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Article Info ABSTRACT

Managing paddy field loaded with straw before wheat sowing in paddy-wheat crop
production system is cumbersome due to various operations involved in the process.
Bund forming for irrigation remains difficult among these operations due to mulched
conditions. Simultaneous removal of straw (up to 1.25 m width), soil pulverization,
and trapezoidal-shaped soil bund forming in one pass is required. Field evaluation of a
tractor-operated bund former for mulched fields was conducted to observe the effects of
rotor speed ratios (3:1, 4:1, 5:1), opening width of bund forming plates (270, 340, 410
mm), and straw loads (4.0-4.5, 6.0-6.5 t.ha™!) on the pulverization index (mm), height of
bund (mm), width of bund (mm), fuel consumption (L.h") and field capacity (ha.h'") of
the machine. The effects of rotor speed ratio, opening width of bund forming plates, and
straw load were significant (p<<0.05) on pulverization index, bund height, bund width,
and fuel consumption. Best performances were obtained at rotor speed ratio of 4:1 and
bund forming plates opening width of 340 mm under both straw loads. This combination
gave the optimum height of bund (277.6 mm), bund width (720 mm), pulverization index
(12.76 mm), and fuel consumption (7.05 Lh™") under both straw loads. The effective field
capacity of the tractor-operated bund former was 1.17 ha.h"' at forward travel speed of
1.5 km.h''. The operational cost of the bund former was 792.36 X.ha".

Manuscript received:
October, 2021

Revised manuscript accepted:
January, 2022

Keywords: Bund, bund former,
straw management, rotor speed
ratio, straw load

Globally, paddy cultivation is under 164.19 Mha area
with paddy production is 756.74 Mt with expected
straw production of 938 Mt for the year 2020 (Anon.,
2022). In South and South-East Asia, countries as
China, India, Indonesia, Bangladesh, and Vietnam are
the major paddy producing countries. In India, the area
under paddy is about 45.00 Mha generating 178.30 Mt
of paddy straw (Anon., 2022). Rice-wheat cropping
system is being followed in the Indo-Gangetic plains
of India covering about 10.5 Mha area, out of which
39.05% (4.1 Mha) area is in North-western (NW) states
including Punjab, Haryana, Uttarakhand, and Western
Uttar Pradesh. Presently, in the Northern states of India
as in Punjab, Haryana, and Uttar Pradesh there is a huge

surplus of paddy straw (about 140 Mt), out of which
65.7% (92 Mt) straw is annually burnt (Bhuvaneshwari
et al., 2019). The area under paddy cultivation in
Punjab was about 3.06 Mha with paddy production of
about 20.07 Mt, generating 20.17 Mt of paddy straw
(Anon., 2020a). About 50% of paddy straw in Punjab
and 16.9% in Haryana (7.93 Mt) was burnt in the fields
during the year 2018-19 (Anon., 2019a). Farmers
chose to burn paddy straw in the field due to a lesser
window period (15 days) between harvesting of paddy
crop and sowing of wheat (Modi ef al., 2020). Paddy
straw is not being used as animal fodder in Northern
India due to high silica content (Kumar et al., 2014).
Hence, timely management of paddy residues (6.0-6.5
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t.ha!) before sowing of wheat becomes a cumbersome
job for the farmers. However, in the past 2-3 years the
burning of paddy straw residue has been reduced due
to the availability of farm machinery to manage it in
the fields within the short window period.

Ex-situ and in-situ methods are normally used as
straw management techniques. In the former method,
paddy straw is either removed or collected from the
harvested field. This is done by machines like farm
mulch collector, balers, and head feed combines. A
farm mulch collector removes loose straw followed
by straw loading into a trolley attached at the rear. The
latter method (/n-situ) includes incorporating technique
in which the operation of straw chopping machinery
is followed by tillage machinery for straw mixing in
the soil. The chopped straw can be mixed into the soil
with a reversible mould board plough or equipment like
disc harrow, cultivator, and planker (Mahal ez al., 2019;
Modi et al., 2020). Mulching is another useful method
of in-situ straw management technique. Mulching is the
retention of straw over the soil surface which facilitates
various benefits like conservation of soil moisture,
regulates thermal regimes, diminishing weed growth,
improvement in soil health and rise in crop yield as
well as decreased consumption of irrigation water
(Anon., 2010; Modi et al., 2020), and is also beneficial
under rainfed or irrigated conditions (Anon., 2010).
Happy seeder is popular for mulching paddy straw and
simultaneous wheat sowing. The area under Happy
Seeder in Punjab was 25,600 ha and 4,74,000 ha in the
year 2017 and 2018, respectively (Mahal et al., 2019).

The time period between harvesting of paddy and
sowing of successive crop (known as window period)
is limited to 2-3 weeks only, and requires completion
of residue management, land preparation, and bund
formation in a field. Among these, bund forming
requires significant energy and time as number of
individual operations (straw removal, mulching, bund
formation) are performed separately. Therefore, it
becomes difficult to carry out all these operations
in a limited interval of time (Anon., 2019b). It is
recommended to prepare 20 and 40 plots (kiara) per
hectare in heavy textured and light textured soils,
respectively, for efficient use of irrigation water in
wheat fields (Anon., 2019c). This can be achieved by
constructing proper bunds around the plots in the fields.
Currently, the bunds are made using forming board-
type, mouldboard-type, or using disc ridger. Creating
bunds involves numerous operations such as manual
removal of straw from field, followed by rotavator

operation and then use of disc type or forming board
type bund former. The residue on ground hinders the
formation of bunds in the field as they cause breakage
of bunds after application of irrigation water. The
residue also prevents compaction of the soil during
bund making process. Due to this the farmers do not
put bunds in the fields and go with existing bunds in
paddy fields that are larger in size. The bunds in field
covering large area have negative impact on wheat crop
as the quantity of water applied to soil is more which
results in yellowing of wheat because of anaerobic
conditions (Anon., 2003).

To form bund in a field, the required area for bund
formation should be straw free as well as pulverized.
The issue is of major concern because they disturb the
sowing operation of the successive crop which can
further lead to yield and productivity losses. Farmers
normally use disc-type or rectangular board-type bund
formers in the region. Among these, the disc-type is
being directly used in the mulched fields to form bund,
but it fails to deliver straw-free and lesser porous bund.
On the other hand, rectangular-type bund former is
incapable to work in mulch fields due to prior rotary
tilling requirement. This happens because of straw
mixing into a bund due to rolling disc action (Nkakini,
2014). Additional straw removal operation using
human labour and rotary tilling is required for such
bund formers to work, which make the bund forming
operation costly and inefficient.

In view of the above-mentioned factors, a tractor-
operated bund former operable after paddy harvesting
(either combined with Super SMS or without Super
SMS) and before wheat sowing in the same field was
developed at Prototype Production Centre, Department
of Farm Machinery and Power Engineering, Punjab
Agricultural University, Ludhiana (Sood, 2020).
The developed tractor-operated bund former is
able to simultaneously perform straw removal, soil
pulverization, and trapezoidal-shaped soil bund forming
in one pass. This study was undertaken to carry out
performance assessment of the tractor-operated bund
former under actual straw mulched field conditions.

MATERIALS AND METHODS

Description of Tractor-operated Bund Former

A tractor-operated bund former is a mounted-type
machine that makes bunds in mulched fields. It
performs three operations such as straw removing (up
to 1.25 m width), followed by soil pulverization, and
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trapezoidal shaped soil bund formation simultaneously
in one pass.

The machine consisted of a mulcher, rotavator, and bund
former unit operating simultaneously. The mulcher
had horizontally rotating shaft (168 mm in diameter)
perpendicular to the direction of travel on which 10
flat flail-type blades without serrations (156 mm 100
mm 4 mm) rotated in vertical plane at 1100 rpm in a
direction parallel to the direction of travel. The blades
were bent at an angle of 22" from its straight surface to
the curved tip. This angle assisted in an updraft of the
chopped straw, and thus lifting it to throw out of the
chute/opening. The blades acted on standing stubble
through impact action which picked the stubble and
loose straw to throw it out with centrifugal force from
the chute opening on the bund formed. The mulcher
rotor rotated at 1100 rpm in the direction opposite to
forward travel of the tractor, and removed the straw
from front of rotavator operational width of 1250 mm.

The rotavator (88 mm in diameter), second working
unit, had C-type blades (total 30 blades) arranged in
pairs on each side of the flange alternately in staggered
position. The overlapping range of the blades mounted
on adjacent flanges was 35 - 40 mm and operated at
rotational speed of 210 rpm. A rubber flapper (6 mm
thickness) was used for separation in between the

rotavator and mulcher unit.

The bund forming unit (830 x 320 X 7 mm) was placed
at the rear, and consisted of a main frame, holding mild
steel angles, and a pair of rectangular plates on both
sides. The plates had outward bends near the longer
edges at equal distance (550 mm) from centre of plates
for shaping and compaction the bund. The plates were
inclined towards each other with specified distance
ranging between 270-410 mm at the rear end of the
frame. The side of the plates with wider opening had
same width as that of rotavator (1250 mm).

According to Sood (2020), the machine developed
at Prototype Production Centre, Punjab Agricultural
University, Ludhiana was intended to work under straw
mulch field conditions while facilitating bund forming.
The machine left the soil straw free to allow easy
binding of pulverized soil using bund forming plates.
Table 1 gives brief machine specifications. A view of
tractor-operated bund former is presented in Fig.1.

The machine was fabricated at Prototype Production
Centre, Department of Farm Machinery and Power
Engineering, Punjab Agricultural University, Ludhiana.
Initially, CAD model of the frame was prepared and
mild steel plates (8 mm thick) were cut using laser
cutters. After assembling the frame, a locally procured

Table 1. Technical specifications of developed bund former

SI.  Description Specifications
No. Gear box Rotavator Mulcher Bund former
1.  Type T-type Mounted using 3-point linkage
2. Power source, kW PTO/ 31.66
3.  Blade/ Plate type - C Flat Rectangular
4. Number of blades or - 30/5 10 2
plates/ flanges
5. Diameter of rotor pipe, - 88 168 -
mm
Diameter of pulleys, mm - - 203.2; 254; 330.2 -
6.  Number of teeth on - 18;12 - -
sprockets
7. Overall dimensions, mm 200 x 200 x 230 1150 x 210 x 66 1240 x 208 x 46 830 x 320 x 7
8. Power Transmission ratio/ 1:1 210 1100 -
operational speed, rpm
9. Medium for power Helical bevel gears ~ Double strand Dual V -pulleys and -
transmission sprockets with duplex belts (C63 section)
chains (20 B)
10. Gross weight, kg 2785
11. Net weight, kg 675
12.  Material used
Housing/ plates Cast iron Mild steel Mild steel Mild steel
Gears/ blades Cast carbon steel High carbon steel Mild steel -
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Fig. 1: A stationary view of tractor-operated bund former

gearbox was fitted onto the structure. One side of the
shaft was coupled with sprockets, while the other was
coupled with pulleys. Further, the mulcher rotor was
integrated with the frame using ball bearings supporting
each end of the rotor. Flat blades (mild steel) were
screwed over the periphery of the rotor. The rotavator
was fabricated by fitting flanges at equal distance (250
mm) over the rotor hollow shaft. C-type blades made
of high carbon steel were alternately screwed onto
the flanges. The rotor was supported with the frame
using tapered roller bearings. The bund forming unit
was fabricated by fitting rectangular-shaped mild steel
plates on angle iron that narrowed down towards the
rearmost side. To transmit power to the mulcher and
rotavator, double v-grooved cast iron pulleys (203.2,
254.0, and 330.2 mm in diameter) and belts (C 63
section) were used for the former and a pair of double-
strand sprockets (18 and 12 teeth) with duplex chain
(20 B) for the latter were employed.

Field Evaluation Procedure
Experimental site and field layout

Field experiments were performed to evaluate the
developed tractor-operated bund former under mulch
conditions in paddy fields at University Seed Farm,
Ladhowal, Punjab Agricultural University, Ludhiana
(75°45°25.0”E and 30°58°24.5° N). The soil type was
silt loam having sand, silt, and clay content as 14.44%,
74.94%, and 10.62%, respectively. The soil moisture
content of the field ranged 13-14% (d.b.). The machine
was operated in field with standing stubble of average
height of 540 mm after 15 days of combine harvesting
of paddy crop.

The bund former was attached with three-point hitch
and PTO shaft of a 37.3 kW tractor (John Deere- 5310).
The depth of operation was maintained at about 100
mm, and the speed of operation was maintained at 1.2
-1.5 km.h".

Experimental Design

The first field considered had dimensions as 44 m x 15
m while the other field had dimensions of 25 m x 55 m,
both located at the University Seed Farm, Ladhowal.
The layout of the experiments was done randomly.
The purpose of determining the dependent parameters
was fulfilled by replicating each treatment thrice. The
bunds were formed in a random order of treatments,
each having length of 7.0 m. A total of 54 bunds was
formed in each field using 18 different treatments with
three replications.

Parameters as rotor speed ratio, opening width of
bund forming plates, and straw load in the field
affects the performance of a bund former (Sood,
2020). Therefore, field evaluation of the developed
bund former was done under different straw loads at
variable speed ratio of mulcher rotor and rotary tiller
rotor. Rotor speed ratios of 3:1, 4:1, and 5:1 was
maintained by using pulleys of diameter 203.2, 254.0,
and 330.2 mm, respectively, and the plates adjusted
with an angle iron by changing its position (35 mm
from each end) using holes at ends of the machine
frame. The intermediate distance between two holes
(diameter of 17 mm) was kept as 35 mm. Details of
independent parameters are given in Table 2.
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Table 2. Details of independent parameters selected for the study

SI. No. Parameter Description Level Remarks
l. Rotor speed ratio (R) Ratio of rotational speed of mulcher 3 Based on existing
to rotavator (3:1, 4:1 and 5:1) mulcher-rotor rotational
speed ratio
2. Opening width of bund Adjustment of distance between the 3 Based on desired bund
forming plates (W) plates (270, 340 and 410 mm) dimensions
3. Straw load (L) Straw load (4.0-4.5 t.ha! and 6.0-6.5 2 Based on preliminary
t.ha'!) evaluation

The bund size (bund height, bund width) was
determined to assess bund quality. Pulverization index,
fuel consumption, soil bulk density, and field capacity
of the machine were determined.

Measurement of Parameters
Straw load

The straw load in the field was determined using a
rectangular square iron frame (3.0 mm thick) having
dimensions of 1.0 m % 1.0 m. The iron frame was
placed randomly in the field at three locations (three
samples) and the straw enclosed within the 1.0 m?area
was collected. The straw load was calculated as weight
of straw per square meter for each sample, followed by
average of all samples.

The collected straw was dried in a laboratory oven
(Accumax, thermostatic type, capacity: 45 1, heat load:
1.50 kW, temperature range: 50 -200° C) for 24 h, and
the samples were weighed using a digital weighing
balance (Fulcrum make, range 0-10 kg, accuracy 1.0
g) before and after drying.

Moisture content of straw samples was determined
using the Eq. 1.

