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)is study is aimed at investigating the effect of various tractor ride conditions on the lumbar spine during rotavator operation. )e
lumbar spinal response was assessed by determining static compressive dose, i.e., Sed (8). Raw acceleration data were measured on the
seat pan and seat backrest to varying tractor velocity, tillage depth, and pulling force.)e field experiments have been designed using
Taguchi’s L9 orthogonal array and the entire data analyzed in signal-to-noise ratios terms. )e mean acceleration responses were
dominant along the vertical axis and exposure levels were found beyond the exposure action value, i.e., 0.5m/s2 as per Directive 2002/
44/EU.Mean Sed (8) exceeded the limits of ISO 2631-5 indicating the probability of adverse health effects. Tractor velocity and pulling
force have a significant impact on Sed (8) with a 64.43% and 27.73% percentage contribution. )e FFT dominant peaks have been
found in the 0.8 to 3.7Hz frequency range. Moreover, the exact frequency of the peaks is found to be dependent on the experimental
circumstances. )e depicted dominant frequencies found in the range of low frequencies could lead to musculoskeletal disorders
since they coincide with the natural frequencies of various parts of the body, especially in the lumbar region.

1. Introduction

Vibration occurs in every vehicle which mainly arises due to
the tire-terrain interactions. )e magnitude of vibration
largely depends on the various vehicle ride conditions along
with the terrain conditions [1]. )e technological develop-
ments overcame the vibration exposure among on-road
vehicle drivers/passengers up to a considerable extent
whereas the designers and manufacturers are devoting
substantial efforts to limit vibration exposure among off-
road vehicles such as tractors. Tractors are being used at both
on-road and off-road terrain conditions due to their ver-
satility [2]. As of now, the growth of the agricultural sector
largely depends on the use of tractors and its mounted

machinery. Nowadays, the increase in population has raised
the demand for crop productivity and this makes the farmers
use mechanized machinery to speed up the crop sowing and
harvesting time [3]. )e window period (i.e., time between
harvesting and sowing of next crop) between crops is re-
quired to be as shorter as possible to save field processing
time [4].)is includes using advanced machinery to prepare
the soil bed for future crop sowing later on during ground
tillage operations. Each farm travels through different pe-
riods of primary and secondary soil tillage to manipulate the
soil to get optimum sowing conditions. )ere are many
tillage implements available such as disc harrow, cultivator,
mouldboard plough, shovels, and leveller. Nowadays, the use
of rotavators has become popular among farmers due to
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their multipurpose operational quality. Rotavator has been
capable of performing both the tillage operation as carried
out using harrow and cultivator, thereby used a replacement
of these tillers during field preparation. Moreover, this
implement has been found very time-saving in cutting the
stubbles and clods of hard soil formed after the harvesting of
paddy crops. Rotavator is a tractor-mounted implement
affixed using a three-point linkage system (TPL). It com-
prises various types of cutting blade shapes (i.e., L, J, and
C-shape) mounted on flanges, as shown in the figure. )e
connecting shaft tends to produce rotary motion in the
blades to manipulate the soil and cutting of the hard clods.

Unlike other vehicles, tractors and its mounted acces-
sories transmit vibratory motion while operated at various
ride conditions over uneven terrain [5]. )e vibration enters
into the driver’s body through various contact points be-
tween the driver and the vehicle such as the steering wheel,
seat, levers, paddles, and floor mainly. )e tractor emits
vibrations beyond the exposure action value, i.e., 0.5m/s2 as
recommended by Directive 2002/44/EC [6]. Long-term
exposure to such vibrations may lead to health risks among
the drivers [7, 8]. )e low vibration frequencies, generally
between 1 and 10Hz, have substantial adverse effect on
health [9]. Moreover, the tractor drivers are usually exposed
to such low vibrating frequencies at high amplitudes [10].
Kumar et al. [11] inferred that the tractor ride turns out to be
uncomfortable mostly due to the dominant frequencies
coinciding with the natural frequencies of different human
body parts, mainly ranging between 1 and 7Hz. )ese
critical frequencies can play a leading role in causing
musculoskeletal risks especially in the lumbar spine region
[3]. Occupational drivers were found at major risk of future
low back issues [12]. )ese disorders were found predom-
inantly among tractor drivers due to the high amplitude of
low-frequency vibration exposure [13].

