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Abstract: The article aims to present the measurements of whole-body vibrations (WBV) and the
calculation of seat-to-head transmissibility (STHT) for an agricultural tractor driver. Measurements were
taken on a diesel tractor model TD80D and an electric tractor model TE-0. The measurements were
performed under real operating conditions on a rough road at a speed of 5 km/h. Vibration levels were
measured using five tri-axial accelerometers from Biometrics Ltd and NexGen Ergonomics. Data were
collected simultaneously in real-time from all sensors using three Data Log units from the Biometrics Ltd
data acquisition and processing system. The results obtained using Vats software after the comparative
analysis are in accordance with the standard that describes the evaluation of human exposure to whole-body
vibrations, ISO 2631-1, in the frequency range of 0-80 Hz.
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1. INTRODUCTION

Contingent upon the classification of the
heavy vehicle, whether it is a diesel agricultural
tractor or an electric one, operators may be
subjected to significant levels of low-frequency
vibrations, predominantly arising from the
vehicle itself and its interaction with the
underlying terrain, leading to the appearance of
driver discomfort [1]. Therefore, these risks are
defined as whole-body vibrations (WBV) [2-4].
Specialized literature highlights effects such as
fatigue, muscle and joint pains, and, sometimes,
circulatory and digestive disorders [5-10].
Prolonged exposure to low-frequency vibrations
is associated with adverse effects, including
lower back pain [11-13].

The interaction between the tractor and the
terrain, along with factors such as the tractor's
flooring, seat type, seat backrest inclination
angle, steering wheel, and engine type,
constitute the primary contact points through
which vibrations are transmitted to the
operator’s body [14-16]. The critical resonance
frequency of the human body falls within the

range of 4-8 Hz, while agricultural tractor
operators are subjected to vibrations in the 1-10
Hz frequency range, encompassing the body’s
natural resonance frequency [17]. Numerous
studies in the specialized literature describe the
optimal compromise between the effective
acceleration transmitted to the human body and
the relative displacement of the suspension
system, employing the weighted summation
method. Dynamic characteristics of the tractor
type and suspension type, as well as
anthropometric characteristics of the human
driver, are used in the analysis and evaluation of
the transmissibility from seat to head of the
vibrations and their isolation [18-23].

Tractor vibrations are simultaneously collected
following the length of the three translational
axes: longitudinal (X), lateral (Y), and vertical
(Z), as shown in Figure 1, in which (S)
represents the contact interface between the seat
and the buttocks where an accelerometer sensor
is mounted, and (F) is the mounting position of
the accelerometer sensor on the tractor floor.
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Figure 1. A- The placement of the accelerometer on
the steering wheel. B - The position of the tractor driver,
the operator's seat suspension, and the platform. C-The
position of the accelerometer on the seat surface and on
the tractor's platform across the three axes: longitudinal
X, lateral Y, and vertical Z. [24]

2. EXPERIMENTAL PROTOCOL

For this study, two types of tractors were
used: a DT model New Holland TD80D [25] and
a prototype ET TE-0 [26]. The assessments were
performed within real road state, where the
terrain profile bumps had a depth of 5 cm, and
the soil moisture of the bumpy terrain was 9.3%,
at the National Institute for Research and
Development in Machines and Installations for
Agriculture and Food Industry - INMA
Bucharest. From the operator sample, a male
subject aged 27 years, having a height of 180 cm
and a body weight of 80 kg, who held a driving
license, was selected. He participated
voluntarily during the evaluation tests, following
the completion of a consent agreement.

Both types of tractors that were driven on
bumpy (uneven) terrain are shown in Figure 2,
while the vehicle specifications are presented in
Tables 1 and 2.

The experimental assessments of the effects of
vibrations on the human body seated in the
driver’s position were duly approved by the
Ethics Committee of the University of Craiova.

(Electric Tractor - ET)

(Diesel Tractor - DT

Figure 2. Presentation of tractor models

Table 1.
Technical details of DT
Model TDSOD
Distributor New Holland
Motor Power 73 HP / 53.7 [kW]
‘Wheelbase 2310 [mm]
Height 2560 [mm]
Table 2.
Technical details of ET
Model Electric tractor TE-0
Distributor INMA
Motor Power 39.2 HP / 28.8 [kW]
‘Wheelbase 2060 [mm]
Height 2325 [mm]

2.1 The equipment for data acquisition

The data acquisition apparatus utilized was
the Vibration Analysis Toolkit (VATS),
manufactured by NexGen Ergonomics [27],
which operates within the Biometrics LTD data
acquisition system [28], commonly used
software in scientific research on human
biomechanical evaluations, medical robotics or
rehabilitation [29-36]. For this study, 3 data
acquisition units, MWX8 Data LOG device
(shown in Figure 3) from Biometrics Ltd system,
were used to collect data from accelerometers on
X, Y, Z axis simultaneously, conducted in real-
time to a PC through Bluetooth®, guaranteeing
accurate real-time data recording, transfer, and
visualization.