Weight of straw before drying (g)- Weight of straw after drying (g)
MC(%)= g ying \g g ying \g

Weight of straw before drying (g)
(D)

The lengths of stubble and removed loose straw
was measured using Omega make steel ruler (0-1.0
m) having least count of 1.0 mm before and after the
operation of machine.

Pulverization index

The amount of soil pulverization (pulverization
index, PI) was measured by determining the mean
mass diameter of clod (MMD) using sieve analysis
method. Soil samples were collected from top of each
formed bund using a 500 g mild steel soil sampler

(150%x150x100 mm) by removing straw thrown by
chopping unit lying above the bund. A set of brass
sieves (Efficacy make) consisting of 18 sieves of sizes
ranging from 0.425 mm to 75.0 mm was used. The
weight of sample (Fulcrum make digital weighing
scale, range: 0-10 kg, accuracy: 1.0 g) was recorded
after drying in oven for 24 h. After weighing, the dried
samples were allowed to pass through sieves and
eccentrically shaken. The weight of soil retained on
each sieve including pan was recorded.

Pulverisation index (Mehta et al., 2005) was calculated
as:
1

Pl =—
Wr

i=od;i W ~(2)

Where,

d = Average diameter of i and (i + 1)th sieve
and d; < dj;¢, mm,

W, = Mass of soil retained on the ith sieve, g, and

Wr =YL, W, Wp = Total mass of soil sample, g.

(3

Bund height and width

The bund height was determined by placing a steel ruler
(Omega make: 0-1.0 m, least count: 1.0 mm) vertically at
endpoint of base span of bund on both sides. Another
ruler was placed horizontally with one of its ends on
the apex of the bund and the other end was intersected
with the ruler placed vertically. Reading from the ruler
at an intersecting point was noted.

Width of bund was recorded by keeping two rulers
vertically at each endpoint on both side of the bund, and
measuring the horizontal distance between the rulers.

Fuel consumption

Fuel consumed by the tractor during a field operation
was noted by using a fuel meter (Aqua Metro Make,
least count: 1.0 ml, working ambient temperature: (-)
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25°C to (+) 70°C, flow pressure in pipe: <2500 kPa)
fitted on the tractor fuel supply line. The readings (ml.s')
of fuel consumption of the tractor were taken during
the field experiment for 20 m length of travel.

Soil bulk density

The bulk density (g.mm™) was measured using a core
soil sampler. The sampling was done by insertion of
the sampler (diameter: 100 mm, height: 100 mm) into
a bund. Samples were weighed and kept in laboratory
oven (Accumax, thermostatic type, capacity: 45 1, heat
load: 1.50 kW, temperature range: 50 -200° C) for 24
h at 105° C for drying. Dried sample were weighed
again in order to determine the value of dry density.
However, dry density determination requires moisture
content to be known. The moisture content of soil was
determined using the difference between wet weight
and dry weight of soil sample. The given analytical
formulas were followed for bulk density determination:

Volume of core = %x Dc? (4

Weight of wet excavated soil, g
Volume of core, mm3

..(5)

Wet Density x100
(Moisture content of soil +100)

..(6)

Wet Density (g.mm™3) =

Dry Density (g.mm=3) =

Where,
Dc = diameter of core, mm.

Effective field capacity

The effective field capacity (E, ha.h™") of the machine
was calculated by determining the total time taken per
ha that was obtained by adding the theoretical time as
well as the time consumed during turning, etc.

Field capacity of the bund former was determined by
obtaining the number of bunds formed per ha by the
machine as (Kepner et al., 2005):

Ef = 100(Ty/T, + Ty + T,)

(7
Where,
Ty = Theoretical time ha=1 h,
100
Te = TO X T,

K = Percentage of actual implement used,
T, = Time lost ha™! not proportional to area, h, and
T, = Time lost ha~! proportional to area, h.

Cost of operation

The cost of operation was divided into fixed and
variable costs. Fixed cost was determined by summing
up, depreciation interest cost, taxes, insurance, and
shelter costs based on particulars as fixed price of
tractor and machine, life of machine (as per BIS
code), and annual usage (h). The variable cost of the
formation of bund in each treatment was computed by
considering the input costs as fuel cost, labour cost,
repair and maintenance cost, oil and lubrication cost.
The depreciation of the machine along with tractor was
calculated using the straight-line method.

The set of parameters assumed for cost evaluation
were interest rate (12%), salvage value (10%), taxes,
insurance and shelter (2% of price), labour wage rate
(R402.44 per day) and fuel (diesel) cost (X 66 per litre).
The cost of operation was determined as per BIS code
IS 9164 (BIS, 1979).

Statistical Analysis

The analysis of the data obtained through experiments
was evaluated statistically using Statistical Analysis
Software (SAS 9.3). The software’s were used to
determine the effect of independent parameters on
the proposed dependent parameters. ANOVA with
split-plot design was used for analysing the data. The
probability (p value) was checked for its significance
at 5% level of significance (). If p < a, then results
were significant, whereas if p > a the results were
non-significant.

RESULTS AND DISCUSSION

Description of Machine Operation under Mulch

The bund former was operated in combine harvested
paddy field following Happy Seeder operation. After
combine harvester operation, the field was demarcated
by dividing it into compartments or Kiaras using bunds.
The super SMS left loose straw into the field along with
stubble. This straw was picked in vicinity of ground
and tossed out of the chute opening of the mulcher.
Further, as the mulcher cleared the residue it made
way for rotary tiller for tillage that in turn guided the
soil to the bund forming unit. After completion of the
process, uniformly shaped raised soil granule structures
in form of bunds with straw as a cover were left behind
the machine.

A working view of the tractor-operated bund former and
prepared bund in field are shown in Figs. 2-4.
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Fig. 3: Working view of tractor-operated bund former in field under straw load (a) 4.0-4.5 t.ha’!,
and (b) 6.0-6.5 t.ha™!

Fig. 4: Views of bunds formed by tractor-operated bund former under straw load of (a) 4.0-4.5
t.ha’!, and (b) 6.0-6.5 t.ha!
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Power Requirement of Tractor-operated Bund
Former

The torque needed by rotavator and mulcher rotor for
soil tillage and straw removal were the defining factors
for determination of power requirement of the bund
former. According to Sood (2020), 10 kW power is
sufficient to operate rotavator and mulcher together
having 1.25 m length each. Singh (2011) suggested that
a tractor can produce a 16.70 kW power at 2000 engine
rpm. However, the entire straw is being cleared by the
mulcher, and the rotavator works deeper to extract
soil volume that enhances load for operating the bund
former in field. Hence, for safety reasons, factor of
safety of 2 was appropriate (Sood, 2020). Additionally,

for smoother operation and easy movement of machine
in field, a 31.7 kW tractor was found to be suitable for
proper operation of the bund former.

Soil Pulverization Index

Mean pulverization index (MMD) obtained during field
evaluation of the tractor-operated bund former at three
rotor speed ratio, three opening width of bund forming
plates and two different loads are shown in Fig. 4.

The effect of rotor speed ratio, opening width of bund
forming plates, and straw loads was significant (p<0.05)
on pulverization index, Table 3. It is clear from Fig.
5 that pulverization index decreased with increasing
rotor speed ratio and increased opening width of bund

Table 3. ANOVA for effect of rotor speed ratio (R), straw load (L), and opening width of bund forming plates

(W) on pulverization index

Source DF Type III SS Mean Square  F-Value Pr>F S/NS
Replications 2 0.310 0.155 9.21 0.0007 S
Straw load (L) 1 6.134 6.134 364.50 <.0001 S
Rotor speed ratio (R) 2 0.618 0.309 18.37 <.0001 S
Opening width of bund forming 2 189.467 94.733 5629.30 <.0001 S
plates (W)
LxR 2 1.604 0.802 47.67 <.0001 S
LxW 2 5.027 2.513 149.36 <.0001 S
RxW 4 0.143 0.0718 4.27 0.0227 S
LxRxW 4 0.774 0.193 11.50 <.0001 S
Note: DF: Degree of freedom, SS: Sum of square, S: Significant, NS: Non significant
16 I < <
14 . - . - = - - =
12
g ) o 2
5 10 T m3:
E )
.g 8 m4:1
56 us:1
=
£ 4
2
0
270 mm 340 mm 410 mm 270 mm 340 mm 410 mm
4.0-4.5 t.ha'! 6.0-6.5 t.ha’!

(Same alphabets indicate the non-significance for a particular performance, p>0.05)

Fig. 5: Effects of rotor speed ratio [(3:1), (4:1), (5:1)] and opening width of bund
forming plates (270, 340, 410 mm) on pulverization index under straw load

of 4.0-4.5 t.ha' and 6.0-6.5 t.ha™!
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forming plates under both levels of straw load. This
was due to lower rotational speed ratio of mulcher
and rotavator (3:1) which delivered coarse soil clods
as compared to higher speeds of mulcher (1100 rpm)
and rotavator (210 rpm) and vice versa. The minimum
pulverization index (8.26 mm) was obtained for 270
mm opening width of the bund forming plates at
5:1 rotor speed ratio with 4.0 - 4.5 tha'! straw load.
The reason for lower pulverization index was higher
rotational speed of rotavator (210 rpm) which provided
proper tilth of soil resulting in finer soil clods. Higher
rotational speed of rotavator (210 rpm) facilitated
rotavator to perform effectively, and lesser opening
width (270 mm) further broke the soil clods. A similar
trend was observed for pulverization index under straw
load of 6.0 - 6.5 t.ha'. The results were in affirmation

with Libin et al. (2010), who stated that the rotational
speed of rotavator at 250 rpm gave proper soil tilth.

Bund soil bulk density

Mean bund soil bulk density during field evaluation of
the tractor-operated bund former at three rotor speed
ratios, three opening widths of bund forming plates, and
two straw loads are shown in Fig. 6. The effects of rotor
speed ratio, opening width of bund forming plates, and
straw load were significant (p<0.05) on bulk density of
bund as shown in Table 4.

Bulk density of bund soil increased with increase in
levels of rotor speed ratio from 3:1 to 4:1, but decreased
at rotor speed ratio of 5:1. The maximum bulk density
(0.00125 g.mm) was obtained with 340 mm opening
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Fig. 6: Effects of rotor speed ratio [(3:1), (4:1), (5:1)] and opening width of bund forming
plates (270, 340, 410 mm) on bulk density under straw load of 4.0-4.5 t.ha and

6.0-6.5 t.ha™!

Table 4. ANOVA for effect of rotor speed ratio (R), straw load (L), and opening width of bund

forming plates (W) on bulk density

Source DF Type II SS Mean Square F Value Pr>F S/NS
Straw load (L) 1 0.0066 0.0066 5.73 0.0214 S
Rotor speed ratio (R) 2 0.0149 0.0074 6.42 0.0038 S
Opening width of bund 2 0.1486 0.0743 63.92 <.0001 S
forming plates (W)

LxR 4 0.02726 0.00681 5.86 0.0008 S
LxW 2 0.02043 0.01021 8.79 0.0007 S
RxW 2 0.29853 0.14926 128.39 <0001 S

Note: df: degree of freedom, ss: sum of square, s: significant, NS: Non significant
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width of bund forming plates at rotor speed ratio of 4:1
under straw load of 4.0-4.5 t.ha'!. Higher bulk density
was due to the rotational speed of mulcher (710 rpm)
and rotavator (180 rpm) allowed the mulcher to pick
dense straw load without causing its interference with
the tilled soil, and facilitated the rotavator to perform
desired soil tilth that helped the bund forming plates
to effectively held and bind the soil. The results were
in affirmation with that of Xian-Jun and De-Ti (2009),
who stated that bulk density under no residue conditions
vary between 0.00125 -0.00128 g.mm.

For rotor speed ratio of 5:1, lower bund soil bulk
density (0.0009-0.00119 g.mm™) was obtained
because of higher mulcher (1000 rpm) and rotavator
rotational speed (210 rpm), as well as higher volume
of soil pulverized by the rotavator causing restriction
in soil flow from the width of bund former plates. This
resulted in soil accumulation at the narrow end of the
bund former allowing uprooted straw falling behind
and being covered by tilled soil. The rotor speed ratio
(3:1) and (4:1) showed close range of bulk density
(0.0011;1,0.00112;0.00107 and 0.001;0.00088 g.mm-
%) for opening width of bund forming plates (270, 340,
410 mm) under 4.0-4.5 t. ha! and 6.0-6.5 t.ha'! straw
load because of the soil volume being adequately
handled and straw chopping at the forward speed of
travel.

Bund Height

Mean height of bund obtained during field evaluation
of tractor-operated bund former at three rotor speed
ratios, three opening widths of bund forming plates,
and two different straw loads are shown in Fig. 7. The
effects of rotor speed ratio and opening width of bund
forming plates were significant (p<0.05), whereas the
effect of straw load was non-significant on the bund
height, Table 5.

Under straw load of 4.0-4.5 t.ha™!, the bund height
increased from 340 mm to 410 mm with increase in
levels of opening width of bund forming plates from
270 mm to 340 mm at all rotor speed ratios. A similar
trend was observed for straw load of 6.0-6.5 t.ha!. Also,
with increase in rotor speed ratios from 3:1 to 4:1, the
height of bund initially increased; and decreased with
rotor speed ratio further increasing from 4:1 to 5:1 at
all opening widths of bund forming plates under both
straw loads. However, at 410 mm opening width of
bund forming plate with straw load of 4.0-4.5 t.ha!,
maximum bund height attained was at 3:1 rotor speed
(228 mm); followed by 4:1 (221 mm) and 5:1 (215
mm). The maximum mean bund height (277.6 mm) was
observed for 340 mm opening width of bund forming
plates at rotor speed ratio of 4:1; while the minimum
bund height of 213.0 mm occurred at 410 mm opening
width of bund forming plates and rotor speed ratio of
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Fig. 7: Effects of rotor speed ratio [(3:1); (4:1); (5:1)] and opening width of bund forming
plates (270,340,410 mm) on bund height under straw load of 4.0-4.5 t.h"! and 6.0-6.5

t.ha'
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Table 5. ANOVA for effect of rotor speed ratio (R), opening width of bund forming plates (W), and straw load

(L) on bund height

Source DF TypellISS Mean Square F-Value Pr>F S/NS
Replications 2 22.8811 11.4405 31.40 <0001 S
Straw load (L) 1 0.0896 0.08962 0.25 0.6233 NS
Rotor speed ratio (R) 2 51.6677 25.8338 70.89 <0001 S
Opening width of bund forming plates (W) 2 136.1033 68.0516 186.75 <0001 S
LxR 2 0.6270 0.3135 0.86 0.4326 NS
LxW 2 0.1270 0.0635 0.17 0.8408 NS
RxW 4 6.9955 1.7488 4.80 0.0038 S
LxRxW 4 5.0829 1.2707 3.49 0.0179 S

Note: DF: Degree of freedom, SS: Sum of square, S: Significant, NS: Non significant

5:1 under straw load of 6.0 — 6.5 t.ha"!. The reason for
the higher bund height was that the rotational speed of
the mulcher (710 rpm) and rotavator (180 rpm) was
appropriate at which the mulcher could pick the straw
(standing as well as loose) from the soil surface and
facilitated the rotavator to obtain proper soil tilth and
soil flow so that the opening width of bund forming
plates could form increase height of bund. A similar
trend of bund height was observed under 4.0 - 4.5
tha' straw load.

