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Abstract

Aim of study: To develop a new type of cabbage (Brassica oleracea L.) harvesting mechanism in the laboratory that
can be used in small-scale cabbage harvester in Indian conditions with minimum power requirement.

Area of study: Indian Institute of Technology, Kharagpur, India.

Material and methods: The mechanism consisted of a cutting unit, a pushing unit and a conveying unit. Two coun-
ter-rotating disc cutters were used as cutting devices. Cutting speed, forward speed and cutting position were considered
as influential parameters for torque required to carry out the harvesting of cabbage. A full factorial design was followed
for the experiment and response surface methodology was used to optimize these parameters for minimizing torque re-
quirement for cutting and pushing the cabbage.

Main results: Torque decreased when cutting speed increased and when cutting height from the cabbage head de-
creased. Statistical analysis showed that cutting speed and cutting position affected the total torque significantly. The
optimized cutting speed, forward speed and cutting position were found as 590 rpm, 0.25 m s and 0 cm, respectively
with a desirability of 0.995. A regression model was developed to predict the total torque for cutting the cabbage stem
and it was validated against 10 datasets with a percentage of bias within 10%.

Research highlights: The mechanism developed for cabbage harvesting could successfully cut and lift the cabbage
heads in the laboratory. These optimized parameters are to be followed in the field prototype cabbage harvester for its
successful operation in the field.

Additional key words: cabbage harvester; cutting torque; pushing torque; response surface methodology; regression
model; Brassica oleracea.

Abbreviatons used: AMCT (absolute maximum cutting torque); AMPT (absolute maximum pushing torque); ANO-
VA (analysis of variance); CAD (computer-aided design); COV (coefficient of variance); DAS (data acquisition system);
DC (direct current); MS (mild steel); RSM (response surface methodology); SD (standard deviation); Std (standard).
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Introduction knife. Damage may take place if the head is harvested by
twisting or snapping and it also results in inconsistent stem

Manual harvesting of cabbages (Brassica oleracea L.) length (Tamta et al., 2014). A considerable amount of en-

is a very common practice in India. In this process, the ergy is required to cut the cabbage heads from their stems
cabbage head is first bent to one side and then cut with a  in this method (Du et al., 2015, 2016). Also, rural farmers
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face various physical problems with this traditional meth-
od of harvesting. Biomechanical stresses in the back, neck,
upper and lower limbs, bruises on hands, direct exposure
to fertilizers and pesticides, and various heat-related ill-
nesses are some of the major problems associated with this
method of harvesting cabbage (Shenoi et al., 2005; Jain et
al., 2018).

Research work related to harvesting of cabbage has
been progressed significantly in Europe, the United
States, Japan, and China (Kanamitsu & Yamamoto, 1996;
Chagnon et al., 2004; Hachiya et al., 2004; Gao et al., 2015;
Duetal., 2016). But in India, despite of being the second-
largest producer of cabbage in the world, only a few
research works have been conducted related to cabbage
harvesters as cabbage is grown in small land holdings.
Most of the cabbage harvesters in foreign countries need
a prime mover that runs on conventional fuel. More than
one operator is also required to run it in the field. In India,
86.2% of farmers are small and marginal farmers having
less than two hectares of land. Because of such small land
sizes and the irregular shape of fields, it is difficult to carry
out field operations properly (Anonymous, 2018; Nataraj
etal., 2021; Sarkar & Raheman, 2021b). According to this
type of landholdings and the economic status of Indian
farmers, a cabbage harvester should be developed with
low power consumption and comparatively smaller size
(preferably single-row) for better handling in smaller
fields and with minimum damage to cabbages during
cutting and conveying (Sarkar & Raheman, 2021a).
Hence, it is required to develop a suitable mechanism to
harvest cabbage and select the corresponding operating
parameters for its efficient performance.

Research works have been carried out to study the
different cutting parameters of cabbage prior to developing
a cabbage harvester. Xu & Yao (2009) reported that shearing
force varied as the cutting speed increased in Chinese
cabbage stems. The thickness of knife edge and shearing
force were positively correlated whereas smoothness
of the knife edge and the shearing force were negatively
correlated. Li et al. (2013) conducted single-factor and
multifactor orthogonal tests to study the main influencing
factors like blade types, cutting ways, cutting speeds and
cutting positions on the cutting force for cabbage root.
According to Du et al. (2014), the single-point clamping
technique could reduce the cutting force of the cabbage
root effectively, but it might increase the chance of splitting
of stem. They optimized the cutting position for a Chinese
cabbage harvester and the relationships between cutting
forces and chemical composition were studied. Fibre
content was found as the most influential parameter for
cutting force. When the diameter of the cabbage stem was
in the range of 30-35 mm, the minimum cutting force was
observed. Du et al. (2016) studied the physical properties of
Chinese cabbages which influenced the harvesting process.
Indian cabbage varieties have spherical or teardrop shapes
whereas Chinese cabbage has an oblong shape. It has been
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reported that cutting force varied when the stem diameter
changed and plant height was the most important factor to
design the conveying system. Zhou et al. (2017) conducted
an optimization test for pulling out the cabbages in a test
bed. Rotational speed, spacing of two screw poles, and their
angle with the ground was considered as influencing factors
to determine the efficiency of pulling out of cabbages.

From the literature review, it was found that cutting
speed, cutting position and forward speed are the major in-
fluential parameters for cutting cabbage stems. Nowadays,
minimization of the energy demand has been the major ob-
jective of scientists and researchers by optimizing different
machine and operating parameters in different field condi-
tions (Choudhary et al., 2021; Hensh et al., 2021; Sarkar et
al., 2021). Optimization process is important to obtain the
best cutting quality with minimum power input. To solve
such optimization problems, there are several progressive
methods available such as response surface methodology
(RSM) (Danish et al., 2017; Aslantas et al., 2020; Chai et
al., 2020; Vu et al., 2020; Liu et al., 2022), Taguchi method
(Lietal., 2016), and artificial neural networks (ANN) (Liu
B et al., 2020). Among these methods, RSM defines the ef-
fect of the independent variables, alone or in combination
on the process. It also analyses the effects of the indepen-
dent variables on the output and generates a mathematical
model that accurately predicts the overall process (Senan-
ayake & Shahidi, 2002). It has been successfully applied to
optimize conditions in food, chemical and biological pro-
cesses (Andersson & Adlercreutz, 1999; Beg et al., 2002;
Ozoglu & Bayindirli, 2002).

