their potential to induce fatigue
and various other health issues in operators.

In the context of seedbed preparation using tractors, the utilization of tractors equipped with a
suspension system for the operator's cabin and a seat with an adjustable vibration range is essential. This
technological feature is instrumental in enhancing operator comfort and minimizing the potential health risks
associated with prolonged exposure to vibrations during agricultural tasks.

The results in the tables above reveal distinct patterns in vibration levels during different tractor
operations. Specifically, during disc harrowing when the tractor moved parallel to the ploughing direction, the
recorded vibrations were at their lowest levels. This observation suggests that, under these circumstances,
there is the potential to extend the permitted working hours beyond the standard 8 hours per day. This insight
is crucial for operational planning, allowing for more flexible scheduling and increased efficiency in seedbed
preparation.

Conversely, when disc harrowing occurred with the equipment moving vertically or at an angle of 30
degrees with the ploughing direction, the recorded vibrations were at their highest levels. This finding implies
that, under such conditions, it is advisable to limit the permitted working hours to less than 8 hours per day.
This precautionary measure is essential to prevent operator fatigue and minimize the risk of health issues
associated with prolonged exposure to elevated vibration levels.

Considering the overall well-being of tractor operators, it is recommended that all modern tractors be
equipped with shock-absorbing systems. These systems play a crucial role in preventing or reducing vibrations
transmitted to the operator's seat and, consequently, minimize the impact on the body of the tractor operator.
The implementation of shock-absorbing systems aligns with a proactive approach to occupational health and
safety in agriculture. Operators of off-road machinery should be informed about possible adjustments, such as
seat adjustments, to minimize the intensity of vibrations as much as possible.

CONCLUSIONS

This study presents an evaluation of the seat vibrations generated when operators work with agricultural
tractors and off-road machinery. The study showed that the highest levels of vibration occurred during disc
harrowing operation, particularly when the disc harrow moved vertically or at an angle of 30° to the ploughing
direction. The choice of tractors with advanced features, strategic scheduling based on vibration levels during
specific operations, and the integration of shock-absorbing systems are integral components in fostering a
safer and more productive working environment for tractor operators engaged in seedbed preparation.
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