The results were in affirmation with that reported by
Libin et al. (2010), Thakur et al. (2018), who stated
that the rotational speed of rotavator of 250 rpm gives
proper soil tilth, and a mulcher at 750 rpm rotational
speed picks and effectively throws the straw.

Bund Width

Mean width of bund obtained during field evaluation

of'the tractor-operated bund former at three rotor speed
ratios, three opening widths of bund forming plates,
and two straw loads are shown in Fig. 6. The effects of
rotor speed ratio and opening width of bund forming
plates were significant (p<0.05), whereas the effect of
straw load was non-significant on bund width, Table 6.

It is clear from Fig. 6 that the bund width increased with
increase in levels of opening width of bund forming
plates; 609.3 — 735 mm, 638- 743.6 mm, and 625.3 —
690 mm for rotor speed ratio 3:1,4:1, and 5:1 under 4.0-
4.5 and 6.0-6.5 t.ha''straw load respectively. This was
due to wider opening of bund plates allowed increased
the width of bund and vice versa. At a particular
opening width of the plates, bund width increased from
rotor speed ratio of 3:1(13.86 mm MMD) to 4:1(12.66
mm MMD) as rotavator and mulcher speed helped in
proper soil pulverization compared to higher rotavator
and mulcher speed at rotor speed ratio of 5:1 that caused

Table 6. ANOVA for effect of rotor speed ratio (R), straw load (L), and opening width of bund forming plates

(W) on bund width
Source DF Type III SS Mean Square  F-Value Pr>F S/NS
Replications 2 22.7070 11.3535 5.49 0.0089 S
Straw load (L) 1 0.3112 0.3112 0.15 0.7006 NS
Rotor speed ratio (R) 2 175.2803 87.6401 42.39 <.0001 S
Opening width of bund 2 769.9825 384.9912 186.19 <.0001 S
forming plates (W)
LxR 2 0.3670 0.1835 0.09 0.9153 NS
LxW 2 4.3625 2.1812 1.05 0.3600 NS
RxW 4 69.0074 17.2518 8.34 <.0001 S
LxRxW 4 2.0274 0.5068 0.25 0.9105 NS

Note: DF: Degree of freedom, SS: Sum of square, S: Significant, NS: Non significant
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repeated pulverization (8.26 mm MMD) of the soil
generating excess soil volume. The maximum mean
value (743.6 mm) of bund width was observed for 410
mm opening width of bund forming plates at rotor speed
ratio of 4:1 under straw load of 4.0 - 4.5 t.ha'; while
the minimum (609.3 mm) bund width occurred for 270
mm opening width of bund forming plates at rotor speed
ratio of 3:1 under straw load of 6.0 - 6.5 t.ha''. The
maximum width of bund was derived by the rotational
speed of mulcher (710 rpm) and rotavator (180 rpm)
that allowed easy forward machine movement for the
mulcher to pick straw and enable sufficient cutting/
pulverization of soil so that wide opening width of
bund forming plates could allow increasing of base
width of the bund.

The results were in line with that of Bhambota et al.
(2017); Thakur et al. (2018), who stated that rotavator
rotational speed of 180 rpm gives proper soil tilth, and
a mulcher at 750 rpm rotational speed properly picks
and throw the straw. The increase in horizontal distance
between the plates also allows bund base width to be
increased and vice versa.

Proper sized bund was built by the machine which
can prevent seepage of water. Irrigation water use
efficiency will increase as less water is used by forming
compartment in field and avoiding flood irrigation.

Fuel Consumption

Mean tractor fuel consumption obtained during field
evaluation of the tractor-operated bund former at

800

cde

700

o
(]
I

270 mm

600
500
400

300

Bund width, mm

200
100

0

340 mm 410 mm

o) o s
o< < 1)
R J— 2
s )
< kS
I

three rotor speed ratios, three opening widths of bund
forming plates, and two straw loads are shown in Fig.
7. The effects of rotor speed ratio and opening width of
bund forming plates were significant (p<0.05), whereas
straw load was non-significant on fuel consumption of
the tractor, Table 7.

Fuel consumption rate decreased with increase in levels
of rotor speed ratio from 3:1 to 4:1, but increased
at rotor speed ratio 5:1 (Fig. 7). The minimum fuel
consumption rate (5.93 Lh') was obtained for 340 mm
opening width of bund forming plates at rotor speed
ratio of 4:1 under straw load 0f 4.0-4.5 t.ha™!. The reason
for the lower fuel consumption was that the rotational
speed of the mulcher (710 rpm) and rotavator (180
rpm) was the best combination for the mulcher to pick
dense straw load and facilitate the rotavator having
C-type blades to perform desired soil tilth at lower
energy requirements of the machine. The results were
in affirmation with that of Bhambota et al. (2017), who
stated that the fuel consumption is lower for C-type of
blades due to their lower energy requirements.

At rotor speed ratio 5:1, more fuel was consumed
because of higher rotational speed of the mulcher
(1000 rpm) and the rotavator (210 rpm), as also higher
volume of soil pulverized by the rotavator causing
more volume of soil movement from the front width
of the bund former plates. The rotor speed ratio (3:1)
and (4:1) showed closer range (6.8-7.3;6.1-8.43 1.h'")
of fuel consumption because of sufficient soil volume
and straw chopping handled by the machine at 1.5 km
h! forward speed of travel.
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(Same alphabets indicate non-significance for a particular performance, p>0.05)

Fig. 8: Effects of rotor speed ratio [(3:1), (4:1), (5:1)] and opening width of bund
forming plates (270, 340, 410 mm) on bund width under straw load of

4.0-4.5 t.ha' and 6.0-6.5 t.ha™!
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Table 7. ANOVA for effect of rotor speed ratio (R), straw load (L), and opening width of bund forming plates

(W) on fuel consumption

Source DF Type III SS Mean Square F-Value Pr>F S/NS
Replications 2 3.4903 1.7451 57.82 <.0001 S
Straw load (L) 1 1.2451 1.2451 41.25 <.0001 S
Rotor speed ratio (R) 2 38.2103 19.1051 632.93 <.0001 S
Opening width of bund 2 0.2825 0.1412 4.68 0.0165 S
forming plates (W)

LxR 2 0.0414 0.0207 0.69 0.5103 NS
LxW 2 0.0448 0.0224 0.74 0.4840 NS
RxW 4 0.0140 0.0035 0.12 0.9757 NS
LxRxW 4 0.0251 0.0062 0.21 0.9318 NS

Note: DF: Degree of freedom, SS: Sum of square, S: Significant, NS: Non significant

Field Capacity

Mean field capacity of the tractor-operated bund former
at three rotor speed ratios, three opening widths of bund
forming plates, and two straw loads are shown in Fig.
9. The effects of rotor speed ratio, opening width of
bund forming plates, and straw load were significant
(p<0.05) on field capacity of bund, Table 9.

Field capacity decreased with increase in opening
widths of bund forming plates at rotor speed ratio of
3:1 and 5:1 with both straw loads. The straws on the
field were properly removed at higher mulcher rpm
(1100 rpm), but the rotavator at higher rotavator rpm
(210 rpm) repeatedly pulverized the same soil (8.26
mm MMD) at a location causing obstruction forward

—
(e

Fuel consumption, L.h-!
S = N W A U N 0 0 O

motion of the machine and consequently affecting the
field capacity. At straw load of 4.0-4.5 t.ha! and rotor
speed ratio of 4:1, the field capacity initially increased
with increase in level of opening width of bund forming
plates from 270 mm (0.99 ha h') to 340 mm (1.24 ha
h!); followed by gradual decrease with blade opening
width 0of 340 mm to 410 mm (1.07 ha.h™!). This might be
due to over accumulation of soil and removed straw in
wide area between bund forming plates at the specific
unit area. The highest field capacity (1.44 ha.h') was
found at rotor speed ratio of 5:1 under straw load of
4.0 — 4.5 tha'; and the lowest field capacity (0.87
ha.h™!) at rotor speed ratio of 4:1 under straw load of
6.0 — 6.5 tha'.

Fig. 9:

270 mm

340 mm 410 mm 270 mm 340 mm 410 mm

4.0-4.5 t.ha'! 6.0-6.5 t.ha'!

H3:] H4:] m5:]

(Same alphabets indicate non-significance for a particular performance, p>0.05)

Effects of rotor speed ratio [(3:1), (4:1), (5:1)] and opening width of bund
forming plates (270, 340, 410 mm) on fuel consumption under straw load of
4.0-4.5 t.ha' and 6.0-6.5 t.ha!
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Table 8. ANOVA for effect of rotor speed ratio (R), straw load (L), and opening width of bund forming plates

(W) on field capacity

Source DF Type III SS Mean Square F-Value Pr>F S/NS
Replications 2 0.01584 0.00792 0.50 0.6123 NS
Straw load (L) 1 0.04605 0.04605 2.89 0.0986 NS
Rotor speed ratio (R) 2 0.65753 0.32876 20.67 <.0001 S
Opening width of bund 2 0.31958 0.15979 10.04 0.0004 S
forming plates (W)

L xR 2 0.03688 0.01844 1.16 0.3266 NS
LxW 2 0.04508 0.02254 1.42 0.2572 NS
RxW 4 0.38179 0.09544 6.00 0.0010 S
LxRxW 4 0.08266 0.02066 1.30 0.2913 NS

Note: DF: Degree of freedom, SS: Sum of square, S: Significant, NS: Non significant

Field capacity at rotor speed ratio of 4:1 and 5:1 under
straw load of 6.0-6.5 t.ha! were significantly different,
but quality of bund in terms of bund height and width
was best at rotor speed ratio of 4:1 and 340 mm opening
width of bund forming plates.

Operating Parameter Combination

Best suited combination of parameters for optimal
performance of the tractor-operated bund former was
selected based on the quality of bund formed in terms
of pulverization index, bund height, bund width, fuel

consumption, bund soil bulk density, and field capacity
(Table 9). The desired bund height of 270 mm (> 200
mm), bund width of 720 mm (> 600 mm), was obtained
for all interactions of independent parameters. The rotor
speed ratio (4:1 and 5:1) and opening width of bund
forming plates (270, 340, 410 mm) showed statistically
non-significant results under given straw loads (4.0-4.5
and 6.0-6.5 t.ha') as shown in Table 9.

Selected operating parameter combinations should
give maximum bund size (height and width) and
field capacity with minimum pulverization index

Table 9. Operational parameters for better performance of tractor-operated bund former

SI.  Dependent
No parameter

Combination of operational
parameters

Independent parameter

Rotor Opening width Straw load,
speed of bund forming plates,
ratio mm t.ha!

1. Maximum height 266.3 (3:1; 340 mm)* and 3:1; 4:1 340 4.0-4.5 and
of bund, mm 271.6 (4:1; 340 mm)* 6.0-6.5

2. Maximum width 724.0 (3:1; 41Q mm), 743.6 3:1;4:1 340; 410 4.0-4.5 and
of bund, mm (4:1; 410 mm) . 6.0-6.5

and 716.6 (4:1; 340 mm)

3. Minimum 8.26 (5:1;270 mm)a,8.83 (5:1; 5:1 270; 340; 410 4.0-4.5 and
pulverization 340 mm) , 9.66 (5:1; 410 mm) 6.0-6.5
index, mm P

and 12.76 (4:1; 34Q mm)

4. Minimum fuel 6.1 (4:1;270 mm) ,, 4:1 270; 340; 410 4.0-4.5and
consumption, 5.93 (4:1; 340 mm) 6.0-6.5
Lh! and 5.96 (4:1; 410 mm)

5. Maximum bulk  0.00125 (4:1;340 mm) and 4:1 340 4.0-4.5 and
density, gmm>  0.00123 (4:1;340 mm) 6.0-6.5

6. Maximum field 1.44 (5:1;270 mm) , 1.42 (5:1;  4:1; 5:1 270; 340 4.0-4.5 t.ha!
capacity, ha.h' 340 mm) and 1.24 (4:1; 340 and

mm) 6.0-6.5 t.ha'!

Note: Same alphabets indicate non-significance for a particular performance, p>0.05
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Fig. 10: Effects of rotor speed ratio [(3:1), (4:1), (5:1)] and opening width of bund forming
plates (270, 340, 410 mm) on field capacity under straw load of 4.0-4.5 t.ha! and

6.0-6.5 t.ha™!

and fuel consumption. Maximum bund height (271.6
mm and 277.6 mm) was observed at rotor speed ratio
of 4:1 for 340 mm opening width of bund forming
plates under straw load of 4.0-4.5 and 6.0-6.5 t.ha',
respectively. The bund width (724, 743.6 and 410 mm)
was statistically same (Table 9) at rotor speed ratio of
4:1 and 3:1 for 340 / 410 mm opening width of bund
forming plates and 410 mm opening width of bund
forming plates respectively. Minimum pulverization
index value was obtained at rotor speed ratio of 5:1
and all levels of opening widths of bund forming plates
which were significantly different (Table 9). Moreover,
pulverization index was statistically different at rotor
speed ratio of 4:1 and 340 mm opening width of bund
forming plates. Fuel consumptions were low (6.1, 5.93
and 5.96 1.h!) and statistically same at rotor speed ratio
of'4:1 and all levels of opening width of bund forming
plates. The best combination of parameters for soil
pulverization was thus 4:1 rotor speed ratio and 340
mm opening width of bund forming plates (Table 9).

Bund soil bulk density was highest at rotor speed
ratio of 4:1 and at all levels of opening width of bund
forming plates, and were statistically same. Thus, the
best combination for bulk density was rotor speed ratio
of 4:1 at opening width of 340 mm (Table 9).

Maximum field capacity was found at rotor speed
ratio of 5:1 at 270 / 340 mm opening width of bund
forming plates, which were non-significant to each

15

other. The machine had field capacity of 1.24 ha.h'! at
rotor speed ratio of 4:1 and 340 mm opening width of
bund forming plates was non-significant under 4.0-4.5
t.ha' straw load.

In light of the above, the desired bund height, bund
width at lowest fuel consumption was achieved with
rotor speed ratio of 4:1 and 340 mm opening width of
bund forming plates under both straw loads. Although,
field capacity of developed bund former was 14.5%
higher at rotor speed ratio of 5:1 (compared to 1.24 ha.h-
! at rotor speed ratio of 4:1), but could be neglected to
obtain better quality of bund formation by the machine.

Economics of Tractor-operated Bund Former

The cost analysis of tractor operated bund former was
based on the cost of bund length per meter. Total cost
of machine operation was 792.36 X ha'. The cost of
bund forming was 1.0 T.m™.