In this paper, a new type of cabbage harvesting mecha-
nism has been developed in the laboratory that can be used
in small-scale cabbage harvesters in Indian conditions
with minimum power requirement. The influence of im-
portant parameters like cutting speed, forward and cutting
position on torque requirement and cutting quality were
investigated for 'Pusa Mukta' cabbage variety. As there is
no in-depth research carried out on cutting Indian cabbage
varieties before, this study will be beneficial to develop a
cabbage harvester for cutting them.

Material and methods

Measurement of the physical properties of
cabbage

To design the laboratory setup for the cabbage harvest-
ing mechanism, a measurement of the physical properties
of the cabbage head was required. The most important
physical properties (Fig. 1) measured in this study to de-
velop the laboratory setup were: head weight (kg), head
height (mm), head diameter (mm), stump diameter (mm),
leaf stem length (mm), stump length (mm), feeder leaf di-
ameter (mm), spacing of leaves (mm), and feeder leaf angle
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Table 1. Physical properties of cabbage.

Physical properties Max Min Mean Variance SD Cov
Head weight (kg) 1.67 0.83 1.18 0.06 0.26 21.63
Head height (mm) 182 135 158 206.6 15.15 9.57
Head diameter (mm) 178 154 165.5 55.41 7.84 4.75
Stump diameter (mm) 29 20.5 24.36 4.97 2.35 9.65
Leaf stem length (mm) 78 60 68.35 39.7 6.64 9.71
Stump length (mm) 81 65 71.9 31.09 5.88 8.07
Max. feeder leaf diameter (mm) 472 367 427.7 1428.8 39.85 9.31
Feeder leaf angle (°) 56 25 36.1 57.29 7.97 22.1

SD: standard deviation. COV: coefficient of variance

(°). A total of 10 samples were taken for the measurement.
The dimensions of the cabbages are given in Table 1 and
the dimensions of the laboratory setup were decided based
on these parameters. The moisture content of the cabbage
stem at the time of harvesting was 38% (dry basis).

Laboratory setup

A laboratory setup was developed at the Agricultural
and Food Engineering Department of IIT Kharagpur to
measure the torque required to cut and push a cabbage
head. The setup consisted of a main frame, a plant holding
frame, and a processing trolley (Fig. 2).

Main frame and plant holding frame

The main frame or rail was constructed to hold the pro-
cessing trolley and the plant holding frame. A C-channel
(70x40x40 mm) was used to make a rectangular frame
of 4000 x900 mm. The rail was kept 400 mm above the
ground surface for ease of operation.

Figure 1. Physical properties to be measured.
DFL, feeder leaf diameter; LSL, leaf stem
length; DS, stump diameter; HD, head
diameter; LS, stump length; HH, head height;
a, feeder leaf angle.
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A rectangular frame (2100 x 820 mm) with an arrange-
ment to hold the cabbage plants was fabricated from a mild
steel (MS) angle (25 x 25 x 3 mm) as shown in Fig. 2. The
frame had provisions to hold the stems of three cabbage
plants at a distance of 600 mm, thus it exactly simulated
the standing cabbage in the field. A semicircular clip of
radius 15 mm (the maximum diameter of a cabbage stem
at the harvesting stage is 29 mm) was attached to the MS
angle to hold the cabbage. A provision was made in the
clamp to loosen or tighten the stem depending on the stem
diameter of the cabbage plants.

Processing trolley

The processing trolley consisted of a cutting unit, a
pushing unit, and a conveying unit (Fig. 3). The process-
ing trolley moved over the rail powered by a direct current
(DC) motor. The cabbage plants held in the plant holding
frame were pushed back to a conveyor after cutting and
the cabbage was then conveyed to a storage unit through
a conveyor belt.

— Cutting unit. In our experiment, the concept of sup-
port cutting was adopted instead of free cutting. In free
cutting, cutting of the cabbage stem relies on the inertia of
stem; the stem can easily be damaged in the later stage of
the cutting process (Bethel & Harger, 2014). By contrast,
support cutting provides an extra support point while the
stem is being cut, thus reduces the required cutting force
and power consumption (Zhang et al., 2017). Moreover,
the extra support increases the resistance of the stem to
bending resistance, reduces deflection, and improves cut-
ting quality (Geng, 2011; Lu et al., 2013). Based on these
findings, two counter-rotating discs were used to cut the
cabbage stems. During the cutting process, two serrated
blades (outer diameter 300 mm, inner diameter 290 mm,
thickness 1.25 mm and number of teeth100) cut cabbage
stems from both sides at the same time, thus avoiding the
deflection of the cabbage stem caused by the impact of
blade. An overlap of 3 mm and a clearance of 2 mm were
provided between the two blades to ensure complete and
smooth cutting of the stems.
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Figure 2. Computer-aided design (CAD) model of
laboratory setup. 1, main frame; 2, plant holding frame; 3,
processing trolley.

The literature review showed that rotation of the blade
from 400 to 600 rpm could be suitable for cutting cabbage
stem efficiently (Du et al,, 2016). So, for the selection of
motor for cutting, the following calculation was done: de-
sired speed (maximum) = 600 rpm; cutting force (max) =
230 N (Du et al., 2016); disc diameter = 30 cm; cutting
torque = (230x%0.15) = 34.5 Nm; speed reduction = 3:1;
and motor torque = 11.5 N-m.

As the required speed is higher, the DC motor (850W,
48V, 3000 rpm, 60 Nm) would be suitable for this purpose
as it meets both speed and torque requirements.

A counter-rotating arrangement was made with the help
of two cycloid type of gears to rotate the cutting discs in
opposite directions. Four 12 V 18 Ah batteries were used
in series to supply power to this motor. The speed of the
motor was controlled by using a motor controller and
speed regulator. A torque transducer (HBM T22/100 N-m)

11

was placed between the DC motor and the shaft to measure
the cutting torque.

— Pushing unit. It consisted of a pusher and a DC mo-
tor. The DC motor rotated the pusher with a speed reduc-
tion of 2:1 through the chain and sprocket transmission.

Maximum pushing force: F = (uxmxg)

where, p = coefficient of friction of cabbage head with the
belt material (from the experiment it was found as 0.364);
m = maximum weight of cabbage head (kg); and g = grav-
itational acceleration (m s2).

F = (uxmxg) = (0.364x1.67x9.81) = 5.96 N

Considering the head height of the cabbage, the length
of the pusher plate was taken as 350 mm. So, the torque
required at the pusher end = (5.96x0.35) =2.086 Nm.

Speed reduction = 2:1, factor of safety 3, and assuming
a transmission efficiency of 80%:

(2.086 x3)

(2x08) =391 Nm

The required motor torque for pusher =

For this purpose, a 250 W DC motor (24 V, 8 Nm rated
torque) was found to be suitable. Two 12 V 12 Ah batter-
ies were connected in series to power the DC motor. The
pusher had two plates (300200 mm) with 180° intervals.
The pusher plate was actuated by the operator using a push
button switch.