)e past research studies have been found limited to
investigate the vibration exposure considering tractors
without any attached implement [14–16]. )ese studies
mainly examined the impact of vibration concerning dif-
ferent aspects: seat cushionmaterial, tractor speed, gears, tire
inflation pressure, suspension system, etc. )e majority of
the studies were carried out in the laboratory-controlled
condition using simulators to study the effect of various
parameters such as vibration magnitude [17], sitting posture
[18], and backrest inclination [10]. )e literature reveals that
the past studies had mainly investigated the vibration ex-
posure considering disc harrow [19] and mouldboard
plough [20] as tractor attached implements. However, Singh
et al. [4] studied the impact of vibration exposure during
rotavator operation but was limited to the assessment of
overall vibration total value (OVTV) response. So, the
present study attempted to investigate the impact of various
tractor ride conditions (i.e., tractor velocity, tillage depth,
and pulling force) on the driver’s lumbar spine during
rotavator operation. )e lumbar spine response has been
assessed in terms of daily equivalent static compression dose
(Sed (8)) as per ISO 2631-5 [21]. It has been hypothesized that
riding conditions, i.e., tractor velocity, tillage depth, and
pulling force, will have a significant impact on Sed (8).

2. Materials and Methods

2.1. Tractor Driver. )e present study recruited a 26-year-
old single male tractor driver with a stature of 1.52m, weight
of 74 kg, and BMI, i.e., body mass index of 32.02 kg/m2. )e
recruited driver belongs to a farming family background and
he had approximately 6 years of tractor driving practices.
)e intention of experimentation was made clear to the
driver according to the purpose of the study. )e driver had
reported no sensitiveness or health issue towards vibration
exposure. )e driver signed a consent form before he
participated in the study experimentation. )e study has
been carried out by the Declaration of Helsinki, and the
protocol was approved by the Ethics Committee of Guru
Nanak Dev Engineering College, Ludhiana (letter no.
GNDEC/ME/113).

2.2. Test Terrain and Machinery. )is study was carried out
at Punjab Agricultural University, Ludhiana (India). )e
university authorities had provided a formal permission
(letter no. FM&PE/896) to use experimentation facilities
such as terrain, tractor, rotavator, and other necessary items.
A post-harvested terrain with a dimension of 162× 85m has
been used for the present study. Soil samples were collected
from different field locations to test the soil texture, mois-
ture, and compactness. )e soil texture was found to be
sandy clay loam with 69% sand, 23.6% clay, and 7.4% silt.
Soil moisture was tested and ranged between 52.9% and
58.5%. Soil compactness was tested at three varying depth
levels, i.e., 0–0.05m, 0.05–0.10m, and 0.10–0.15m, and
found to be 14 kPa, 20 kPa, and 28 kPa, respectively. )e
study used the 2016 model 55 HP 2-wheel drive tractor “T”
equipped with an original company-fitted seat. )e existing
tires were replaced with newer ones to avoid the effect of
wear and tear, whereas the inflation pressure has been set
according to tractor catalogue reference, i.e., 210 kPa. A
450 kg and 7 feet rotavator equipped with C-shaped blades
having cutting width of 2.137m and cutting depth of 0.15m
was mounted to the tractor during the experimentation. To
control tillage depth and pulling force, the tractor was
outfitted with two levers with company standard designated
points (draught lever: 2, 4, 6, 8, and 10, and position lever: 1,
3, 5, 7, and 9). )e average tractor velocity was calculated
using a typical technique based on the distance travelled in a
certain gear, i.e., first low gear with respective time duration.
Tillage depth was measured using a scale to determine lever
settings of 5, 7, and 9. )e pulling force was measured with
the aid of a dynamometer.

2.3. Orthogonal Array. )is study used Taguchi’s L9 or-
thogonal array to formulate a systematic set of experiment
trials. Taguchi’s tool requires a desired number of input (or
ride) parameters with specific levels to design the experi-
ments.)erefore, a pilot survey was carried out to obtain the
possible influencing parameters in this particular soil tillage
operation. )is survey was conducted in a farm fair (i.e.,
Kisan Mela) organized by Punjab Agricultural University
Ludhiana (India). It included direct interviews and
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discussion with a random sample of thirty-five farmers/
tractor drivers, and some preliminary trials were performed
with an affixed tractor-rotavator system in the actual field.
)is exercise provided various parameters out of which three
were chosen with specific levels: tractor velocity (0.6, 0.7, and
0.8m/s), tillage depth (0.10, 0.12, and 0.14m), and pulling
force (2, 4, and 6 kN). Using these parameters and corre-
sponding levels of ride parameters, the orthogonal array
provided nine sets of experiments. Each experiment was
replicated three times to get an average output response.)e
output was determined in terms of equivalent static com-
pression dose (Sed (8)). Sed (8) was determined using the
standard procedure recommended by ISO 2631-5 [21], as
shown in Figure 1.

)e outcome responses were analyzed in signal-to-noise
(S/N) ratios using the minimization function as per Tagu-
chi’s standard procedure [22].