CONCLUSIONS

Evaluation of a developed tractor-operated bund former
was conducted in harvested paddy field at University
Seed Farm, Ladhowal, Ludhiana, Punjab. Paddy straw
(350 mm length) removed by the machine was retained
over the bund as mulch that formed a protective cover.
It can be concluded from above discussion developed
bund former forms bund that reduces seepage of water
through the bunds by decreasing soil porosity due to
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soil and straw separation. Irrigation water use efficiency
upsurges with use of the developed bund former.
The bund former is a single solution for in-situ straw
management and irrigation management at the same
time. The machine could develop bunds of 271.5 mm
height and 720 mm width at rotor speed ratio of 4:1
with straw load of 4.0-4.5 tha'and 277.6 mm bund
height and 720 mm bund width with straw load of
6.0-6.5 t.ha'! with fuel consumption rate of 7.05 L.h.
Soil pulverization index ranged between 12.76 mm
and 12.80 mm under both straw loads. Effective field
capacity of the machine was 1.17 ha.h! at forward travel
speed of 1.5 km.h™!. The operational cost of the machine
was 792.36 X.ha'l.
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Article Info ABSTRACT

A self-propelled hydraulically actuated vehicle was developed for field crops of up to
2.0 m in height to carry out different operations like spraying, weeding, harvesting. The
vehicle has provision for variable/adjustable ground clearance and track width to suit
different spacing and heights of horticultural crops. Gradability, torque, and power required
for the vehicle were calculated based on the dimensions of the selected bias ply traction
tyre. The centre of gravity of the vehicle was calculated by the weight moment method.
Microsoft Excel add-in was used to create a point manipulation programme, and the
positions of the standard components were determined through an iterative process. The
static load over the rear wheel and front wheel was kept at 60% and 40%, respectively,
for design purposes. Analysis of chassis mechanics was done to find out weight transfer
and impending stability on level ground as well as longitudinal and lateral slope. In
longitudinal slope, the developed vehicle was found to be stable up to 45.19° and 20.68°
under static and dynamic conditions, respectively; whereas in lateral slope, the vehicle
was stable up to 39.08° and 22.10° under static and dynamic conditions, respectively.
The developed vehicle was tested for weeding and spraying of okra and maize crops with
an average height of 1.1 m to 1.5 m. The field capacity for the spraying and weeding
operations was 1.9 ha.h""and 0.16 ha.h™!, respectively. The cost of operation for spraying
and weeding was 400 %.ha! and 1,500 Z.ha!, respectively. Weeding efficiency and plant
damage of the weeder were 92.58% and 1.55%, respectively.
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India is endowed with a wide variety of agro-climatic
conditions and records an important position in the
production of various crops. With the increase in
production and productivity in agriculture, the level of
mechanization has also been increasing continuously
and reached 2.761 kW.ha' in 2020-21 (Singh and
Singh, 2021). The yearly domestic sale of tractors
has reached 0.9 million in India (Balachandar, 2022).
Though many of the farming operations like tillage
and harvesting in India are on the verge of saturation
and have achieved about 80% mechanization for major
crops, the mechanization levels for many operations
like planting and intercultural operations are still
scanty (Anon., 2017). This might be due to the non-
availability of suitable machinery for interculture or

difficulty in operating in tall field crops. Different
operations include intercultural (weeding), spraying,
and fertilizer broadcasting. Intercultural operations in
field crops like maize, pigeon pea, cotton, okra, etc.
fall into that category where the level of mechanization
is about 30% in India. Mechanization in intercultural
operations is difficult due to diverse individual crop
geometry and is a challenging task for tall crops like
cotton, pigeon pea, okra, maize, sugarcane, etc. Because
of'the fast growth and tall nature of the crop, even first
and second weeding operations are not possible with
a normal tractor. Some Indian tractor manufacturers
have already introduced high ground clearance tractors,
but still their clearance is not sufficient. Many high
ground clearance vehicles with a ground clearance
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of between 1.0 m and 1.5 m have been developed
in foreign countries to carry out spraying operations
(LeeAgra, Inc., USA and Quinzhou Maite Cheqiao
Zhizao Co. Ltd., China). Punjab Agricultural University
has developed a tractor with a ground clearance of
about 1 m and has successfully tested it in seeding
and spraying operations (Mahal et al., 2007). A few
Indian manufacturers (Standard Tractor, Punjab and
Tirth Agro Technology Pvt. Ltd.) are also producing
and marketing such tractors. All of the high ground
clearance tractor manufacturers only provide spraying
accessories with their tractors. These tractors with fixed
ground clearance and track width do not come with
weeding attachments. Therefore, there is a sufficient
demand for such types of vehicles in India for doing
spraying and weeding operations on tall crops.

Tractors are designed to adapt to a variety of terrain
situations, and hence, stability determination is a key
consideration. Studies on stability analysis of these
high ground clearance tractors are not available. This
paper presents a design procedure for the development
of a self-propelled high clearance vehicle, its analysis
of stability, the development of an innovative weeding
attachment, and its performance evaluation under
field conditions. The main research contribution of
this work is the development of a Microsoft Excel
point manipulator tool for weight distribution over
the vehicle’s chassis, as well as the establishment
of mechanics of stability analysis for the design and
development of any type of vehicle for field use.

MATERIALS AND METHODS

Hydraulic System Design

Slope and soil conditions are the critical factors for
designing a high clearance vehicle. These factors
directly decide the power requirement as well as the
stability of the machine. Narrow lugged wheel (8.3-32,
bias ply) can be accommodated within the rows and
can provide enough traction.

With the above assumption, a self-propelled vehicle
transmission system was designed. The transmission
system was designed considering two conditions: (a)
the vehicle will just climb a desired slope without
slippage under design conditions, and (b) for a vehicle
to start on a slope, it must have enough starting torque
to drive the vehicle up the slope, and this starting torque
must be more than the torque required to drive the
vehicle up the slope. The total force required to drive
the vehicle up the gradient is the summation of the
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forces required to overcome the rolling resistance and
the gradient. For designing the vehicle, the weight of
the vehicle, the slope of the terrain and the cone index
of the soil were considered as 15,000 N, 20° and 20,600
N.m?, respectively.

In order to calculate the rolling resistance, R, the
expression proposed by Wismer and Luth (1974) was
used and is given as:

1.2xW
R= (
Clxbxd

+o.04) XW (1)

Where,
W = Total weight on the wheels, N,

CI = Cone index of soil, N.m?,
b = Width of wheel, m, and
d = Wheel diameter, m.

Force required to overcome gradient, F o is given by
the expression (Khurmi and Gupta, 2020),

Fg=Wxsin 6 (2
Where,
0 = Slope of terrain with horizontal, degree.

Rolling resistance and the force required to drive the
vehicle up the gradient were calculated as 3.7 kN and
5.0 kN, respectively, and the total force (F) required to
drive the vehicle up the gradient was 8.7 kN.

The maximum force at the drive wheel before slip
occurs is given as (Verma, 2020):

Fs= puxN ...(3)
Where,
p = Coefficient of friction between wheel and

ground surface, and
Normal reaction, N.

N

Considering the value of p as 0.85 (Wong, 1993) and
60% of the total vehicle weight distributed over the rear
traction wheel, F_was calculated as 8.8 kN.

The wheel torque (T) was assumed to be equal to the
total force required (F,) acting on a moment arm equal
to the rolling radius (r). The torque requirement was
calculated for four conditions: (i) vehicle operating
on level terrain, (ii) vehicle moving up a gradient,
(ii1) vehicle descending a gradient, and (iv) vehicle
starting on a gradient. When the vehicle operates on
level terrain, only rolling resistance was considered,
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whereas when the vehicle moves up a gradient, both
rolling resistance and gradient force are considered. For
the condition of the vehicle descending on a gradient,
the gradient would add to the drive. A vehicle starting
on a gradient would require the maximum torque that
can be applied at the wheel to cause the wheel to slip.

The torque requirements at the individual drive wheels
of the vehicle for conditions such as vehicle operating
on level terrain, vehicle moving up a gradient, vehicle
descending a gradient, and vehicle starting on a gradient
were calculated as 2614.4 N, 1104.5 N, (-) 405.28 N,
and 2626.6 N, respectively.

Based on the maximum torque requirement, a hydraulic
system was designed and the hydraulic circuit was
developed (Fig. 1).

For movement of the vehicle, closed-loop hydrostatic
transmission was adopted, whereas an open-loop
hydraulic system was adopted for power steering,
adjustment of ground clearance, hydraulic cooling, and
spraying system. Since the machine was conceptualized
with 2WD drive, the two rear wheels were powered.
The main components of the hydraulic system consisted
of a variable displacement servo pump, two fixed-
displacement wheel motors, three fixed-displacement
gear pumps, a mobile three-position, four-port
directional control valve having a centre neutral line,

double-acting cylinders, counter-balance valves, and a
pressure relief valve.

Modelling of Vehicle

A CAD model of all the standard components and
the chassis of the vehicle were developed. External
dimensions as well as the weight of all components
were measured. For asymmetric components, the
centroid of the external dimension was assumed to
be the position of the centre of gravity. One of the
corners of the chassis was fixed as a reference point and
assigned a zero coordinate. Components were placed
randomly over the chassis and the coordinates of the
centre of gravity were found.

Standard components were placed over the chassis
to distribute 60% and 40% static load over the front
and rear wheels, respectively. A point manipulation
programme was developed by the Microsoft Excel add-
in (Fig. 2) and, by numerous iterations, the positions of
the standard components were determined.

The horizontal position and vertical position of the
centre of gravity (CG) of the vehicle were calculated
by the weight moment method (Verma, 2020) and
using Eq. 4-6:

_ 2 Xl...nxwl...n

Xe= S w,, (4

Yarzzal baagiv s aereany

Track wickh adjuesans |t brars

Chpfrorsl SodRuEr i

-—1 nz

L1
=
Charge
pressure port
for charge to
==l front pump

Fig. 1: Hydraulic circuit diagram of high clearance vehicle



Ajay Kumar Roul and Dushyant Singh

JAE : 59 (1)

Rpear ) Reront (1) ¢ Gl a2 X
2000 ¢ A FRAME
2 |
53 = ENGINE
A 1600
< —— WATER TANK
£ M
R 1200 —— DIESEL TANK
o 5 ‘ 4 —©—OIL COOLER
% 3 800 * . 3 ZI —+— OIL TANK
-
=) | ——— SEAT+ PERSON
i= 400
< ® —=— TRANSMISSION
Q
S 0 ) ,  —— STEERING ASM
0 600 1200 1800 2400 3000 ~ —— INTERNAL FRAME
Rpear ®) Location of CG in longitudinal direction, mm R, ® — TYRE POSITION
Fig. 2: Point manipulation method to optimize weight distribution
Y 2V XWin .(5) of strength was performed based on the maximum
& Wi.n weight of various components as well as forces and
7 T2y Wy moments acting on those components (Segerlind,
& XWin -(6) 2010). The allowable stress method based on IS/ISO
8686 (2006) was used to assess the strength of the
Where, components.
X, = Position of horizontal centre of L. .
gravity in X-coordinate, mm, Fabrication and Assembly of Designed System
Y, = Position of horizontal centre of = The vehicle consisted of a main chassis, a diesel engine
gravity in Y-coordinate, mm, with a fuel injection system (Make: Mahindra; Model:
V4 = Position of vertical centre of gravity ~ 275DI); hydraulic cooling and engine cooling systems;

in Z-coordinate, mm,

X, y, z coordinates of individual
components, respectively, mm, and
Weight of individual components,
N.

The concept was translated into a solid model using
CAD software PTC Creo Element 1 (Fig. 3). Analysis

transmission system; steering system; braking system;
hydraulic system for cooling, adjustment of ground
clearance, steering, and spraying; spraying system; and
electrical system. The chassis of the vehicle had two
parts (Fig. 4). One central rigid part was made of mild
steel rectangular hollow pipes and C-sections, and the
two outer parts. The two outer parts were fitted to the
central part as an inner beam of the telescopic beam

(b)

Fig. 3: Views of computer aided models of high clearance vehicle: (a) solid 3 D, and (b) wire frame
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©

Fig. 4: View of various components of vehicle: (a) front and rear wheel assembly, (b) outer telescopic

frame, (¢) main chassis

system. The hollow rectangular sections of the central
chassis were laid laterally parallel to each other at an
equal distance. It worked as an outer for the telescopic
beam system. The rear wheel system was attached
to the outer part of the chassis. The telescopic beam
arrangement was provided to easily adjust the track
width. Adjustment of the track width was carried out by
two lead screws, one attached at the front and another
at the rear of the chassis. All systems of the vehicle
were mounted on the central rigid section. The wheels
were also mounted on a telescopic beam arrangement
to adjust ground clearance.

The cooling system of the vehicle consisted of two
parts. One part was responsible for cooling the engine
and the other part was responsible for cooling the
hydraulic system. Two radiators of different types were
used. A high-pressure and high-capacity oil radiator (oil
flow: 30-200 L.min™; oil cooling capacity: up to 11,400
Kcal.h'!; pressure: 5 bar) was used for the hydraulic oil

22

cooling. For the engine cooling radiator, the fan was
operated by the engine crankshaft through a belt pulley
arrangement, whereas for the hydraulic oil cooling
radiator, the fan was operated by the hydraulic motor
(type: orbital; capacity: 12.5 cm®.rev?).

A hydrostatic transmission (HST) system was used in
the vehicle (Fig. 5 (a, b)). It comprised of a hydraulic
step-less speed change mechanism composed of a
hydraulic tandem variable displacement pump (Make:
Eaton, Model: 72400, capacity: 40.6 cm®.rev!) and two
hydraulic fixed-displacement wheel motors (Make:
Sai India, Model: GFK3A, capacity: 650 cm’.rev!).
Individual wheel motors were directly attached to the
rear traction wheels, with each motor being adapted
to be driven by oil forced out from the front and rear
pumps of the tandem pump independently. The tandem
pump was provided with a common pump drive shaft
for receiving engine power at the front-end portion
and a drive shaft having a rear-end portion extending
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(d)

Fig. 5: Hydraulic system of high clearance vehicle: (a) hydraulic tandem servo pump, (b) foot pedal
accelerator, (c) hydraulic cooling radiator, (d) open loop hydraulic system

rearward to fix the auxiliary pump for power take-
off. A clutch arrangement was provided between the
pump drive shaft and the engine for connecting or
disconnecting the power to the pump from the engine.
The individual pump had a mechanical servo control
mechanism with a three-position servo valve actuating
lever. At the centre position, no flow would be diverted
to the motor even if the pump was in operation.
Engaging the lever in one side position directed the
flow to the motor, resulting in wheel rotation in one
direction. Similarly, reversing the lever position to the
other side rotated the wheel in the opposite direction.
Thus, forward and reverse movement of the vehicle
could be achieved. Four bar linkage arrangements were
developed for independently controlling the two servo
levers through a foot pedal. Differential action of the
vehicle at turning could be achieved by controlling the
rate of flow to the individual motor with the foot pedal.

The wheel motor had a spring-loaded hydraulically
actuated disc brake system. A separate pressure line
was provided to the individual motor, which received
flow from the tandem pump. When the drive shaft
received power from the engine, the pump auxiliary
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port pressurized the brake line, resulting in the release
of the brake. The brake would remain in the released
position till the drive shaft of the tandem pump got
power, regardless of whether the servo lever was
engaged or not. A hydraulic power-assisted steering
system was used in the vehicle.