The surfaces of the plates were made curved accord-
ing to the surface of a cabbage head so that it could easily
push and lift the cabbage heads to the conveyor belt. Two
pusher plates were attached to the pusher shaft. A 30 teeth

Figure 3. Computer-aided design (CAD) model of processing trolley: 1,
cutting disc; 2, curved plate for pushing; 3, pusher shaft; 4, direct current
(DC) motor for cutting; 5, torque transducer for cutting torque; 6, cutting
shaft; 7, counter-rotating arrangement; 8, frame; 9, conveying belt; 10,
tray; 11, DC motor for propelling and conveying; 12, torque transducer for
cutting torque; 13, inclined plate; 14, roller.
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Table 2. Experimental plan for laboratory test.

Low level High level
Independent parameters
Cutting speed (rpm) 400 600
Forward speed (m s) 0.22 0.32
Cutting position from bottom leaf (cm) 0 2

Dependent parameters
Torque required for cutting (Nm)
Torque required for pushing (Nm)

sprocket was mounted at the end of the shaft and a torque
transducer (HBM T22/100 N-m) was attached to measure
the torque required to push the cabbage as shown in Fig.
3. The rpm of the pusher was fixed based on the forward
speed and spacing of the cabbage plants. The speed of the
pusher needed to be neither so fast that the cabbage heads
were damaged nor so slow that the next cabbage plant was
missed. Considering that cabbage plants were spaced 60
cm apart and the average walking speed of operator at 1
km h-1, the motor was selected to run at 65 rpm.

— Conveying unit. It consisted of two pulleys, a con-
veyor belt, and a curved plate placed between the convey-
or belt and the cutting disc. After cutting, cabbages were
pushed to a conveyor belt and then these cabbages were
moved to a storage tray attached at the rear of the pro-
cessing trolly. Based on the availability in the market, the
diameters of the front and rear pulleys were 7.5 cm and 5
cm, respectively, with a center-to-center distance of 100
cm. The conveyor belt was made of rubber and the width
was chosen as 30 cm. The rear pulley i.e., the driving pul-
ley for the belt was powered by the propelling shaft using
a chain and sprocket. As the direction of the pulley was to
be opposite to the forward motion of the processing trol-
ley, a counter-rotating arrangement was provided between
propelling shaft and rear pulley shaft using two spur gears
of the same size. The relation between conveyor belt speed
and forward speed was established using the following
equations (Du et al., 2016):

nngDp Vin 1
60 cosa ( )
nngDy  mn.D,
60 g 60 x cosa (2)
ng D,
n_,, Dygcosa (3)

where ng is the rotating speed of the belt roller, rpm; n, is
the rotating speed of the propelling shaft; Dy is the diam-
eter of the rear belt pulley, mm; V,, is the forward speed,
m s’'; a is the angle between transverse belt and ground in
degrees; D; is the roller diameter of processing trolley.
From the experiment, the angle of friction between the
cabbage and the belt material was found as 19.5°. Hence,
the angle between the transverse belt and ground (o) was
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taken as 15°. Based on the availability in the market, the
pulley diameter and roller diameter were selected as 50
mm and 60 mm, respectively. So, in our experiment, o =
15°; Dg= 50 mm; D, = 60 mm.

From Eq. (3), ng/n, > 1.24. So, the speed ratio between
propelling shaft and rear belt pulley shaft was chosen as
1.5 (sprocket on propelling shaft of 15 teeth and sprocket
on rear belt pulley shaft of 10 teeth).

A DC motor was used to supply the power for both
propelling and conveying. The selection of the motor was
made such that it would be capable of field prototype also.
The calculation for the selection of a motor is as follows
(Brixius, 1987):

. ; |1 0.5s
Motionresistance of one wheel—[(B—"+0.O4+ 7B, ) x Wg] 4)
CIbd| 1+56/h
B,= 5
"W, {1+3b/d] ©)

where B, = mobility number, s = slip (%), CI = cone index
(kN m?), W, = dynamic load on one wheel (N), b = un-
loaded tyre section width (m), d = unloaded tyre diameter
(m), h = tyre section height (m), 6 = deflection (m).

It was assumed that the total weight of the harvester
would be 180 kg. The other parameters for the pneumatic
tire were, b=10cm; d=41 cm; h=11 cm; 6 = 1.02 cm.

0.0102
700 x 1000 X 0.10 x 0.41 |1 +5(577)| 2740
" 90 x 9.81 0.10, |~ <"
1+3G77)

Motion resistance of one wheel = 75.97 N.

Motion resistance of two wheels = (75.97x2) N =
151.94 N.

Torque required for the wheel shaft for propelling =
(151.94x0.195) Nm = 29.63 Nm, (static loaded radius of
the wheel = 0.195 m).

The required torque (T) for conveying was computed
under the assumption that maximum two cabbages could
be conveyed at the same time on the conveyor belt and the
formula is given below:

T=%D(F+u-m-g-c059) (6)
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Table 3. Parameters for model verification (Liu et al., 2022).

Terms Expression Remarks
SSRes I
R? R?=—2= Close to 1.0 is ideal.
SSr
] 1 — SSpes /(n — ..
R, gjusted R*qqj = #“ Close to 1.0 is ideal.
T
PRESS PRESS = Z i —3)? The value should be small.
i=1
5 Rz —q1_PRESS No more than 0.2 discrepancy between R2;
R predicted pred — SS. 2 i
T and R4 should be expected.

SSk.s = square sum of error; SS= total sum of squares; f = number of distinctly different factor combinations;

p = number of parameters; n = experimental number; y; = observed value; y; = predicted value.

where D = diameter of pulley (m), F= external force (N), p
= friction coefficient (0.354), m = mass of load (3.34 kg),
g = gravity acceleration (9.8 m s?), and 6 = inclination of
conveyor belt (15%). The torque requirement for the driv-
ing shaft of conveyor becomes 0.35 Nm. This driving shaft
was run at a speed 1.5 times higher than the speed of the
wheel shaft.

Torque requirement at wheel shaft for conveying, T =
0.28 Nm.

Total torque requirement = (29.63+0.28) Nm = 29.91
Nm.

The speed ratio between the motor and the wheel shaft
was 8:1 and assuming a transmission efficiency of 80%
and factor of safety 3, the required motor torque,

r=(291X3) 14 60 Nm
(0.8x8)
Hence, a 650 W DC motor (24V, 15 Nm rated torque) is
suitable for propelling and conveying.