2.4. Response Measurement Locations and Instruments. In
the present study, the raw acceleration response was mea-
sured at two locations: (1) at the seat pan under the ischial
tuberosities and (2) at the seat backrest along the three
translation axes, i.e., fore and aft (x), lateral (y), and vertical
(z) axis. To compute Sed (8), it was required to get simul-
taneous measurements along the translational axes at both
the locations as recommended by ISO 2631-5 [21]. )ere-
fore, two SV 38 seat pad triaxial sensors were mounted at the
seat pan and the seat backrest location with a wired con-
nection through SV 106 six-channel human vibration
monitor, as shown in Figure 2. )e raw acceleration data
were measured for 60 seconds at a sampling rate of 6 kHz.
Due to limited field availability, it was hard to extend ex-
periment trial for more than 60 seconds.Whereas the SV 106
instrument has maximum capacity to provide 6000 raw data
samples per second. A band limit (low pass) weighting filter
has been used as per ISO 2631-1 [23] under section A2, page
19.

2.5. Software. )e experimental design was formulated
using Minitab (version 16.0) to obtain S/N ratio response
and statistical analysis for Sed (8). Raw acceleration re-
sponses at both locations were recorded and transferred into
DEWEsoft DAQ software to obtain root mean square
(r.m.s.) magnitude. In addition, raw acceleration files were
converted into.txt and analyzed in MATLAB (version 2021)
software to get time-acceleration and Fast Fourier Transform
(FFT) response along the three translation axes, respectively.

3. Results and Discussion

3.1. Raw Acceleration Analysis. )e raw acceleration am-
plitude was analyzed with respect to time duration at both
themeasuring locations. Experiments were carried out based
on the orthogonal array and then the mean amplitude re-
sponses of the nine trials have been computed at both seat
pan and seat backrest location. )e orientation of seat pad
accelerometers at the seat and at the backrest can be visu-
alized in Figure 2. )e mean outcome response can be

visualized along the x, y, and z axes, as shown in Figures 3(a)
and 3(b). )e vibration amplitude was found dominant
along the z-axis at both seat pan and seat backrest locations.
However, high vibration amplitudes were seen at some
places along the x and y axes at both locations.

In addition, the majority of amplitude signals were
exceeding the exposure action value (EAV) limit, i.e., 0.5m/
s2 as recommended in the Directive2002/44/EU [6]. )e
long-term exposure to such high amplitude vibration may
affect the work capacity as well performance [24].

3.2. Signal-to-Noise Ratio Response. Taguchi’s L9 orthogonal
array provided nine sets of experimental combinations and
each set replicated three times (R1, R2, and R3) to obtain
average Sed (8), as shown in Table 1.

It can be seen that Sed (8) response ranged between 0.38
and 0.76MPa among the experimental trials. Whereas, the
mean Sed (8) response, i.e., 0.55MPa, indicated the signif-
icant probability of occurrence of health impact as per ISO
2631-5 [21]. On the contrary, the S/N ratio response was
found between 2.38 and 8.49 among the experiments. )e
experiment with the highest Sed (8) indicated the lowest S/N
ratio response and vice versa, as shown in Table 1. In ad-
dition, the effect of each ride parameter and their interac-
tions on Sed (8) has been presented in Figure 4.)emean Sed
(8) response was found to decrease with the increase in
tractor velocity and pulling force as per S/N ratios, i.e., Sed
(8) increases with the increase in velocity levels from 0.6 to

Measurement of acceleration in the
seat, ask(t), k = x, y or z

Calculation of the lumbar spine
response, alk(t)

Identification of the response peak
values, Aik. i is a counter of peaks

Calculation of acceleration dose, Dk

Calculation of spinal load, (Sed(8))

Sed(8)<0.5 MPa; low probability of an
adverse health effect

Sed(8)>0.8 MPa; high probability of an
adverse health effect

Assessment of
adverse health effect

Calculation of average daily dose, Dkd

Figure 1: Evaluation of spinal load response as per ISO 2631-5 [21].
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Figure 2: (a) Representation of experimental setup; (b) SV 106 six-channel human vibration meter and analyzer; (c) SV 38V- seat pad
accelerometer.
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Figure 3: Mean time and amplitude response along the translational axes at (a) seat pan and (b) seat backrest.
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0.8m/s. It can result in an increase in acceleration peaks due
to increasing vibration magnitudes [1, 25]. )ese exposure
levels should be controlled as they may affect the driver’s
health and could lead to lower physical work efficiency [24].
Sed (8) was found to increase at a certain tilling depth up to
0.12m and then subsequently decrease with the increase in
depth till 0.14m. )e interaction between tillage blades and
the soil particles may hold up the vibration transmission due
to the increase in friction and cohesion [26]. Furthermore, as
the tilling depth increases, the vibration propagates deeper
into the soil, perhaps slowing its flow into the driver’s body
due to the increased distance between the vibration source
and the exposed body.