A mobile open-loop hydraulic circuit (Fig. 5 (d)) was
developed for operating the motor of the hydraulic
cooling fan, the motor of the spraying system, the
steering pump, and cylinders meant for adjustment of
ground clearance. A combination of series, parallel,
and tandem principles was adopted. The developed
prototype of the high clearance vehicle is shown in Fig.
6, and its detailed specifications are given in Table 1.

Spraying System Attachment

The spraying system consisted of a chemical tank, a
filter, a three-cylinder axial piston pump, a hydraulic
motor, and a spray boom. The pump received the
drive from a hydraulic motor directly coupled to it by
a flexible drive coupling. The detailed specifications
of the spraying system are given in Table 2. The boom
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Fig. 6: Prototype of high clearance vehicle

Table 1. Specifications of self-propelled high clearance
multi-utility vehicle

SI  Parameter Specification
No.
1. Power source : 39 hp diesel
2. Rated rpm 1 2600
3. Tyre size
Rear : 8.3-32
Front 1 6.0-16
4. Overall vehicle dimension
Length (without weeding 1 4440
attachment), mm : 5000
Length (with weeding 1 2220
attachment), mm 1 3400
Width (With folded boom), mm
Height, mm
5. Total vehicle weight, kg : 1580
6. Maximum speed, km.h'! 0 20
7.  Transmission type : Hydrostatic
8.  Steering system : Hydraulic
9. Maximum Torque, N.m : 2500 per wheel
10.  Adjustable track width, m 1 2.0-2.6
11. Adjustable ground clearance, m : 1.5-2

was fabricated into a three-fold system. The central
part was fixed to the rear of the vehicle, and the two
side folds were fitted with a hinge system to the central
part. Arrangements were provided in the boom to adjust
the height of spray (500—1500 mm) as required for the
different heights of crops.

Weeding Attachment

A power weeder was developed for use with the
developed high clearance vehicle (Fig. 7). A horizontal
cutting concept was adopted in designing the weeder.
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Table 2. Specifications of spraying system

Sl. Parameter Specification
No.
1. Power source Hydraulic motor
2. Capacity, cm®.rev! 50
3.  Overall boom length, m 9.4
4. Number of nozzles 21
5. Type of nozzle Hollow cone
6. Discharge of nozzle, cm®. 450
min™! at 2.8 kg.cm™
7.  Spraying tank capacity, | 400
8. Pump Three-cylinder

axial position
9. Pump discharge, l.min_; at 36

900 rpm

Straight vertical blades were arranged around the
perimeter of a wheel, which was mounted on an
individual vertical rotor shaft. A hydraulic motor (6 kW,
450 N.m torque at 150 rpm) was directly coupled to the
centre rotor shaft, and the other rotor shaft got drive
from the rotor shaft by a chain sprocket mechanism.
The main components of the weeder were a main
frame, vertical rotor shaft, cutting blades, and drive
mechanism. The detailed specification of the weeder
is given in Table 3. A four-bar lift mechanism was
developed to mount the weeder, and it was fixed at the
front of the vehicle. A hydraulic cylinder was used to
raise and lower the lift mechanism.

Stability Analyses

As the vehicle was designed for field applications, it
was required to ride over rough terrain. Safety of the
operator should be a primary issue while designing
the vehicle.
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Fig. 7: Vertical axis rotary weeder

Table 3. Specification of weeding attachment

SI.  Parameter Specification
No.

1. Overall weeding width, mm 2250

2. No. of rotor : 5

3. Diameter of rotor wheel, mm 210

4.  Length of cutting blade, mm 150

5. Rotor speed, rpm 150

6.  Capacity of hydraulic motor, cm? : 200

7.  Maximum torque of motor, N.m : 450

Stability calculations were done before being used for
the field application. The complete process included the
proper selection of shape and dimensions of the chassis,
weight distribution, height of CG, wheel base, track
width, turning radius, forward speed, and longitudinal
and lateral slope.

Static and dynamic analysis of stability were analysed
for the vehicle to find out wheel reaction forces, weight
transfer, and impending stability on level ground as
well as longitudinal and lateral slopes (Macmillan,
2002; Liljedahl et al., 2004; Daryoush et al., 2011).
Free body diagrams for static and dynamic models
with the application of forces were developed and
presented in Fig. 8.

When the vehicle is on longitudinal slopes, static
reaction forces on both the rear wheels and front wheels
are formulated by the moment equilibrium method. The
equations obtained are:
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V=R (7
a=tan (((R-Re)/X)+((yR.)/X")) (8)
W' = (W* cos a *(X,/X))- (W*sin a*(Y, /x)) .(9)
W .=W* cos o -W'¢ ...(10)

X, =(W/W)*X .(11)

Similarly, longitudinal stability of the vehicle was
studied when the vehicle is on a slope. The dynamic
reaction forces obtained are:

Re=W + (W* sina* ((R,+yg)/x)) + (P* ((K'/X)* cos 8 +((X+X)/X)* sin 6))
..(12)

Re=W'- (W* sina* ((R,+yg)/X)) - (P* ((K /%)% cos8:+(X /X)* sin e))
(13)

The vehicle would be stable as long as the reaction
force on the wheels at the top of the slope is greater than
zero. Equilibrium moment equations were developed
and solved to find the reaction forces on the right and
left wheels. The equations obtained are:

W=Wg+W,

(14)
X,=(W;/W)*X -(15)
X=X-X, ..(16)
a=tan(Y/X) (17)

W, = (w* cos @ *(X-X,/X))- (W*sin a *(Yg/x)) .(18)
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Fig. 8: Static and dynamic model of longitudinal and lateral stability:
(a) on level ground, (b) on level ground with front wheel lifted, (c)
vehicle longitudinal geometry, (d) on longitudinal slope, (e) vehicle
lateral geometry, (f) on lateral slope

W‘r=W* cos a -W'| (19) W’L=Wv|+<(m*uz/R)*sina*(X,/X))+ <(Yg/R)*((m*uz/R)*cosu- wH sinot))
..(25)
Similarly, the dynamic reaction forces on the right and
left wheels were studied when the vehicle is moving RESULTS AND DISCUSSIONS
on the lateral slope. The expressions for the dynamic
wheel reaction obtained are: Weight distributed on the rear wheels (R ), front wheels
(R)), right wheels (R,), and left wheels (R,) of the
X, =(w'| /W)*X" .(20) vehicle and the position of the centre of gravity of the
, vehicle standing on level ground are summarized in
Z'=(X ¢/ cos 0‘) «(21) " Table 4. The resultant values of R,R,R,, andR, were
Y= (X,-Z)/tan o (22) found to bg 6463.47, 9696.58, 8502.56, and 7657.49
N, respectively. The centre of gravity of the vehicle
U= M ..(23) inX,y, and z directions (X, Y , and Z ,) was found

to be placed at 1271.49, 1036.51, and 1855.23 mm,
WieeW's ((m*uz o) smae((xx) /X))+ ((vg JR)e (W sina- (M"67/5)  cos a)) respectively, from the right rear wheel.

...(24)  Equations 7-25 were used to calculate the resulting

Table 4. Weight distribution and position of centre of gravity

R, R, R, R, R, R,, R,, R,, X, Y, Z,
r , T’ N g g g
N N % % N N % % mm mm mm
9696.6 6463.4 60.0 40.0 7657.5 8502.5 474 526 12715 1036.5 1855.2

26
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wheel reaction forces at static and dynamic vehicle
conditions. From these equations, it was well observed
that the static stability of the vehicle was greatly
affected by the weight of the vehicle, wheel base, height
of the CG, distance of the CG from the rear axle, and
ground slope. Under dynamic conditions, the forward
speed of the vehicle, along with the factor responsible
under static conditions greatly affected the impending
stability. Figure 9 depicts the change in percentage of
static and dynamic wheel reaction forces as the degree
of slope increases in both the longitudinal and lateral
directions. When the vehicle was on level ground, the
reaction force on the rear and front wheels was 60%
and 40%, respectively. With an increase in longitudinal
slope, the percentage of reaction force on the front
wheel was gradually transferred to the rear wheel. The

reaction force on the front wheel was reduced to zero
at a slope of 45.19° under the static condition, and to
20.68° under the dynamic condition. When the vehicle
was on level ground, the reaction force on the right and
left wheels was 47.39 and 52.61%, respectively. With
an increase in the lateral slope, the reaction force on the
right wheel gradually increased and correspondingly
decreased on the left wheel. At 39.08° under static
conditions and at 22.10° under dynamic conditions,
the wheel reaction on the left wheel was zero. Results
of wheel reaction forces at impending stability are
presented in Table 5.

The vehicle was tested extensively in on-road condition
for at least 100 hours to find out if there was any
failure of critical components. The vehicle was tested
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Fig. 9: Variation of percentage static and dynamic wheel reaction forces with increase of
degree of slope: (a) longitudinal static reaction, (b) longitudinal dynamic reaction,
(c) lateral static reaction, (d) lateral dynamic reaction

Table 5. Resulting wheel reaction forces at impending stability

Slope Wheel reaction, Load distribution, Impending stability,
N % Degree
Rear Front Rear Front
Longitudinal Static 11360.66 28.54 99.75 0.25 45.19
Dynamic  14655.74 463.04 96.94 3.06 20.68
Right Left Right Left
Lateral Static 12435.55 108.44 99.14 0.86 39.08
Dynamic  10968.97 4003.61 99.10 0.99 22.10
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successfully on the road without any failures. The speed
of the vehicle was measured by counting the revolution
rate of the rear wheel at different throttle positions of the
engine and at full throttle of the variable displacement
pump. For the calculation of speed, the distance covered
by the rear wheel for a definite number of rotations was
observed and found to cover 3.75 m in one revolution.
From the distance covered in one rotation and the RPM
of the rear wheel at various throttles of the engine, the
theoretical speed of the vehicle was calculated. The
maximum speed of operation was found to be 20 km.h!
as designed. The plot of engine RPM versus speed of
the vehicle is presented in Fig. 10.

Performance of Spraying System

As the hydraulic motor used in the spraying system
got driven by the pump coupled to the timing gear of
the engine system, the revolution of the motor as well
as pump discharge might vary with different throttle
positions of the engine. Hence, the discharge from
the whole boom system and the pressure generated at
various throttle positions were observed. Discharge of
the nozzles at various pressures and throttle positions
was measured manually. Pressure developed by the
sprayer pump at various RPM of the engine is presented
in Fig. 11, and the discharge of the boom at various
pressures is presented in Fig. 12. It was observed that
the sprayer pump was not able to generate the required
recommended discharge pressure (3 kg.cm?) for hollow
cone nozzles up to 1200 engine RPM. Hence, for
spraying operations, the throttle position was necessary
to be adjusted to more than 1200 RPM.

Field Evaluation with Okra and Maize Crop

Performance of the spraying and weeding system was
done on okra and maize crops (Fig. 13). Okra and maize
were planted at a row spacing of 450 mm. Spraying
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Fig. 10: Speed of vehicle at various throttle position
of engine
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Fig. 12: Discharge of boom at various pressure

and weeding were done in the fields having a plant
height of 1.0-1.2 m and 250-300 mm, respectively.
The moisture content of the field at weeding was
16.34+0.82% (d.b.). The vehicle was easily operated at
2-3 km.h'! for spraying operations and 1.5-2.0 km.h"!
for weeding operations. Turning time loss at the head
land was found to be 15 - 20 s. The field capacity for
the spraying and weeding operations was found to
be 1.9 ha.h'and 0.16 ha.h’!, respectively. The cost of
operation for spraying and weeding was 400 Z.ha'
and 1,500 %.ha', respectively. Weeding efficiency and
plant damage of the weeder were 92.58% and 1.55%,
respectively.

CONCLUSIONS

An innovative method was employed to optimize
the weight distribution over a chassis for designing a
self-propelled vehicle using the Microsoft Excel point
manipulator add-in tool. The position of the centre of
gravity in any plane and the weight distribution over
the ground-supported wheel can be easily determined
by simply scrolling the horizontal and vertical scrollbar.
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Fig. 13: Performance evaluation of the vehicle in field

The result showed that the vehicle was stable up to
45.19° and 20.68° at static and dynamic conditions,
respectively, on the longitudinal slope. On the lateral
slope, the vehicle was stable up to 39.08° and 22.10°
at static and dynamic conditions, respectively. The
stability analysis results showed possible approaches
to increase the vehicle’s stability. The design was found
to be promising for future developments of similar type
of high-clearance vehicle.
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Dynamic weight on right wheel

Weight on front wheel

Weight on left wheel

Weight on rear wheel

Weight on right wheel

Wheel base

Distance between implement to centre of rear
Distance between front wheel to CG at slope
Wheel base at raised condition

Distance between front wheel to CG
Distance between rear left wheel to CG
Distance between rear wheel to CG

Distance between rear wheel to CG at slope
Height from base to centre of front wheel
Height from base to front wheel

Height from CG to rear axle at slope condition
Total height of CG from ground (horizontal
level at slope condition)

CG Height from centre of rear wheel at
horizontal level

Height of CG from ground surface at
horizontal level=(Y ,+ R )

Slope distance at raised slope from rear right
wheel

Slope distance at raised slope from rear right
wheel

Angle of slope

Tip angle of tractor rigid body (ground contact
point under static condition)

Coefficient of rolling resistance
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ABSTRACT

A manually operated earthworm-cum-compost separator was designed, developed,
and evaluated. The machine consisted of a separating unit, collecting tray, feed hopper,
operating handle, sieving unit, and transporting wheels in order to separate the compost
and earthworms from the compost material of vermin-culture. The rotating action of the
cylinder caused the compost present in the vermi-culture to get separated at the sieving
unit on the basis of size and the difference in specific gravity of clods and earthworms
causing their separation at the discharge flume of the machine. The separator functioned
properly as there was no damage caused to the earthworms. The throughput capacity,
compost separation efficiency, earthworm separation efficiency, and overall efficiency
were 600 kg.h'', 88.25%, 96.02% and 84.54%, respectively, at 20.47% (w.b.) moisture

separation efficiency, vermicast

Around 58% of Indian population (directly or indirectly)
depends upon the agriculture sector and currently it
contributes to 17.8% of the Gross Domestic Product
(Anon. 2022). Fertilizer plays an important role in
improving the product quantity. Since the introduction
of chemical fertilizers, efforts have been made to
extract the maximum yield from the soil and left the
health of soil on nature to restore. Globally, there is
growing awareness of the adverse impact of chemical
inputs on the soil, environment, and human health.
The continuous use of chemical fertilizers degrades
the soil health and quality causing soil pollution
(Chandini et al., 2019). Resource poor farmers also
cannot afford costly chemical fertilizers. The farmers,
particularly in hilly areas, rely on natural fertilizers
like vermicompost, industrial wastage, animal dung,
spoiled food, biogas slurry, which are enriched with
nitrogen oxides and are also eco-friendly (Urade et
al., 2016). Organic manures rejuvenate the soil health
as well as the nutritional values of the produce. The
crops grown under the umbrella of organic farming
fetch higher price and more attention in national and
international market. This has prompted both developed
and developing countries to shift towards organic

contents of vermicast, 23 rpm cylinder speed, and 9° cylinder inclination angle.

farming. To reduce and eliminate the adverse effects of
synthetic fertilizers on human health and environment,
new agricultural practices as organic agriculture,
sustainable agriculture or ecological agriculture have
been developed. Organic farming is one amongst
the broad spectrum of production methods that are
supportive of the environment. Since ‘Sevagram
Declaration” made in January 1994 for promotion of
organic agriculture in India, organic farming has grown
many folds and number of initiatives at Government
and Non-Government level has given it a firm direction
(Maitra and Zaman, 2018). Organic farming not only
produces healthy food products, but also improves
the fertility and quality of soil (Isaacs, 2012). Organic
agriculture is giving back to the environment what was
taken from it (Singh et al., 2012).