Torque measurement

The torques required for cutting and pushing were
measured by using a T22/100 Nm torque transducer
(HBM Darmstadt Germany). The nominal sensitivity of
the torque transducer was 5 V and 8 mA with a composite
error of +0.3 and an excitation voltage (DC) range of 11.5-
30 V (Upadhyay & Raheman, 2020).

The torque transducer was calibrated before starting ex-
periments by applying known torque and the corresponding
outputs were acquired through a Data Acquisition System
(DAS). The calibration setup used for the torque transduc-
er is shown in Fig. S1 [suppl]. The same procedure was
repeated several times and the calibration curve was drawn
as shown in Fig. S2 [suppl]. From the calibration result, it
was observed that the output torque varied linearly with
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the input torque with a high value of the coefficient of de-
termination (R? = 0.99).

Experimental plan

In the cabbage harvesting process, machine parameters
like cutting speed (rpm), forward velocity of the harvest-
er, and cutting position of the cabbage stem are known to
influence the torque requirement for cutting and pushing.
Preliminary trials were carried out to find the minimum
cutting speed required for cutting the cabbage stems. It
was found that at speed of cutting disc below 400 rpm, the
cutting resistance offered by the stem was enough to stop
the rotation of the disc. Cutting speed, forward speed and
cutting position from the bottom leaf were taken as inde-
pendent variables in these experiments.

The rotating speed of the cutting unit was varied from
400 to 600 rpm (Chagnon et al., 2004; Du et al., 2016).
Since the unit to be developed is for a human-operat-
ed walking-type cabbage harvester, the average forward
speed was kept in the range from 0.22 m s to 0.33 m s\
The cutting position was considered as the distance be-
tween the cabbage head bottom and the cutting point (Fig.
4). It was varied between 0 cm to 2 cm (Li et al., 2013; Du
et al., 2014).

The experimental plan for conducting different tests
is given in Table 2. In the experiment (Fig. S3 [suppl]),
QuantumX data acquisition system (DAS) was used which
had 8 channels for acquiring data (Fig. S4 [suppl]). The
transducer was connected to the DAS through a commer-
cially available 15-pin 3-row D-type connector. The DAS
was connected to the laptop through Ethernet. During op-
eration, excitation voltage was supplied by the DAS to the
transducers which in turn produced output signals, which
were acquired through the DAS and saved in a laptop. The
power supply to the DAS was provided by a 12 V, 7 Ah
battery. The recorded data from the torque transducer were
stored on a laptop through the Catman Easy software. The

March 2023 « Volume 21 o Issue 1 « €0203



Optimization of torque requirement for harvesting cabbage using a laboratory setup 7

Table 4. ANOVA for the effect of forward speed, cutting speed and cutting position on total torque requirement.

Sum of source Squares df Mean square F value p-value Prob > F
Model 33.77 6 5.63 150.25% <0.0001
A-Cutting speed 13.07 1 13.07 349.03* <0.0001
B-Forward speed 0.15 1 0.15 4.09 0.0561
C-Cutting position 20.52 1 20.52 547.93* <0.0001
AB 4.033E-003 1 4.033E-003 0.11 0.7460
AC 3.675E-003 1 3.675E-003 0.098 0.7572
BC 9.075E-003 1 9.075E-003 0.24 0.6277
Residual 0.79 21 0.037
Lack of fit 0.79 20 0.039

Pure error 0.000 1 0.000
Cor total 34.55 27

df: degrees of freedom. Cor total: corrected total. *: significant at 95% confidence interval

graphs were updated in real-time during each run and cor-
responding data were saved in a particular format for fur-
ther processing in spreadsheets or other software.

Optimization for minimum torque requirement

The RSM was followed to design the experiment and
optimize the operational parameters. RSM is a collection
of mathematical and statistical techniques and it helps to
develop and optimize a process (Liu G et al., 2020; Hensh
& Raheman, 2021; Liu et al., 2022). This method allows
evaluation of the effects of multiple factors and their inter-
action on one or more response variables.

In our experiment, a three-factor three-level full fac-
torial design was followed to set the order of run (Table
S1 [suppl]) in Design-Expert 7.0.0 (Stat-Ease, Inc., USA)
software. The torque required for cutting and pushing the
cabbage was the response in this experiment. The optimi-
zation process involves estimation of coefficients, predic-
tion of responses and checking the acceptability of the de-
veloped model. The response Y is represented by Eq. (7):

Xy | £E (7)

Cutting position 0 cm
Cutting position 1 cm

Cutting position 2 cm

Figure 4. Different cutting positions of a
cabbage stem.
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where, f'is the response function, Xx;...x, are the independ-
ent variables, and E is the experimental error (Balasubram-
ani et al., 2013; Rashidi et al., 2021). The response func-
tion (f) largely depends on the nature of the relationship
between the response and the independent variables. The
two-factor interaction model is represented by Eq. (8):

n n-1
y::Bo"'Z ﬁixi+z JBinixj+E ®)
i=1 i=1

where, y is the predicted response; B, represents the inter-
cept or regression coefficient; f; and f; represent the linear
and interaction coefficients, respectively; x; and x; are the
coded values of the process variables; and E is the experi-
mental/residual error.

The mathematical model obtained from the RSM ap-
proach was validated using various statistical parameters
i.e., coefficient of determination (R?), adjusted R? (R%adj)
and predicted R? (R?*pred). The expressions used for mod-
el verification are given in Table 3 (Liu et al., 2022). The
value of R? describes up to what extent the model can
perfectly estimate the experimental data points and the
R?adj measured the amount of variation about the mean
explained by the model.

Data analysis

Analysis of variance (ANOVA) is a very useful tool to
evaluate the significance of different independent varia-
bles and their interactions with the magnitude of measured
parameters (Upadhyay & Raheman, 2018; Nataraj et al.,
2021). The outcome of ANOVA is the ‘F statistic’. This ra-
tio shows the difference between the within-group variance
and the between-group variance, which ultimately produces
a figure which allows a conclusion about whether there is a
significant difference between the groups or not. The larger
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7,000
Total cutting
torque

6,000

Frictional
torque

5,000
Cutting
starts

Cutting
ends

4,000

3,000

2,000

Cutting torque (Nm)

1,000

0,000
0 1 2 3 4 5

Time (s)

Figure 5. A typical torque vs time curve for cutting the
cabbage stem.

F-value denotes a more significant effect of the correspond-
ing coefficient (Yi et al., 2010; Behera et al., 2018). The
model terms are significant only when the values of p are
lower than 0.05. Values of “Prob > F”’ lower than 0.05 indi-
cate that the model terms are significant. In our experiment,
ANOVA of total torque required (for cutting and pushing)
was performed in Design Expert 7.0.0 software and individ-
ual effects of cutting speed, forward speed and cutting speed
and their interaction effect were studied.