3.3.Analysis ofVariance. )e analysis of variance (ANOVA)
was carried out to determine the effect of tractor velocity,
tillage depth, and pulling force on Sed (8). )e adjusted sum
of squares (Adj. SS), adjusted mean of squares (Adj. MS), F-
test, and P values have been computed and mentioned in
Table 2. F-value determines the significant influence of the
input factors on the Sed (8) response.)e tabulated F-value is

at a 5% level for denominator and numerator, i.e.,
F0.05(2,8)� 4.46, where 2 and 8 correspond to the degree of
freedom (DOF), respectively. F-values greater than 5%
represent the significant effect of the input factor on the
output factor. Furthermore, each parameter’s contribution
percentage Sed was computed by [4]

P% �
Seq SSI

Seq SST

× 100, (1)

where Seq SSI is the individual sequential sum of squares and
Seq SST is the total sequential sum of squares.

Table 2 shows that tractor velocity and the pulling force
had significant effect on the Sed (8) response, i.e., P≤ 0.05.
Whereas, tillage depth was found to have no significant
impact on Sed (8). In addition, the percent contribution of
tractor velocity, tillage depth, and pulling was computed as
64.43%, 9.83%, and 25.73%, respectively.

3.4. Fast Fourier Transform. )e raw acceleration data
captured along the three-translational axes at the seat pan
were used to compute the FFTresponse for each experiment,

Table 1: S/N ratio of daily equivalent static compression dose (sed (8)).

Expt. run Tractor velocity (m/s) Tilling depth (m) Pulling force (kN)
Daily equivalent static

compression dose (Sed (8)) S/N ratio (Sed)
R1 R2 R3 Sed (Mean)

1 0.6 0.10 2 0.41 0.37 0.35 0.38 8.49
2 0.6 0.12 4 0.45 0.48 0.46 0.46 6.68
3 0.6 0.14 6 0.52 0.51 0.54 0.52 5.62
4 0.7 0.12 2 0.51 0.56 0.53 0.53 5.46
5 0.7 0.14 4 0.54 0.56 0.51 0.54 5.41
6 0.7 0.10 6 0.55 0.53 0.58 0.55 5.14
7 0.8 0.14 2 0.56 0.57 0.59 0.57 4.83
8 0.8 0.10 4 0.59 0.59 0.62 0.60 4.44
9 0.8 0.12 6 0.78 0.74 0.76 0.76 2.38
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Tractor Velocity (m/s)
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Velocity
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Tillage Depth (m)

Tillage
Depth (m)
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Figure 4: Interaction response of input parameters impacting Sed (8).
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Table 2: Analysis of variance for Sed (8).

Source DF SeqSS AdjMS F-value P value Percentage contribution (P)
Forward speed 2 13.92 6.96 62.89 0.01∗ 64.43
Tilling depth 2 2.12 1.06 9.58 0.09 9.83
Pulling force 2 5.34 2.67 24.14 0.04∗ 24.73
Residual error 2 0.22 0.11 1.01
Total 8 21.60 100.00
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Figure 5: Continued.
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as shown in Figure 4. FFT response showed the dominant
frequencies during the rotavator tillage operation. )e
majority of past research studies had computed FFTs in the
controlled lab environment using the driving simulators. In
this system, the input vibration had the same energy over the
entire frequency range. However, the vibration energy never
remains constant with respect to the whole frequency range
in the real field testing. So, it has been decided to present data
in terms of r.m.s. acceleration responses and the FFT of the
raw acceleration data at the seat pan [27]. It can be visualized
that the FFT response indicated the entire dominant fre-
quencies under the low-frequency range. Most of the ex-
periments showed primary dominant frequency peaks along
the vertical axis. However, experiments g and i showed the
dominant frequency along the lateral axis, as shown in
Figures 5(g) and 5(i). )ese low frequencies are the result of
the human body’s natural frequencies and indeed cause
discomfort and other musculoskeletal problems particularly
in the lumbar region [13, 18, 28].

4. Conclusions

\)e mean vibration response was found dominant along
the vertical (z) axis. In addition, the majority of vibration
exposures were beyond the exposure action value, i.e.,

0.5 m/s2 as recommended by Directive 2002/44/EU [6].
Tractor velocity and pulling force were found to have a
significant impact on Sed (8) with a percentage contri-
bution of 64.43% and 27.73%. Fast Fourier transform
provided various dominant frequencies that facilitate
understanding of the impact of ride parameters on the Sed
(8) response under actual field conditions. Moreover, the
dominant frequencies of vibration were found in the
lower range which could affect human health due to
coincidence with natural frequencies of human body parts
and resultant resonance. )e present study has been
carried out using one tractor driver, whereas future in-
vestigation may include drivers with different age and
BMI groups. )e number of experiments can be increased
or the design of experiments may vary to get more gen-
eralized results.
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Figure 5: Fast Fourier transform response of the acceleration measured at seat pan during the experiments (a–i).
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