Vermi-composting is the use of earthworms for the
bio-conversion of organic waste into vermicasts and
vermiwash. During vermin-composting, earthworms
ingest the organic waste which is digested and expelled
as granules called vermicasts (Anon., 2007). These
vermicasts are odourless and dark brown in colour;
and are in combination with unprocessed bedding
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and earthworms before separation. Furthermore, a
leachate called vermiwash is also produced during
vermi-composting. Vermicasts and vermiwash are rich
in nitrogen (1.6%), phosphorous (0.7%) and potassium
(0.8%) as well as trace elements (Kaur et al., 2015;
Urade et al., 2016). The nutrient composition of the
vermi-products creates a potential for them to be used
as bio-fertilizers. Vermi-composting technology is
widely being used worldwide as an organic solid waste
management strategy. Vermi compost, vermicasts
and vermiwash has been used for organic farming
of rice, Indian borage, kharif crops, okra, and maize
(Ansari and Sukhraj, 2010; Palanichamy et al., 2011;
Tharmaraj et al., 2011; Quaik et al., 2012). Although,
vermin-composting has been widely adopted as a solid
waste management strategy, a challenge has been
faced in terms of separation of the earthworms from
the vermicasts. In vermiculture, manure is associated
with inorganic materials (stones, pebbles etc.) and
earthworms. The most important issue that a potential
earthworm grower faces is sufficient market demand.
The compost present in vermi-compost is needed to be
separated from rest of the undesired material present so
that it can be used in adopting and promoting organic
farming in the current scenario. The earthworms
separated are re-used in order to accelerate the process
of decomposing in vermiculture and inorganic material
is removed to reduce the load of decomposing on
earthworms. Researchers have used different methods
for separation of earthworms from vermi-compost.
Fieldson (1988) used a trommel-type screen separator
made of an inclined rotating cylinder with a woven
wire mesh wall which was labour intensive and did
not fit the high throughput in commercial vermin-
composting. A modified separator without a screen
wall gave improved results, but it required 80% or
less moisture level for vermicompost. Mary (1997)
used ‘pyramidal heap method’ which required simply
dumping the worm bin onto a large sheet of plastic,
sorting it into about several pyramidal piles, and shining
a light on the piles. Left alone for a few minutes,
the worms migrate to the bottom of the pyramids to
avoid the light. Chaoui and Keener (2008) devised a
mathematical model to express the effectiveness of
an electric field at repelling earthworms based on the
electrostatic potential created across earthworms; and
found that the electrode depth, spacing, earthworm
species (and the resulting diameter and resistance),
and electric current level had a significant effect on
electric field effectiveness at repelling earthworms.
Moraes et al. (2012) utilized controlled electric-pulses
to separate the earth worms from the vermi-culture
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and worms were displaced towards the anode with the
maximum displacement index of only 80%, occurring
at the frequency of 1 Hz. Urade et al. (2016) designed
amachine consisting of many hundreds of pins located
inside a drum to pick up the worms as the drum rotated
to separate the earthworms and manure. The worms
normally progressed half a turn then fell into 1 of the 3
collection trays located on the rails inside the machine.
Gopal and Gupta (2019) used a simple push—pull/pull-
pull strategy for harvesting the earthworms, wherein
freshly ground mustard solution was used as repellent
(push agent) and cow dung (with or without bagasse/
banana wastes) was used as an attractant (pull agent).
The push—pull as well as pull-pull approach was
able to attract adult earthworms with weights that
ranged from 83 - 107 g per 100 worms.

Presently, harvesting of earthworms from the vermicasts
is done using a manually operated sieve which is a
time-consuming and labour-intensive process to handle
large quantities of vermicasts. At some places, after
vermin-compost production, the earthworm present in
the tub / small bed are harvested by trapping method
(Anon., 2019). Before harvesting the compost from a
vermi-bed; small ball from fresh cow dung is made
and inserted inside the bed at five or six places. After
24 hours, the cow dung ball is removed. All worms
would adhere into the ball. Putting the cow dung ball
in a bucket of water would separate the adhered worms.
The collected worms can be used for next batch of
composting. In Jammu and Kashmir, separation of
vermicompost and earthworm are done using hand
operated rectangular sieve. The main issue associated
with the traditional methods is that individual separation
of earthworms, vermicompost, and inorganic material
is difficult, besides being time consuming at low work
efficiency. Moreover, the earth worms separated by
reciprocating movement of a mesh gets injured due to
rubbing of their soft body opposing the rough mesh
surface. Separating with traditional method is strenuous
causing early fatigue, occupational health hazards, and
labour intensive.

In view of the above, a study was undertaken to develop
a machine for individual separation of earthworms,
fine compost, and inorganic material efficiently and
effectively.

MATERIALS AND METHODS

A conceptual view (Fig. 1) of the earthworm-cum-
compost separator was prepared using AutoCAD-2016
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Fig.1: Conceptual view of earthworm-cum-compost separator

software, keeping in view of its functional requirement.
The main design considerations were to obtain fine
compost (< 2.5 mm) and maximum separation of
earthworms (> 95 %) from the raw vermi-culture.
Other considerations were taken as minimum injury
to earthworms, use of locally available material, easy
mobility, low initial cost, and ergonomical aspects.

Design of Machine Components
Cylinder size

The rotating cylinder diameter was selected so that it
could accommodate enough vermicast material to have
reasonable capacity (about 50 kg per batch) and the
length of the cylinder on the basis that sufficient time
should be available for proper separation of vermicast
constituents. The cylinder size was considered so that
one batch could be separated within 5-6 rpm of rotating
cylinder. The cylinder diameter was accordingly
considered as 482 mm, and the length of cylinder was
considered as 1,993 mm. The plan and front view of
the machine is given in Fig. 2.

Sieve size

The size of the separating sieve was selected keeping
in view the size of worms so that they cannot pass
through the sieve and only vermi-compost could
pass through the sieve easily. The vermicompost had
average particle diameters in the range of 300-500
um, whilst the earthworms had an average weight
range of 200- 250 mg (Manyuchi and Phiri, 2013).
On the basis of trials with different wire mesh sizes
with reciprocating motion, the appropriate size for
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most effective separation was selected as 2.5 mm
wire mesh of rectangular aperture made of mild steel.
From the initial observations, it was found that more
than 95% worms were retained on the sieve of size
2.5 mm. The length of the sieve was taken such that
vermicompost material could get sufficient time (5-6
rpm) for sieving. Hence, it was taken as 914 mm as per
different preliminary trials undertaken.

Cylinder inclination

Cylinder inclination should be such that it allows proper
movement of vermicast material inside the cylinder. For
proper separation of different moisture laden vermicast
material, a suitable provision was provided in the frame
to adjust it accordingly. Initial trials were conducted for
separation of earthworms, fine compost, and inorganic
materials with different cylinder inclination (0-15°) so
that about 95% earthworms could be obtained at flume
outlet. Based on these trials, the range of cylinder
inclination was decided between 6° to 15° with the
horizontal surface.

Cylinder outlet shape

Based on the principle of centrifugal force, the shape of
the cylinder outlet was considered as flume type so that
proper separation of inorganic/un-decomposed material
and earthworm by the rotation of cylinder could be
possible. The angle of the flume was taken as 15° based
on the preliminary study conducted for separation of
earthworms from inorganic/un-decomposed materials.
The angle of the flume was considered as 15° so that
earthworms could remain stuck with the flume at least
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Fig. 2: Plan and front view of developed earthworm-cum-compost separator

for half rotation of the rotating cylinder. Angle of flume
more than 15° led to fall of earthworms along with
inorganic materials.

Feed hopper

A trapezoidal-shaped feed hopper with self-feed
system having capacity of about 50 kg was used in
the developed separator. The inclination of the hopper
and the product outlet chute beneath the hopper was
designed based on the angle of repose of vermin-
compost material, which was about 34 degrees. The
height of the feed hopper is an important parameter for
proper and easy feeding of vermicast material into the
hopper, and was designed based on the anthropometric
data of the region. The height of feed hopper was
selected so that feeding of vermicast material was
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convenient to the users. Based on the 5" percentile
value of shoulder height of female anthropometric
data of the region, height of feed hopper was selected
as 1220 mm (Dixit and Namgial, 2012)

Compost collecting tray size and inclination

Fine compost material after sieving was collected
through a trapezoidal-shaped tray attached with frame
beneath the rotating cylinder. The size of the collecting
tray was taken so that all fine compost after sieving
gets collected on the tray without falling outside. For
proper flow of compost on the collecting tray towards
its outlet, the inclination of the tray should be enough
to overcome the repose angle of compost (34°). The
inclination angle was selected as 35° with respect to
the horizontal of cylinder frame. For accommodating
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bags at the outlet of the tray, the height of the tray at
its outlet was taken as 203 mm.

Offset of separating peg with respect to centre of
cylinder shaft

After separation of fine compost at under sieve, the
mixture of inorganic materials and earthworm reaches
the outlet flume by action of rotating cylinder and slope
of the rotating cylinder. A separating peg of invert
V-notch type made of mild steel was provided below
the outlet end of flume. During the cylinder rotation,
the inorganic materials having higher specific gravity
first fell on left side of the separating peg, while the
earthworm stuck with the flume due to moist skinny
layer and fell on the right side of separating peg. The
final separation of inorganic material and earthworms
occurred on the basis of the moisture of earthworms,
gravitational effect, and centrifugal force of rotary
action of the cylinder. The position of a separating
peg is important parameters for efficient separation of
earthworm from inorganic/un-decomposed materials
at the final outlet. The position of separating peg
was required to be standardized so that all inorganic
materials fell on left side, while all earthworms fell on
right (other) side of the peg. The offset of a peg with
respect to the centre of the cylinder shaft was decided
so that proper separation of inorganic material and
earthworms could be attained with minimum losses.
A provision was also provided to adjust the position
of the peg with respect to the centre of the cylinder
shaft as per change in moisture content of material and
speed of cylinder rotation. The optimized position of
peg based on preliminary trials was found to be 108
mm from the centre of the cylinder shaft towards the
cylinder rotation at the outlet flume.

Fabrication of Earthworm-cum-compost Separator

Based on the conceptual view and design specifications,
a prototype of the earthworm-cum-compost separator
was fabricated in the workshop of the College of
Agricultural Engineering and Technology, Sher-e-
Kashmir University of Agricultural Sciences and
Technology of Kashmir, Srinagar using locally
available materials. Detailed technical specifications
along with materials of construction are given in Table 1.

Machine Description

The developed machine consisted of a frame, feeding
unit, sieving unit, compost collecting unit, separating/
discharge unit, handle, and transport wheels. The frame
was made of galvanized iron square pipes to support the
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Table 1. Independent variables and their factor levels

SI. Variable Level
No. I 11 11
1. Vermicast moisture - 20.47 26.32
content, % (w.b.)
Cylinder speed, rpm 12.5 23 33
3. Cylinder inclination, 6 9 12

degree

rotating cylinder. The vertical square pipes were welded
with 8 horizontal square pipes, four welded at upper
side and 4 at lower side of the vertical square pipes
to provide rigidity to the frame. Adjustable legs were
used to set the desired inclination of the cylinder (with
respect to the horizontal) with telescopic arrangement.
The rotating cylinder was supported on the frame with
the help of ball bearings at each end. This rotating
cylinder had a hand operated crank mechanism to
manually rotate the cylinder. The separator had four
rubber wheels to support the weight of the machine.

The feeding unit consisted of a trapezoidal shaped
hopper and input colander made of mild steel (18 gauge)
through which vermicast (composed of decomposed
inorganic material and earthworms) feeding was done.
The sieving unit consisted of a cylindrical sieve with
aperture size of 2.5 mm supported by 3 flat iron rings.
The fine compost would get separated from rest of the
material in this unit. The fine compost travelled through
the sieve downwards (under sieve) while the earthworm
and inorganic materials remained over the sieve and
traverses towards the outlet flume. The fine compost
after passing through the sieve would get collected on
a collecting tray made of galvanized iron sheet. The
other separating unit consisted of an outlet flume and
separating peg to separate earthworms and inorganic
materials. The final separation of inorganic material and
earthworms took place on the basis of the moisture of
earthworms, gravitational effect, and centrifugal force
provided by rotary action of the cylinder.

Working principle

The earthworm-cum-compost separator was developed
to works on the similar principle as followed in Air
Screen Cleaner and Specific Gravity Separator used for
seed processing. Three specific functional operations
were accomplished: (a) movement of material by
cylinder rotation and inclination, (b) separation of
compost by rotating sieve, and (c) separation of
earthworm at outlet flume due to difference of specific
gravity and centrifugal force.
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The machine is manually rotated by a crank handle
at 20-25 rpm. The raw material (vermicast) is fed
through the feeding unit. Due to the rotational motion,
the raw feed moves forward into the sieving unit
where fine manure (compost) gets separated and
collected in the collecting tray (below sieving unit).
The earthworms and the larger sized inorganic material
(stone/clods) move forward towards outlet flume
where centrifugal force and gravitational force act on
the mix of earthworms and inorganic material. The
centrifugal force caused by the rotation of the cylinder
tends to move the earthworms and inorganic material
tangentially outwards, but due to difference in specific
gravity of earthworms and inorganic material they come
out of the outlet flume at two different points resulting
in the final separation which is further aided by the
gable-shaped separating peg.

Performance Evaluation

The machine was evaluated to analyse the effect of
independent parameters on individual dependent
parameters at different levels of independent parameters.
The operating factors affecting performance of the
earthworm-cum-compost separator were the vermicast
moisture content (M), cylinder speed (N), and cylinder
inclination (A).

Cylinder speed was measured with the help of a digital
tachometer (Make: Lutron, range: 1-10000 rpm,
accuracy: £0.05 % + 1 digit). Moisture content of raw
vermin-compost material was determined by standard
oven drying method. The samples were kept in an oven
for 24 h at 105 °C and moisture content was calculated
accordingly. The inclination angle of the cylinder was
measured using a protractor.

The manually operated separator was operated by first
feeding the vermicast material into the hopper with the
feed gate closed, and then rotating the cylinder through
the handle at a specified crank revolution of 12.5, 22,
33 rpm at full feed gate opening in a constant time of
about 30 s; after which the fine compost, earthworms,
and inorganic materials coming out of the various
outlets were collected.