Five three-axial accelerometers S2A-16G-
MF, shown in Figure 4, were used, mounted on
the two types of tractors, shown in Figures 5-8.
The S2A-16G-MF accelerometer is a precision
accelerometer with 3 axes of 16G with offset and
sensitivity, signal dampers, and adjustable filters
for each channel.



Figure 3. The

Figure 4. The Figure 5.

equipment Data LOG Mounting
MWXS8 Data MWXS8 accelerometers
LOG equipment on the seat and

seat back

Figure 7. Figure 8.
TDSOD Accelerometers TE-0 ET
DT on the driver's

seat and cap

An accelerometer sensor was mounted on a
rubber pad on the seat of both tractors; the
second one was mounted on the backrest of the
seat, centered on the position along the
seatback's central line, which was in the main
body support area. A sensor was installed on the
tractor cabin floor, adjacent to the driver’s
supporting leg, to facilitate the acquirer of all
signals produced by the vibrations occurring
during the tests, including the tractor's own
vibrations during operation. Another sensor was
mounted on the steering wheel at the midpoint
of the grip area, and a sensor was mounted at
head level of the driver on the occipital ridge,
attached with the help of a cap to keep the
accelerometer support band in place.

3. MEASUREMENTS WITH VATS

The VATS software is created in accordance
with ISO 2631-1 standard, which characterizes
the evaluation of human exposure to WBV [37].
The accelerations were subject to frequency-
weighted utilizing the vertical (Wy) and
horizontal (Wg) weighting curves, acquiring the
acceleration measurements awx, awy, and aw, in
accordance with ISO 2631-1.

241

The root mean square acceleration, a,, r.m.s, 1S
calculated as follows [37]:

1/2
Qyems = |7y a2 (6)dt] (1)
Where: a2 (t) frequency - weighted
acceleration at time t,
T is the measurement time.
The overall magnitude of the oscillating
motion is determined by [12]:

aw, = \[kx aﬁ,x +k,, aﬁ,y + k, aﬁ,z ()

In which, ky, ky, and k, are scaling factors for
the measurement axes X, Y, and Z.

Each series of experimental trials was
conducted in a predefined sequence; the data
collection process consisted of three trials per
experiment each within a 180-second interval,
allowing both tractors to reach the target speed
(5 km/h).

4. VATS Time/Frequency Graphs
Case 1. DT model TD80D, uneven terrain,

speed 5 km/h
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Figure 9. aRMS variation on time along the three
axes, during collecting data on the flooring of the tractor,
at the seat's base level.
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Figure 10. aRMS variation on time during collecting
data on the seat cushion and seat back.
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Figure 11. aRMS variation on time during collecting
data at the operator's head.

Case II. Electric tractor TE-0 on uneven
terrain at 5 km/h.
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Figure 12. aRMS variation on time during collecting
data on the flooring of the tractor, at the seat's base level.
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Figure 13. aRMS variation on time during collecting
data on the seat cushion and seat back.
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Figure 14. aRMS variation on time during
collecting data at the operator's head.

4.1 Transmissibility

For this study, the data from the uneven
terrain type at a velocity of 5 km/h, axis Z for
both the DT and the ET were processed. FFT
(Fast Fourier Transform) is utilized to transform
the signals from the time domain X(n) to the
frequency domain X(f), as described by the
following mathematical relation [38]:

X(f) = 1/N Zn—_o x[n] e~ 2% | 3)

In which: £=0,1,2 ... N-1
It is described by the memory length N (=1, 2,
3...) and represents a discrete-time signal x[n] as
a vector with N complex elements, where f
signifies the discrete frequency.

The resulting data in the frequency domain
are used in Microsoft Excel for calculating
transmissibility (T).

fd
A0, 1+(28f—n)2
T=lgl= )
(-5 | + e



Where: Ao — Magnitude of the vibrational
response; A; — Magnitude of the vibrational
input; € — Damping factor; fg = Excitation
frequency; fn = Resonant frequency. For the
calculation of transmissibility, the acceleration
levels Ao and A; are taken at the same frequency
fn. [Hz] [39].

Acceleration Ratio (Transmisibility) vs Frequency Ratio {r) for Z axis
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Figure 15. Transmissibility on the Z-axis, uneven

terrain, speed of 5 km/h
The polynomial equation | The polynomial equation
for the DT for the ET

y = -2E-10x% + 6E-08x° -
6E-06x* + 0.0003x3 -
0.0037x%-0.0915x +

2.4666, 5)

y =2E-11x%- 1E-08x> +
2E-06x* - 0.0002x> +
0.0107x% - 0.2662x +

2.53, (6)

R*=0.8418

R?=0.9161

The curve fitting function is applied to all
resulting values (T), and a sixth-degree
polynomial curve is chosen to ensure that the

coefficient of determination R?> closely
approaches 1.
The graph illustrates the polynomial

representing the transmissibility for the ET
(green) and the DT (black). The level at which
vibrations are effectively isolated and no longer
transmitted from the flooring of the tractor to the
driver's head is indicated by the dashed green
horizontal line, referred to as the transmission
unit line.