Results and discussion

Torque required for cutting and pushing the
cabbage

The data acquired by the DAS during the cutting and
pushing operation were displayed in the excel spreadsheet
as torque vs. time curve. The real-time torque data for cut-
ting and pushing are shown in Fig. 5 and Fig. 6, respective-
ly. The total cutting torque is the sum of frictional torque
and absolute maximum cutting torque (AMCT). From this
plot, the absolute maximum cutting torque of the cabbage
stem was obtained using Eq. (9):

Peak pushing
16,0 torque
14,0
12,0
10.0 Pushing
starts

Torque while lifting

Cabbage released

Frictional to the conveyor

40 | torque

Pushing torque (Nm)
A

0,00 0,50 1,00 1,50 2,00
Time (s)

Figure 6. The variation of torque required for pushing the
cabbage with time.
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T.=T.-T, ©)

where T = absolute maximum torque required for cutting,
Nm; T, = total maximum cutting torque, Nm; and Ty =
frictional torque for cutting, Nm.

Similarly, the total pushing torque is the sum of friction-
al torque and absolute maximum pushing torque (AMPT).
While pushing the cabbage head, initially the torque in-
creased to a peak when the pusher plate was in contact
with the cabbage head and then it reduced and got flattened
when the cabbage head was being pushed to the inclined
plate. When it was released on the conveyor belt the torque
requirement was again reduced as shown in Fig. 10. From
this plot, the absolute maximum torque required for push-
ing of cabbage stem was obtained by using Eq. (10):

(10)

where TP = absolute maximum torque required for push-
ing, Nm; T,, = total maximum torque required for pushing,
Nm; and Tfp = frictional torque required in pushing, Nm.

The variations of absolute maximum torque required
for cutting and pushing at each combination are graph-
ically represented in Fig. 7. It shows that the maximum
and minimum torque required for cutting were 3.49 Nm
and 4.46 Nm, respectively. It increased with a change in
the cutting position. At the cutting speed of 500 rpm and
forward speed of 0.27 m s, the cutting torque increased
by 9.42% and 11.6% when the cutting position changed
from 0 cm to 1 cm and 0 ¢cm to 2 cm, respectively. High
cutting torque values were observed when the cutting po-
sition changed from 0 cm to 2 cm. This could be due to
the increase of the strength of the stem with an increase
in distance from the bottom of the head (Du et al., 2016).
With an increase in the cutting speed, the torque required
for cutting was reduced. At the forward speed of 0.22 m
s and cutting position at 1 cm, the torque required for
cutting decreased by 4.61% and 12.24% when the cut-
ting speed changed from 400 cm to 500 rpm and 400 rpm
to 600 rpm, respectively. It could be due to the fact that
at higher speed the cabbage stem offered less resistance
(Persson, 1987). Stems cut at different cutting positions
are shown in Fig. 8.

The torque required to push the cabbage was observed
to be higher at a speed of 400 rpm and it decreased with an
increase in cutting speed. At the forward speed of 0.27 m
s and cutting position at 1 ¢cm, the torque required to push
the cabbage decreased by 2.67% and 9.23% when the cut-
ting speed changed from 400 rpm to 500 rpm and 400 rpm
to 600 rpm, respectively. At lower speeds, the higher re-
sistance offered by the cabbage stem caused some amount
of deflection of cutting discs which resulted in some uncut
portion at the middle of the stem (Fig. 9a). Hence, some
extra torque was needed to break this portion while push-
ing and lifting the cabbage. This could be the probable rea-
son for higher torque requirement in pushing the cabbage
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Figure 7. Variation of absolute maximum cutting torque (AMCT) and absolute maximum
pushing torque (AMPT) at different combinations of operating parameters: (a) cutting position
0 cm; (b) cutting position 1 cm; (c) cutting position 2 cm.

at lower cutting speed. Change in torque requirement for
pushing the cabbage heads was observed when cutting po-
sition increased or decreased. Higher torque was required
to push the cabbage head when the cutting position was
increased from 0 to 2 cm. At cutting speed of 500 rpm and
forward speed of 0.27 m s the torque required to push
increased by 8.84% and 15.71% when cutting position
changed from 0 cm to 1 cm and 0 cm to 2 cm, respective-
ly. At the higher cutting position, the extended portion of
the cabbage stem created some obstacle in the space be-
tween the inclined plate and cutting discs and some extra
torque was needed to overcome this resisting force. When
the cutting position was at 0 cm, the cabbage bottom had
no extended stem, hence, a smooth pushing operation was
observed (Fig. 9b).
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Analysis of total torque requirement

The ANOVA for total torque requirements in cutting
cabbage heads is given in Table 4. The larger F-value im-
plies a more significant effect of the corresponding coef-
ficient (Yi et al., 2010; Behera et al., 2018). The model
terms are significant only when the values of p are <0.05.
Table 4 shows that the model F-value was 150.25, i.e.,
the model was significant. Values of “Prob > F” lower
than 0.05 indicate that the model terms are significant.
In this case, cutting speed (A) and cutting position (C)
are significant model terms. Forward speed (C) did not
affect the total torque requirement significantly. Values
> (.10 indicate that the model terms are not significant.
All the interaction effects (AB, AC and BC) of the model
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1 2 = 3

Figure 8. Stems cut at different positions: 1, cut at 0 cm
from head bottom; 2, cut at 1 cm from head bottom; 3, cut
at 2 cm from head bottom.

were not significant in this experiment at 95% confidence
interval.

Optimization for minimum torque requirement

RSM was used to study the three-dimensional response
plots, which were generated from the effects of the three
variables on the total torque. Figs. 10-12 demonstrate the
interactions between the variables in three-dimensional
response surface plots. These plots reveal that the RSM
generated a nearly flat surface plot. Hence, a linear rela-
tionship was suggested between independent and response
variables. For example, when the cutting position was 1.8
cm, the total torque increased with a decrease in cutting
speed and an increase in forward speed (Fig. 10). The
contour map shows that the variation rate of total torque
along the direction of cutting speed was higher than that
of forward speed, which indicates the greater influence of
cutting speed on total torque than forward speed. When the
forward speed was 0.27 m s, total torque decreased when
cutting position decreased and cutting speed increased. A
minimum torque was observed in the cutting speed range
of 550 rpm to 600 rpm and 0 cm to 0.5 cm cutting posi-
tion (Fig. 11). The maximum torque was reached when the

L PR 2

cutting speed was between 400 rpm to 450 rpm and the
cutting position was between 1.5 cm to 2 cm. The contour
map shows the influence of both cutting speed and cut-
ting position on total torque. The rate of variation of total
torque along the direction of cutting speed was similar to
that of cutting position. The variation of total torque with
forward speed and cutting position when the cutting speed
is fixed at 450 rpm is shown in Fig. 12. It indicates that
the total torque decreased with the decrease in the cutting
position. The contour plot shows a very low variation of
total torque with a change in forward speed.