Experimental trials were conducted with three
replications. For each experimental trial, 10 kg of
vermicast sample was used. Initial average moisture
content of vermicast sample was 26.32% (w.b.), and
second level of average moisture content (20.47%)
of vermicast sample was maintained after 10 days of
the first evaluation. A factorial experimental design
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(Table 1) was used for the study. Mean crank revolution
was maintained at 12.5, 23.0, and 33.0 rpm. The
cylinder inclination could be adjusted ranging from
0-15°, and three levels of cylinder inclination viz. 6°,
9°, and 12° were used during experimentations.

Determination of dependent parameters

The machine was evaluated with respect to four
different parameters as manure (compost) separation
efficiency, earthworm separation efficiency, throughput
capacity, and overall efficiency. At the end of each
experiment, the parameters throughput capacity,
manure (compost) separation efficiency, earthworm
separation efficiency, and overall efficiency were
determined using the following formulae:

Throughput capacity

Throughput capacity (TC, kg.h') was determined based
on the quantity of vermicast separated per hour. The
formula used by Ali et al. (2017) for determination of
throughput capacity of a walnut dehuller was used and
given in Eq. (1).

co Quantity of vermicast material (kg)

- (D)
Time taken (h)

Manure (compost) separation efficiency

Manure (compost) separation efficiency (MSE) was
calculated by dividing the total quantity of manure
(compost) present in a sample with the quantity of
manure (compost) obtained at the under-sieve of
machine (Burns and Moody, 2003) is given in Eq. (2).

Total quantity of manure present in sample (kg)

MSE (%) = x100

Quantity of manure obtained at undersieve (kg)

(2)

Earthworm separation efficiency

Earthworm separation efficiency (ESE) was determined
by dividing the total quantity of earthworm present in a
sample with the quantity of earthworm obtained at the
outlet flume of the machine (Burns and Moody, 2003)
and given in Eq. (3).

Total quantity of earthworms present in sample (g)

ESE (%) = x 100

Quantity of earthworms obtained at outlet of flume (g)

Overall efficiency

Overall efficiency (OE) was determined by multiplying
the earthworm separation efficiency (ESE) with the
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manure separation efficiency (Burns and Moody, 2003)
and given in Eq. (4).

OE (%) =MSE x ESE ~(4)

Data Analysis

The results of the machine performance (cylinder speed,
cylinder inclination, moisture content of vermi-cast)
with different treatments on the earthworm, compost
and inorganic material separation were analysed using
Factorial Completely Randomized Block Design with
three replications by using Opstat software package.
Analysis of variance (ANOVA) at 0.05 level of
significance was used to assess the effects of each
machine parameter and treatments on the dependent
variables. The optimum level of vermicast moisture
content, cylinder speed, and cylinder inclination angle
for the separation of earthworm, compost, and inorganic
material were obtained by numerical optimization using
Design-Expert software package (version 10; Stat-
Ease Inc; Minneapolis, MN, USA.). All independent
variables were kept in range for optimization purpose
without imposing any constrains, while manure
(compost) separation efficiency, earthworm separation
efficiency, throughput capacity, and overall efficiency
were maximized.

RESULTS AND DISCUSSION

Development of Earthworm-cum-compost Separator

Based on the design of various components and
the functional requirements of the prototype, an

earthworm-cum-compost separator was developed and
fabricated (Fig. 3). The technical specifications of the
earthworm-cum-compost separator are given in Table 2.

Performance of Earthworm-cum-compost Separator

The machine was evaluated (Fig. 4) to analyse the
effects of independent parameters on individual
dependent parameters at different levels of independent
parameters.

Moisture content of vermicast, cylinder speed, and
cylinder inclination were three independent factors
which affected the machine performance. The
performance of the developed machine was inter-
dependent on these parameters. The different dependent
parameters viz. throughput capacity, manure separation
efficiency, earthworm separation efficiency, and overall
efficiency of the developed machine were required to
be as high as possible. Optimization of independent
parameters was done to determine the values of the
independent parameters for efficient separation of
compost, earthworm, and inorganic material from the
vermicast (feeding material).

Effect of moisture content

Moisture content of vermicast feed material played an
important role in the performance of the machine. High
moisture content of vermicast reduced the travel speed
of material and decreases the throughput capacity and
efficiency of the machine. The increase in moisture
content of vermicast material from 20.47% to 26.32%
(w.b.) retarded the travel motion of vermicast material

Fig. 3: Developed earthworm-cum-compost separator
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Table 2. Technical specifications of earthworm-cum-compost separator

SI. Machine component Size, Material of Dimension,
No. mm construction mm
1. Overall dimension (1 x b x h) - - 2130 x 930 x1010
2. Frame
Upper long square pipe 31.75 Mild steel 2209.8%50.8
Lower long square pipe 31.75 Mild steel 127.2x50.8
Upper and lower short square pipe 31.75 Mild steel 914.4x76.2
Slanting square pipes 31.75 Mild steel 1092.2x50.8
Adjustable vertical pipes 25.4 Mild steel 457.2x50.8
3. Feeding unit
Hopper Mild steel 914.4x609.6x25.4
18-gauge sheet (LxBxH)
Input cylinder 482.6 457.2 (L)
4. Separating unit
Separating Sieve 2.5 G. L 914.4 (L)
Outlet flume
* Outer Mild steel
* Inner 660.4 18-Gauge 508 (L)
482.6 114.3 (L)
Cylindrical solid shaft
* Outlet side 25.4 152.4
* Inlet Side 25.4 330.2
Cylindrical hollow shaft 31.75 Mild steel 1981.2
Separating peg 18-gauge MS sheet  355.6 x381 (L xB)
Circular blades 19 12-gauge
Operating handle 31.75 Mild Steel 152.4
5. Collecting unit (Tray)
* Inlet 1092.2 (W)
* Outlet 28-gauge GI sheet 241.3(W)
6.  Transport wheel 203.2 Rubber 38.1 (Thickness)
7. Weight of machine, kg - - 85.0

N2 il D
T 72

Fig. 4: Evaluation of earthworm-cum-compost separator
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due to adhesive nature of material, which caused
decrease in the throughput capacity of the machine
about 4.72% (Table 3). Also, the increase in moisture
content caused the manure (compost) and earthworms
to stick with inorganic material forming aggregates at
various sections of the machine, thereby decreasing
the earthworm and manure separation efficiencies by
4.03% and 10.39%, respectively. Same trend was also
reported by Musaida and Phiri (2013), who found that
the earthworm trommel separation efficiency decreased
with increased moisture content of the vermicasts at
constant rotational speed of 50 rpm.

Effect of cylinder speed

It was observed that higher the cylinder speeds, higher
was the separation efficiency of vermicast. Higher
cylinder speed (33 rpm), however, decreased the
earthworm separation efficiency. This indicated that
the forward movement of the materials was fast, and
aided the compost to pass through the rotary screen
opening. At lower cylinder speed (12.5 rpm), the
forward movement of the vermicast was slow. Because
of this, the decrease in cylinder speed decreased the
travel speed of the material through the cylinder and
thus decreased the quantity of vermicast material to be

Table 3. Effect of vermicast moisture content, cylinder speed and cylinder inclination on dependent parameters

Moisture Speed of Angle of Throughput Compost separation Earthworm Overall
content (w.b.), cylinder, inclination, capacity, efficiency, separation efficiency, efficiency,
% rpm degree kg.h! % % %
Independent parameter Dependent parameter
A 551 96.67 82.65 79.89
N, A, 569 91.23 89.98 82.09
A, 590 91.40 77.91 71.21
A, 583 93.04 89.68 83.44
M, N, A, 600 88.25 96.02 84.74
A, 611 85.85 87.00 74.69
A 605 88.01 94.04 82.76
N, A 639 85.96 91.59 78.74
Al 650 77.25 89.76 69.34
A, 501 87.66 80.28 70.37
N, A, 530 80.76 87.54 70.70
A, 563 84.33 76.07 64.15
A, 553 84.15 87.08 73.28
M, N, A, 580 77.31 93.50 72.29
A, 598 77.37 84.10 65.07
A 596 77.19 92.13 71.11
N, A 602 75.32 87.23 65.70
Al 620 70.64 78.44 55.41
CD (0.05)
Factor, A 2.038 0.298 0.395 0.118
Factor, B 2.496 0.365 0.484 0.177
Factor, C 2.496 0.365 0.484 0.177
AxB 3.530 N/A 0.685 N/A
AxC 3.530 0.517 0.685 0.354
BxC 4.323 0.633 0.839 0.531
AxBxC 6.114 0.895 1.186 1.061
M,: 24.47% M,: 26.32% N,:12.5 rpm N,: 23 rpm N;:33mpm A :6 A9 Aprl2°
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separated within a set time, and hence decreased the
throughput capacity (Table 3). Lower cylinder speed
(12.5 rpm) increased the accumulation of earthworms
on the undesired side, thereby decreasing the earthworm
separation efficiency and overall efficiency. Musaida
and Phiri (2013) also reported that lower rotational
speed promoted clumping together of the vermicasts
causing ineffective separation.

Effect of cylinder inclination angle

The feedstock introduced at the centre of the rotary
cylindrical drum with peripheral mesh opening along
the length of the drum permitted fine compost to fall
through the sieve onto the outlet chute. The remaining
material (earthworm and inorganic compost) that did
not fall through the mesh was discharged at the rear end
of the drum. The increase in cylinder inclination with
respect to the horizontal (6.0 to 12.0°) increased the
travel speed of the material towards the outlet flume,
and thus there was decrease in the amount of compost
collected on the collecting tray since less sieving time
was available for complete separation of manure (Table
3). This increased the throughput capacity from 564.83
to 605.33 kg.h'and decreased the compost separation
efficiency by 7.56%. At lower cylinder inclination (6°),
travel speed of material decreased, thereby decreasing
the throughput capacity. The earthworm separation
efficiency was found highest (90.98%) at cylinder
inclination of 9°, while it was lowest (81.14%) at 12°
cylinder inclination.

Operating Parameters Affecting Machine
Performance Parameters

Throughput capacity

The results of ANOVA of the operating parameters
affecting throughput capacity as shown in Table 3
indicated that moisture content (A), cylinder speed
(B), and angle of inclination (C) had significant impact
on the throughput capacity. The regression equation
that determined the effect of operating parameters on
throughput capacity is shown in Eq. (5).

TC = 585.33-14.1* A+34.02*B+20.28*C+3.38*
AB+1.58*AC-4.02*BC ..(5)
Where,

TC

Throughput capacity, kg.h"!,

A = Moisture content of feedstock, % (w.b.),
B = Cylinder speed, rpm, and
C = Angle of inclination, degree.

R? and adjusted R? values for the Eq. (5) were 0.97 and
0.96, respectively. Based on the Eq. (5), the response
surface plot showing the effects of moisture content,
angle of inclination, and cylinder speed on throughput
capacity of the machine is given in Fig. 5.

From Fig. 5, it is clear that increasing cylinder speed and
angle of inclination enhanced the throughput capacity
of the machine, while moisture content had inverse
effect. As the cylinder speed increased from 12.5 rpm
to 33 rpm, the throughput capacity of the machine

Throughput Capacity (Kg/h)

Moisture Content (%)
21.64

Cylinder Speed (rpm) 12572047

Throughput Capacity (kg/h)

20.7
Cylinder Speed (rpm)

8
Angle of inclination (degree) 16.6

6 125

Fig.
throughput capacity
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increased linearly from 550.66 kg.h"'to 618.67 kg.h'.
Similarly, with increase in cylinder inclination angle
from 6° to 12°, the throughput capacity of the separator
increased from 564.83 kg.h'to 605.33 kg.h'!. As seen
from Fig. 5, the interaction effect of cylinder speed,
cylinder inclination, and vermicast moisture content on
throughput capacity clearly showed that the cylinder
speed had greater effect on the throughput capacity
than the cylinder inclination and vermin-cast moisture
content. The increase in crank rotation speed increased
the travel speed of the material which increased the
throughput capacity of the machine. However, with
increase in moisture content of vermicast from 20.47%
to 26.32% (w.b.), the throughput capacity decreased
from 599.78 kg.h-'to 571.44 kg.h''. This might be due
to reduced travel speed caused by the adhesive nature
of material.

Compost separation efficiency

The results of ANOVA of the operating parameters
affecting compost separation efficiency as shown in
Table 3 indicated that moisture content (A), cylinder
speed (B), and angle of inclination (C) had significant
impact on compost separation efficiency. Interaction of
A*B did not have significant impact on the compost
separation efficiency. The regression equation that
determined the effect of operating parameters on
compost separation efficiency is shown in Eq. (6).

CS =84.06-4.61* A-4.80*B-3.31*C-0.13*AB+

0.55*AC-1.09*BC ..(6)

Where,
CS

Compost separation efficiency, %,

A Moisture content of feedstock, % (w.b.),
B Cylinder speed, rpm, and
C = Angle of inclination of drum, degree.

R? and adjusted R? values for the Eq. (6) were 0.95 and
0.92, respectively. Based on the Eq. (6), the response
surface plot showing the effect of moisture content,
angle of inclination, and cylinder speed on compost
separation efficiency is given in Fig. 6. Operation of the
machine demonstrated increase in compost separation
efficiency with increase in cylinder speed and cylinder
inclination; whereas, compost separation efficiency
decreased with increase in vermicast moisture content.
As the cylinder speed increased from 12.5 rpm to 33
rpm, the compost separation efficiency of the machine
decreased linearly from 87.67% to 79.06 per cent.
Similarly, with increase in cylinder inclination angle
from 6° to 12°, the compost separation efficiency of
the separator decreased from 87.79% to 81.14 per cent.
This was mainly due to insufficient time available for
sieving. However, with increase of vermicast moisture
content from 20.47% to 26.32% (w.b.), the compost
separation efficiency decreased from 88.63% to 79.41
per cent. The increase in crank rotation increased the
compost separation efficiency, but it also increased the
amount of un-decomposed material to fall towards the
earthworm side at the outlet.

Earthworm separation efficiency

The results of ANOVA of the operating parameters

26.32

Compost Separation Effivciency (%)

22.81
Moisture Content (%)

Cylinder Speed (rpm)

12.5  20.47

Mannure Separation Effivciency (%)

8
Angle of inclination (degree)

Cylinder Speed (rpm)

6 125

Fig. 6: Response surface plots showing effect of cylinder speed, cylinder inclination, and moisture content on

compost separation efficiency
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affecting earthworm separation efficiency reported
in Table 3 indicated that moisture content (A),
cylinder speed (B), and angle of inclination (C) had
significant impact on earthworm separation efficiency.
The regression equation that determined the effect
of operating parameters on earthworm separation
efficiency is shown in Eq. (7).

ESE = 86.92-1.78*% A +3.26*B- 2.71*C- 0.91*
AB-0.76*AC-1.11*BC (7
Where,

ESE = Earthworm separation efficiency, %,

A = Moisture content of feedstock, % (w.b.),

B = Cylinder speed, rpm, and

C = Angle of inclination of cylinder, degree.