Figure 16 displays the graph of the average
isolation efficiency [dB] for the vertical
measurement axis Z, comparing the DT model
80D and the ET model TE-0 on uneven terrain
at a driving speed of 5 km/h.
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Average Isolation efficiency [dB] vs frequency ratio (r) for Z axis
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Figure 16. The average isolation efficiency [dB] based
on uneven terrain and a speed of 5 km/h.

Figure 17 presents a comparative graph
demonstrating the average vibration isolation
efficiency of diesel and electric tractors on
irregular terrain at a specified speed of 5 km/h.

Isolation efficiency [%] comparison for electric vs diesel tractor
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Figure 17. The average isolation efficiency [%]
relative to uneven terrain and speed (5 km/h)

The obtained values suggest that the ET
achieved a significantly higher average isolation
efficiency of 76.10% compared to the DT, which
was 46.21%.

5. DISCUSSIONS

For the DT, the average RMS vibration level
on the Z-axis reached 0.6851 m/s? at the tractor
floor level, 0.4363 m/s? at the seat and seat back
level, and 0.5620 m/s? at the height of the
operator's head. For the ET, the average RMS
vibration level on the Z-axis reached 0.4301 m/s2
at the tractor floor level, 0.3120 m/s2 at the seat
and seat back level, and 0.2381 m/s2 at the
operator's head level.

The human body's capability to transfer
vibrations is determined by its ability to convey
biodynamic responses, particularly in areas
where vibrations enter the body (such as the
tractor seat) and where vibrations are measured
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at the body level (the driver's head). The
transmissibility values obtained in this study for
the two types of tractors, are validated by the
range of similar values obtained in studies from
the specialized literature in the reference articles
[39-42].

6. CONCLUSION

Following the comparative analysis of the
whole-body vibration transmissibility and
efficiency from the seat to the head for a diesel
and electric tractors driver on a rough road, we
can conclude that the transmissibility for the DT
had a value of 3.04 at a frequency of 6.8 Hz,
assessed in relation to the ET, which had a
transmissibility value of 2.25 at a frequency of
39 Hz. The DT had a vibration isolation
frequency at 9.8 Hz compared to the electric one
at 7.9 Hz (Figure 16). The average efficiency of
vibration isolation in the 0-80 Hz interval for the
electric tractor is -25 [dB] or 76.1 [%], compared
to the DT, which achieved an average efficiency
of vibration isolation of -9.3 [dB] or 46.26 [%].
This  significantly  superior = comparative
difference of the electric tractor signifies a
greater and more efficient vibration isolation,
representing an effective ergonomic condition
for encouraging the use of electric tractors,
considering the improved comfort and health
condition of the driver (Figure 17).

For a heavy tractor vehicle driver, the main
characteristics of the human body's reaction to
vibrations relies on several elements, which vary
depending on the situation, such as the level of
excitement, body posture while driving, as well
as muscle tone or concentration state. According
to ISO 2631-1 regarding symptoms experienced
by the human body with WBV, the difference
from 3.9 Hz, which is the isolation zone of the
electric tractor, to 7.9 Hz, which is the isolation
frequency of the DT, may induce certain effects
on the driver, such as moderate feelings of
discomfort and abdominal pains.

From the presented graphs regarding the
isolation efficiency of vibration levels for the
two types of tractors, electric and diesel, it can
Vibration and low back pain, Journal of Sound

and Vibration, 215, pp. 595-611, 1998.

be observed that for the electric tractor, the
isolation efficiency exceeds the threshold of
75%, which means very good efficiency due to
the functional and performance parameters of
the tractor during experimental tests,
significantly reducing the levels of vibration
emission propagated throughout the body.
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Analiza transmisibilitatii vibratiilor de la scaun la cap pentru un sofer de tractor, pe un teren
denivelat bazata pe sistemul de achizitii de date BIOMETRICS

Rezumat: Articolul vizeaza prezentarea masuratorilor vibratiilor fintregului corp (WBV) si calcularea
transmisibilitatii de la scaun la cap (STHT) pentru un conducator auto de tractoare agricole, masuratori facute pe un tractor
diesel model TD8OD si un tractor electric model TE-0. Masuratorile au fost efectuate 1n conditii reale de functionare a
tractoarelor, pe un drum denivelat cu viteza de 5 km/h. Nivelurile de vibratii au fost masurate cu ajutorul a 5 accelerometre
triaxiale din gama Biometrics Ltd si NexGen Ergonomics, Datele au fost colectate simultan in timp real de la toti senzorii
cu ajutorul a 3 unitati Data Log a sistemului de achizitii si prelucrari de date Biometrics Ltd. Rezultatele obtinute cu
ajutorul softului Vats in urma analizei comparative sunt in conformitate cu standardul care descrie evaluarea expunerii
umane la vibratiile intregului corp ISO 2631-1, in intervalul de frecventa 0-80 Hz.

Cuvinte cheie: Vibratii pentru intregul corp, accelerometre, biometrie, cuve, transmisibilitate scaun la cap, eficienta
de izolare, tractor electric, tractor diesel
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