The most important part of the experiment was to ob-
tain the optimized parameters for minimum torque require-
ment. The optimum operating conditions for the minimum
torque requirement for cutting cabbage stems were 590
rpm cutting speed, 0.25 m s forward speed and 0 cm cut-
ting position with desirability of 0.995. At this operating
combination, experimental total torque and predicted total
torque were found as 15.7 Nm and 15.33 Nm, respectively.
The percentage of bias was calculated by Eq. (11) and it
was computed to be 2.36%.

P _ |Experimental value—Predicted value|
bias —

x 100% (11)

Experimental value

Model development and its validation

Based on the test results, the total torque value can be
expressed by the regression equation (Eq. 12), obtained
following the Design expert 7.0.0.

T=20.64-9.69x10 " x A—0.54 x B+0.83x C+0.55 BC (12)

where, T is the total torque (Nm), A is the cutting speed
(rpm), B is the forward speed (m s), and C is the cutting
position (cm).

The R? (0.977), predicted R? (0.965), adjusted R? (0.971)
and coefficient of variation of the developed model were
computed with the help of the equations from Table 5. Here,
the high R? value indicates that the regression model suited
the data well. So, the model can predict the total torque for

Figure 9. Cross section of cabbage stem after cut: a) at a cutting speed of 400 rpm, b) at a

cutting speed of 600 rpm.
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Total torque

19.23
15.18

B: Forward speed

B: Forward speed

A: Cutting speed

Figure 10. Two-factor interaction (A, cutting speed and B,
forward speed) plot on response surface (total torque).

cabbage cutting and pushing under the influence of cutting
speed, forward speed, and cutting position. The “R?pred” is
in reasonable agreement with the “R?adj”. “Adeq Precision”
measures the signal-to-noise ratio. It compares the range of
the predicted values at the design points to the average pre-
diction error. Ratios greater than 4 indicate adequate mod-
el discrimination. In our case, a ratio of 41.589 was found
which indicates an adequate signal. So, this model can be
used to navigate the design space.

To verify the accuracy of the above-developed model,
three combinations of cutting speed, forward speed and
cutting position which were not used in the model setup
were selected along with 9 data from the test set (Table S2
[suppl]). The computed total torques were compared with
the measured values from the experiment. The measured
and predicted total torque values were plotted in Fig. 13,
which fits well with the linear regression lines (R? > 0.84).
The Py;,s between experimental and predicted values for all
runs were within 10%, indicating perfect estimations of to-
tal torque requirements.

Conclusion

A simulated cabbage harvesting mechanism for a small-
scale cabbage harvester was developed in the laboratory.

Spanish Journal of Agricultural Research
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18275

Total torque

$00.00
C: Cutting pesition

A Cutting speed

C. Cutting position

500,00

C. Cutting speed

Figure 11. Two-factor interaction (A, cutting speed and
C, cutting position) plot on response surface (total torque)

Total torque

200
150

C: Cutting position

C. Cutting position

Figure 12. Two-factor interaction (B, forward speed and
C, cutting position) plot on response surface (total torque).
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Figure 13. Comparison of measured and estimated total
torque required for cutting the cabbage stem.

In addition, experiments on cutting and pushing an Indian
cabbage variety were carried out. Cutting speed, cutting
position and forward speed were considered as influential
input variables. It was observed that the torque required
to cut as well as push the cut cabbage increased with a
decrease in cutting speed. Also, at lower cutting speeds
improper cutting of cabbage stem was observed. Torque
for cutting and pushing the cabbages were found to be
minimum when the cabbage stem was cut nearer to the
stem and were increased with an increase in cutting height
i.e., distance from the head. Statistical analysis (ANOVA)
showed that only cutting speed and cutting position had a
significant effect on the total torque (cutting and pushing)
requirement. Forward speed and other interaction effects
didn’t affect the total torque requirement significantly.
Optimization for minimum torque requirement was car-
ried out and the optimized cutting speed (rpm), forward
speed and cutting position were found as 590 rpm, 0.25
m s and 0 cm, respectively with a desirability of 0.995.
A regression model was developed to predict the total
torque required for cutting the cabbage stem. R%, Adj R?,
and Pred R? of the model were found as 0.977, 0.970 and
0.965, respectively. This model was validated against ex-
perimental data and percentage of bias (Py;,;) was found to
be within 10%.

The mechanism developed for cabbage harvesting
could successfully cut and lift the cabbage heads in the
laboratory. The optimum values of input variables will be
followed in a field prototype cabbage harvester for its suc-
cessful operation in the field.

Authors” contributions

Conceptualization: P. Sarkar, H. Raheman.
Data curation: P. Sarkar

Formal analysis: P. Sarkar

Funding acquisition: Not applicable.
Investigation: H. Raheman.

Methodology: P. Sarkar, H. Raheman.

Spanish Journal of Agricultural Research

Project administration: Not applicable.
Resources: H. Raheman.

Software: P. Sarkar.

Supervision: H. Raheman.

Validation: Not applicable.

Visualization: Not applicable.

Writing — original draft: P. Sarkar
Writing — review & editing: H. Raheman.

References

Andersson M, Adlercreutz P, 1999. Evaluation of sim-
ple enzyme kinetics by response surface model-
ling. Biotechnol Tech 13: 903-907. https://doi.
org/10.1023/A:1008994613645

Anonymous, 2018. Small and marginal farmers own just
47.3% of crop area, shows farm census. https://www.live-
mint.com/Politics/k900x8 AsPMdyPDuykv1eWL/Small-
and-marginal-farmers-own-just-473-of-crop-area-show.
html

Aslantas K, Danish M, Hasgelik A, et al., 2020. Investiga-
tions on surface roughness and tool wear characteristics
in micro-turning of Ti-6Al-4V Alloy. Materials 13: 2998.
https://doi.org/10.3390/ma13132998

Balasubramani P, Viswanathan R, Vairamani M, 2013. Re-
sponse surface optimisation of process variables for mi-
croencapsulation of garlic (Allium sativum L.) oleoresin
by spray drying. Biosyst Eng 114: 205-213. https://doi.
org/10.1016/j.biosystemseng.2012.12.008

Beg QK, Saxena RK, Gupta R, 2002. Kinetic constants deter-
mination for an alkaline protease from Bacillus mojaven-
sis using response surface methodology. Biotechnol Bio-
eng 78: 289-295. https://doi.org/10.1002/bit.10203

Behera SK, Meena H, Chakraborty S, et al., 2018. Applica-
tion of response surface methodology (RSM) for optimi-
zation of leaching parameters for ash reduction from low-
grade coal. Int J Mining Sci Technol 28: 621-629. https://
doi.org/10.1016/j.ijmst.2018.04.014

Bethel JW, Harger R, 2014. Heat-related illness among Or-
egon farmworkers. Int J Environ Res Public Health 11:
9273-9285. https://doi.org/10.3390/ijerph110909273

Brixius WW, 1987. Traction prediction equations for bias ply
tires. Am Soc Agr Eng (Microfiche collection), USA.

Chagnon R, Eng P, Charles MT, et al. 2004. Development of
a cabbage harvester. ASAE/CSAE Ann Int Meeting, Otta-
wa, Paper No.: 041025.

Chai X, Xu L, Sun Y, et al., 2020. Development of a
cleaning fan for a rice combine harvester using com-
putational fluid dynamics and response surface meth-
odology to optimise outlet airflow distribution. Biosyst
Eng 192: 232-244. https://doi.org/10.1016/j.biosystem-
seng.2019.12.016

Choudhary S, Upadhyay G, Patel B, Naresh, Jain M, 2021.
Energy requirements and tillage performance under differ-
ent active tillage treatments in sandy loam soil. J Biosyst

March 2023 « Volume 21 o Issue 1 « €0203


https://doi.org/10.1023/A:1008994613645
https://doi.org/10.1023/A:1008994613645
https://www.livemint.com/Politics/k90ox8AsPMdyPDuykv1eWL/Small-and-marginal-farmers-own-just-473-of-crop-area-show.html
https://www.livemint.com/Politics/k90ox8AsPMdyPDuykv1eWL/Small-and-marginal-farmers-own-just-473-of-crop-area-show.html
https://www.livemint.com/Politics/k90ox8AsPMdyPDuykv1eWL/Small-and-marginal-farmers-own-just-473-of-crop-area-show.html
https://www.livemint.com/Politics/k90ox8AsPMdyPDuykv1eWL/Small-and-marginal-farmers-own-just-473-of-crop-area-show.html
https://doi.org/10.3390/ma13132998
https://doi.org/10.1016/j.biosystemseng.2012.12.008
https://doi.org/10.1016/j.biosystemseng.2012.12.008
https://doi.org/10.1002/bit.10203
https://doi.org/10.1016/j.ijmst.2018.04.014
https://doi.org/10.1016/j.ijmst.2018.04.014
https://doi.org/10.3390/ijerph110909273
https://doi.org/10.1016/j.biosystemseng.2019.12.016
https://doi.org/10.1016/j.biosystemseng.2019.12.016

Optimization of torque requirement for harvesting cabbage using a laboratory setup 13

Eng 46(4): 353-364. https://doi.org/10.1007/s42853-021-
00112-y

Danish M, Ginta TL, Habib K, et al., 2017. Thermal analysis
during turning of AZ31 magnesium alloy under dry and
cryogenic conditions. Int J] Adv Manuf Technol 91(5-8):
2855-2868. https://doi.org/10.1007/s00170-016-9893-5

Du D, Jun W, Shanshan Q, 2014. Optimization of cutting
position and mode for cabbage harvesting. Trans CSAE
30(12): 34-40.

Du D, Fei GQ, Wang J, et al., 2015. Development and ex-
periment of self-propelled cabbage harvester. Trans CSAE
31(14): 16-23.

Du D, Xie L, Wang J, et al., 2016. Development and tests of
a self-propelled cabbage harvester in China. ASABE Ann
Int Meeting, Orlando, FL, USA. Paper No.: 162459786.

Gao TH, Wang TB, Zhou ZC, 2015. Optimization experiment
of influence factors on greenhouse vegetable harvest cut-
ting. Trans CSAE 31(19): 15-21.

Geng R, 2011. New agricultural mechanics. Beijing: National
Defend Industry Press.

Hachiya M, Amano T, Yamagata M, et al., 2004. Develop-
ment and utilization of a new mechanized cabbage har-
vesting system for large fields. Japan Agric Res Q 38(2):
97-103. https://doi.org/10.6090/jarq.38.97

Hensh S, Raheman H, 2021. Laboratory evaluation of a so-
lenoidoperated hill dropping seed metering mechanism
for pregerminated paddy seeds. J Biosyst Eng 47: 1-12.
https://doi.org/10.1007/s42853-021-00124-8

Hensh S, Tewari VK, Upadhyay G, 2021. A novel wireless
instrumentation system for measurement of PTO (power
take-off) torque requirement during rotary tillage. Biosyst
Eng 212: 241-251. https://doi.org/10.1016/j.biosystem-
seng.2021.10.015

Jain R, Meena M, Dangayach GS, et al., 2018. Risk factors
for musculoskeletal disorders in manual harvesting farm-
ers of Rajasthan. Ind Health 56(3): 241-248. https://doi.
org/10.2486/indhealth.2016-0084

Kanamitsu M, Yamamoto K, 1996. Development of Chinese
cabbage harvester. Japan Agric Res Q 30: 35-41.

Li XQ, Wang FW, Guo J, et al., 2013. Influencing factor anal-
ysis of cabbage root cutting force based on orthogonal test.
Trans CSAE 29(10): 42-48.

Li Z, Mitsuoka M, Inoue E, et al., 2016. Parameter sensitiv-
ity for tractor lateral stability against Phase I overturn on
random road surfaces. Biosyst Eng 150: 10-13. https://doi.
org/10.1016/j.biosystemseng.2016.07.004

LiuB, Jin W, Lu A, et al., 2020. Optimal design for dual laser
beam butt welding process parameter using artificial neu-
ral networks and genetic algorithm for SUS316L austenit-
ic stainless steel. Opt Laser Technol 125: 106027. https://
doi.org/10.1016/j.optlastec.2019.106027

Liu G, Gao X, Peng C, et al., 2020. Optimization of laser
welding of DP780 to Al5052 joints for weld width and
lapshear force using response surface methodology. Opt
Laser Technol 126: 106072. https://doi.org/10.1016/j.opt-
lastec.2020.106072

Spanish Journal of Agricultural Research

Liu Z, Liu Y, Zuo H, et al., 2022. Oil debris and viscosity
monitoring using optical measurement based on response
surface methodology. Measurement 195: 111152. https://
doi.org/10.1016/j.measurement.2022.111152

Lu C, He J, Li H, et al.,, 2013. Finite element analysis and
experiment on anti-blocking device based on support cut-
ting. Trans CSAM 44(1): 61-66.

Nataraj E, Sarkar P, Raheman H, et al., 2021. Embedded
digital display and warning system of velocity ratio and
wheel slip for tractor operated active tillage implements.
J Terramech 97: 35-43. https://doi.org/10.1016/j.jter-
ra.2021.06.003

Ozoglu H, Bayindirli A, 2002. Inhibition of enzyme browning
in cloudy apple juice with selected antibrowning agents.
Food Contr 12: 213-221. https://doi.org/10.1016/S0956-
7135(02)00011-7

Persson S, 1987. Mechanics of cutting plant material. ASAE
Monograph 7: ASAE, USA.

Rashidi M, Chayjan RA, Ghasemi A, et al., 2021. Tomato
tablet drying enhancement by intervention of infrared
- A response surface strategy for experimental design
and optimization. Biosyst Eng 208: 199-212. https://doi.
org/10.1016/j.biosystemseng.2021.06.003

Sarkar P, Raheman H, 2021a. A comprehensive review of
mechanized cabbage harvesting systems and its present
status in India. J Inst Eng India Ser A 102(3): 861-869.
https://doi.org/10.1007/s40030-021-00557-6

Sarkar P, Raheman H, 2021b. Development of a manually
drawn single row onion set planter using a 2 DOF robotic
arm. Agr Eng Int: CIGR J 23(2): 181-194.

Sarkar P, Upadhyay G, Raheman H, 2021. Active-passive and
passive-passive configurations of combined tillage im-
plements for improved tillage and tractive performance:
A review. Span J Agric Res 19(4): e02R01. https://doi.
org/10.5424/sjar/2021194-18387

Senanayake SPJ, Shahidi F, 2002. Lipase-catalyzed incor-
poration of docosahexaenoic acid (DHA) into borage
oil: optimization using response surface methodology.
Food Chem 77: 115-123. https://doi.org/10.1016/S0308-
8146(01)00311-9

Shenoi DD, Davis SV, Rao S, et al., 2005. Dermatoses among
paddy field workers-a descriptive, cross-sectional pilot
study. Ind J Dermatol Venereol Leprol 71(4): 254-258.
https://doi.org/10.4103/0378-6323.16617

Tamta S, Jaipaul AK, Choudhary MS, et al., 2014. Scientific
cultivation of cabbage (Brassica oleracea L. var. capita-
ta). In: Advances in Vegetable Agronomy. pp: 79-86. IARI
& ICAR, India.

Upadhyay G, Raheman H, 2018. Performance of combined
offset disc harrow (front active and rear passive set con-
figuration) in soil bin. J Terramech 78: 27-37. https://doi.
org/10.1016/j.jterra.2018.04.002

Upadhyay G, Raheman H, 2020. Effect of velocity ratio on
performance characteristics of an active-passive combina-
tion tillage implement. Biosyst Eng 191: 1-12. https://doi.
org/10.1016/j.biosystemseng.2019.12.010

March 2023 « Volume 21 o Issue 1 « €0203


https://doi.org/10.1007/s42853-021-00112-y
https://doi.org/10.1007/s42853-021-00112-y
https://doi.org/10.1007/s00170-016-9893-5
https://doi.org/10.6090/jarq.38.97
https://doi.org/10.1007/s42853-021-00124-8
https://doi.org/10.1016/j.biosystemseng.2021.10.015
https://doi.org/10.1016/j.biosystemseng.2021.10.015
https://doi.org/10.2486/indhealth.2016-0084
https://doi.org/10.2486/indhealth.2016-0084
https://doi.org/10.1016/j.biosystemseng.2016.07.004
https://doi.org/10.1016/j.biosystemseng.2016.07.004
https://doi.org/10.1016/j.optlastec.2019.106027
https://doi.org/10.1016/j.optlastec.2019.106027
https://doi.org/10.1016/j.optlastec.2020.106072
https://doi.org/10.1016/j.optlastec.2020.106072
https://doi.org/10.1016/j.measurement.2022.111152
https://doi.org/10.1016/j.measurement.2022.111152
https://doi.org/10.1016/j.jterra.2021.06.003
https://doi.org/10.1016/j.jterra.2021.06.003
https://doi.org/10.1016/S0956-7135(02)00011-7
https://doi.org/10.1016/S0956-7135(02)00011-7
https://doi.org/10.1016/j.biosystemseng.2021.06.003
https://doi.org/10.1016/j.biosystemseng.2021.06.003
https://doi.org/10.1007/s40030-021-00557-6
https://doi.org/10.5424/sjar/2021194-18387
https://doi.org/10.5424/sjar/2021194-18387
https://doi.org/10.1016/S0308-8146(01)00311-9
https://doi.org/10.1016/S0308-8146(01)00311-9
https://doi.org/10.4103/0378-6323.16617
https://doi.org/10.1016/j.jterra.2018.04.002
https://doi.org/10.1016/j.jterra.2018.04.002
https://doi.org/10.1016/j.biosystemseng.2019.12.010
https://doi.org/10.1016/j.biosystemseng.2019.12.010

14 Pranay Sarkar and Hifjur Raheman

Vu V, Ngo Q, Nguyen T, et al., 2020. Multi-objective opti- vinyltriethoxysilane modified silicalite/polydimethyl-
misation of cutting force and cutting power in chopping siloxane hybrid pervaporation membranes. Sep Purif
agricultural residues. Biosyst Eng 191: 107-115. https:// Technol 71(2): 252-262. https://doi.org/10.1016/j.sep-
doi.org/10.1016/j.biosystemseng.2020.01.007 pur.2009.12.005

Xu LM, Yao HL, 2009. Research on shear characteristics of Zhang W, Wu X, Yang G, et al., 2017. Effects of contra-rotat-
Chinese cabbage rootstalk. Agricultural Mechanization in ing basecutters on cutting quality. ASABE Ann Int Meet-
Asia, Africa and Latin America 40(3): 30-34. ing, Spokane, WA, USA, July 16-19.

Yi S, SuY, Qi B, et al., 2010. Application of response Zhou C, Luan F, Fang X, et al., 2017. Design of cabbage pull-
surface methodology and central composite rotatable ing out test bed and parameter optimization test. Chem

design in optimization; the preparation condition of Eng Trans 62: 1267-1272.

Spanish Journal of Agricultural Research March 2023 « Volume 21 « Issue 1 ¢ €0203


https://doi.org/10.1016/j.biosystemseng.2020.01.007
https://doi.org/10.1016/j.biosystemseng.2020.01.007
https://doi.org/10.1016/j.seppur.2009.12.005
https://doi.org/10.1016/j.seppur.2009.12.005

	_Hlk126579262
	_Hlk126579642
	_Hlk123495411
	_Hlk118911739
	_GoBack