R? and adjusted R? values for Eq. (7) were 0.95 and
0.92, respectively.

Based on the Eq. (7), the response surface plot showing
the effect of moisture content, angle of inclination and
cylinder speed on earthworm separation efficiency is
given in Fig. 7. Operation of the developed machine
demonstrated decrease in earthworm separation
efficiency with increase in vermicast moisture content;
whereas, earthworm separation efficiency increased
with increase in cylinder speed (up to 23 rpm) and
cylinder inclination angle (up to 9°), and then decreased
with further increase in cylinder speed and cylinder
inclination angle. With increase of cylinder speed
from 12.5 rpm to 23 rpm, the earthworm separation

efficiency of the machine increased from 82.41% to
89.56%, and then decreased to 88.86% at cylinder
speed of 33 rpm. The low crank rotation speed (12.5
rpm) aided the accumulation of earthworms on the
undesired side, thereby decreasing the earthworm
separation efficiency. Similarly, with increase in
cylinder inclination angle from 6° to 9°, the earthworm
separation efficiency of the separator increased from
87.64% to 90.98% and then decreased to 82.21% at
cylinder inclination of 12°. However, with increase
in moisture content of vermicast from 20.47% to
26.32% (w.b.), the earthworm separation efficiency
decreased from 88.74% to 85.15 per cent. The increase
in vermicompost moisture content caused the compost
and earthworms to stick at various sections of the
machine, and with un-decomposed material forming
aggregates thereby decreased the earthworm and
compost separation efficiencies.

Overall efficiency

The results of ANOVA of the operating parameters
affecting overall efficiency reported in Table 3 indicated
that moisture content (A), cylinder speed (B), and
angle of inclination (C) had significant impact on
overall efficiency, whereas the interaction of A*B did
not have a significant impact on overall efficiency.
The regression equation that determined the effect of
operating parameters on overall efficiency is shown
in Eq. (8).

OE =73.06- 5.48* A -1.25*B- 5.07*C- 0.89*

AB- 0.06* AC-1.77*BC (8)

26.32

Earthworm Separation Efficiency (%)

22.81
Moisture Content (%)

Cylinder Speed (rpm)

12.5  20.47

Earthworm Separation Efficiency (%)

8
Angle of inclination (degree)

20.7
16.6 Cylinder Speed (rpm)

6 125

Fig. 7: Response surface plots showing effect of cylinder speed, cylinder inclination, and moisture content on

earthworm separation efficiency
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Where,

OE = Overall efficiency, %,

A = Moisture content of feedstock, % (w.b.),
B = Cylinder speed, rpm, and

C = Angle of inclination of cylinder, degree.

R? and adjusted R? values for Eq. (8) were 0.87 and
0.79, respectively.

Based on Eq. (8), the response surface plot showing
the effect of moisture content, angle of inclination, and
cylinder speed on overall efficiency of the machine is
given in Fig. 8. Operation of the machine demonstrated
decrease in overall efficiency with increase in vermicast
moisture content and cylinder inclination angle;
whereas, overall efficiency increased with increase in
cylinder speed (up to 23 rpm) and then decreased with
further increase in cylinder speed. With increase of
cylinder speed from 12.5 rpm to 23 rpm, the overall
efficiency of the machine increased from 73.07% to
75.85%, and then decreased to 70.51% at cylinder
speed of 33 rpm. However, as the cylinder inclination
angle increased from 6° to 12°, the overall efficiency
of the separator decreased from 76.80% to 66.64 per
cent. Similarly, with increase in moisture content of
vermicast from 20.47% to 26.32% (w.b.), the overall
efficiency decreased from 78.54% to 67.56 per cent.

Effect of Peg Position with Respect to Cylinder Axis

The peg used as a separator for earthworm and
inorganic material at outlet position, also affected the
separation of earthworm and inorganic material at the

26.32

Overall Efficiency (%)

22.81

Moisture Content (%)
21.64

Cylinder Speed (rpm)

12.5 2047

Fig.
overall efficiency
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outlet of flume. The rotary motion of the outlet flume
discharged the heavy inorganic material bottom hill
at starting point of the discharge edge. The inorganic
material fell first due to higher specific gravity, while
the earthworm tended to remain stuck with the flume at
the outlet and separated from the flume after travelling
some distance. Thus, the peg position should be such
that the earthworms and inorganic materials fall in their
respective containers at the outlet of the flume.

As the distance of the separating peg from the axis of
the shaft of the cylinder was increased towards direction
of rotation, large numbers of earthworms were forced
towards the inorganic material. When the distance of
the separating peg was brought closer towards the axis
of the shaft of the cylinder, large amount of inorganic
material was forced towards the earthworms at the peg
(Fig. 9). Thus, for reducing the interference of each
material from entering the others side, the peg position
(shown by position 1, 2, 3) with distance of 76 mm,
108 mm, 152 mm, respectively, from the centre of the
shaft of cylinder towards the direction of rotation of
cylinder was standardized at position 2.

Optimization of Operating Parameters

The optimum level of vermicast moisture content,
cylinder speed, and cylinder inclination angle for
the separation of earthworm, compost (manure),
and inorganic material were obtained by numerical
optimization. Product optimization was carried out
by applying specific goals to each response variable
(Table 4). The optimum values of vermicast moisture

Overall Efficiency (%)

8
Angle of inclination (degree)

20.7

Cylinder Speed (rpm)

8: Response surface plots showing effect of cylinder speed, cylinder inclination, and moisture content on
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Fig. 9: Effect of peg position on weight of inorganic material and earthworms

content, cylinder speed, and cylinder inclination
angle were 20.47%, 23 rpm, and 9°, respectively. The
optimum response parameters obtained were 602.33
kg.h'!, 88.23%, 95.85%, and 84.54% for throughput
capacity, manure (compost) separation efficiency,
earthworm separation efficiency, and overall efficiency,
respectively.

CONCLUSIONS

A manually operated earthworm-cum-compost
separator was developed at the College of Agricultural
Engineering and Technology, SKUAST-K, Srinagar
and evaluated for separation of earthworm, compost,
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and un-decomposed materials from a heap of vermin-
cast. The machine efficiently separated earthworms,
fine compost, and inorganic material from vermicasts
(feed material). It was observed that higher the
cylinder speeds, higher was the separation efficiency
of vermicast, but with decreased earthworm separation
efficiency. Similarly, increase in cylinder inclination
increased the travel speed of the material towards
the outlet flume resulting in decrease in amount of
manure (compost) collected on the collecting tray. At
lower cylinder inclination, travel speed of material
decreased, thereby decreasing the throughput capacity.
Hence, the vermicast moisture content of around 20%,
cylinder speed of 23 rpm, and cylinder inclination angle
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Table 4. Numerical optimization of vermicast moisture
content, cylinder speed, and cylinder inclination
angle and predicted responses

Variable Goal Optimum/
predicted value

Input variable

Vermicast moisture In range 20.47

content, %

Cylinder speed, rpm In range 23

Cylinder inclination In range 9

angle, degree

Output variable/response

Throughput capacity, Maximize 602.33

kg.h!

Compost separation Maximize 88.23

efficiency, %

Earthworm separation Maximize 95.85

efficiency, %

Overall efficiency, % Maximize 84.54

Desirability 0.843

of 9° are recommended for optimum earthworm and
compost separation. The developed machine can help to
increase the production capacity in vermi-composting
processes due to 6-times more capacity (602 kg.h)
and 70% cheaper compared to traditional method
(manually-operated sieve) of separating earthworms
from vermicast.
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Article Info ABSTRACT

The present study was aimed to develop an automatic colour sorting apparatus for
tomatoes by utilizing a microcontroller, colour sensor array, servo motors, and mechanical
components. When an object was passed through the sensing region of the colour sorting
system, a colour sensor array sent input signals, attenuation level of colours to a processing
unit/microcontroller Arduino board. Further, the output signal (colour frequency) of
microcontroller was sent to an actuator (servo motor) for sorting coloured objects into
separate collecting pans. The process algorithm was programmed in Arduino IDE software.
The detected colour frequencies were expressed in red, green, and blue on an LCD and
computer screen along with the colour of the respective samples. The developed system
was initially tested with six distinct coloured balls of 70 mm diameter, and calibrated at
three different lighting conditions of a lit room, dark room, and daylight. Subsequently,
tomatoes of 41.97-56.57 mm geometric mean diameter of three different colours, i.e.,
red, pink, and green, were used for automatic sorting. The system automatically separated
tomatoes of a particular colour into three subclasses of large, medium, and small as per
their colour values. Under all lighting conditions, the automatic sorting system precisely
separated 1,800 sample.h'.
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Industrial automation and control are a modern way
of managing different processes via a combination of
sensors, computers, and robots associated with other
electrical, electronics, and mechanical components.
The food Industry is also utilizing this approach to
increase production efficiency and productivity with
minimal human interventions/efforts. Harvested food
products are generally cleaned, graded, sorted, and
dehulled before further processing to obtain quality
and safe products. In developing nations such as India,
these operations are usually performed manually, which
are subjective, slow, and unreliable (human error).
Automation of such operations may lead to overcoming
shortfalls of the manual process.

Food products can be sorted/separated based on their
measurable physical characteristics such as density,

firmness, weight, colour, shape, and size. However,
sorting based on optical properties or colour of food
products is primarily used since it aids in efficient/
easy assessment of food quality. Moreover, the electro-
optical technique is one of the most practical and
successful methods of separation and quality evaluation
(Inamdar and Suresh, 2014). Hence, the quality of
food material can be better analyzed by visualizing
the colour variation of the sample that further assist
in sorting.

Automated sensor-based sorting machines separate
materials based on the variation in their colour or
brightness. Colour sensor array is the heart of colour
sorting machine, which consists of a light source and
an appropriate photodiode array. These machines can
operate in a wide range of electromagnetic spectrum
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which is outside the human eye range. In the past,
some attempts have been made on the development and
application of colour sorter in the field of post-harvest
engineering and technology such as for sorting citrus,
apple, tomatoes, rice, wheat, beans, coffee, peanuts
and other agricultural commodities (Rokunuzzaman
and Jayasuriya, 2013; Inamdar and Suresh, 2014).
Besides, it has been reported that shape, size, density,
texture, defects, and colour affect the sorting of different
horticultural produce via non-destructive technologies
(Moreda et al., 2009). In general, colour sorting
apparatus has a singulator section, a colour sorter,
and a conveyor which place sorted samples/fruits into
suitable collection bins. The system was calibrated for
one or more colour with reference to a predetermined
colour standard. The colour classification of red and
white wheat was reported using a commercial colour
sorter utilizing visible-near infrared wavelength of the
electromagnetic spectrum (Inamdar and Suresh, 2014).
In India, the tomato growers are getting low profits due
to non-availability of automated sorting and grading
system. Further, at the time of peak production season,
the return rate is very low that can be improved by
selling graded tomatoes.

In the same line, a programmed Raspberry Pi board
coupled with camera, microcontroller/Arduino, and
servo motor control boards along with an image
processing tool was reported for developing a low-
cost robotic sorting unit with 100% accuracy under
normal room light condition (Pereira et al., 2014)
which is an open source Linux based board. Shen and
Hassan (2015) developed a colour sorting robot using
microcontroller/Arduino Uno, colour sensor array,
servo motors, and other electrical components for
different colour balls. Moreover, Arduino programming
was used for logically sorting colour balls as well as
for calibration and testing the robotic sorter. Both
these studies utilized open-source hardware and (or)
software for the development of cost-efficient robotic
colour sorter where lighting conditions significantly
influenced the sorting efficiency. The technical aspects,
including design, programming, illumination condition,
and component details are generally not reported in

Table 1. Dimensional detail of tomato samples

detail in the available literature. Although automated
sensor-based sorter or optical sorter has been used for
the separation of food products for over three decades; it
is still the subject of research, particularly for enhancing
separation efficiency, versatility, sorting speed, and
accuracy as well as minimising power requirement and
cost of the system. The available automated sorting
and grading units are mostly imported for industrial
applications, and expensive as per farmers’ perspective.
A cost-effective and indigenous machine for automated
grading and sorting of tomatoes can be made using
advanced computing and sensor technologies. Thus,
this investigation was aimed to develop a sensor-based
automatic colour sorting system for tomatoes using a
microcontroller, colour sensor array, servo motors, and
mechanical components.

MATERIALS AND METHODS

Sample

Fresh and defect-free tomatoes (Seminis hybrid)
of three colours, i.e., red, pink, and green having
43.93-60.89 mm length, 42.94-59.00 mm width,
39.64-51.03 mm thickness and 0.93-0.96 sphericity
were procured from a local market of Ludhiana, India
in June 2019. The properties were determined using
standard methods/formula (Ghodki ef al., 2016; Ghodki
and Goswami, 2016; Singh et al., 2018). The length,
width, and thickness of 100 samples were measured
at three different locations of the respective dimension
(end-points and mid-point) using a digital Vernier
Calliper (Mitutoyo, CD-12” PSX, Japan, range: 0-300
mm, resolution: 0.01 mm, accuracy: + 0.02 mm).

Sphericity was determined as the ratio of geometric
mean diameter by length (longest dimension).
Moreover, based on these properties, the tomatoes were
sub-divided into three classes as 31 large, 30 medium,
and 39 small (Table 1), and were used for further colour
sorting experimentations. Colour ball samples of six
different colours (red, orange, green, yellow, pink,
blue) of 70 mm diameter were sourced from the local
market of Ludhiana, and utilized for testing colour
sensitivity of the developed automated sorting system

SI.  Class/grade of tomato Length, Width,

Thickness, Geometric mean diameter, Sphericity

No. mm mm mm mm
1. Large 60.89 £1.12 59.00+£2.05 51.03+1.99 56.57 £ 1.46 0.93 £<0.01
2. Medium 54.08£2.15 53.25+£1.78 47.62+2.89 51.32+£1.18 0.95 +0.03
3. Small 4393 +1.36 4294+1.72 39.64+0.29 41.97+1.01 0.96 £<0.01
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at ICAR-Central Institute of Post-Harvest Engineering
and Technology, Ludhiana.

Sensor-based Automatic Sorting System

The sensor-based automated sorting system consisted of
four primary components: (i) feeding system consisting
of hopper and actuator/top servo motor connected with
grooved (cylindrical) mobile plate; (ii) presentation
system consisting of back-and-forth mechanism; (iii)
identification system consisting of colour sensor array,
microcontroller, and computer; (iv) separation system
consisting of actuator/bottom servo motor connected
to mobile discharge chute and collection pans (Fig. 1).

Design of automatic colour sorting system

The overall design of the sensor-based automatic
colour sorting system includes two essential parts: (i)
mechanical components, and (ii) sensor node. Both
components were interlinked with each other with a
pre-defined logic/programming. The mechanical and
sensor node components were mounted on a wooden
frame (Fig. 1).

Dimensions of tomatoes, angle of repose, motion,
sphericity, and optical properties were considered
as major design considerations for the development
of mechanical components. Design details of the
automated sorter mainly emphasising the mechanical
components along with the dimensions are shown in

a: Hopper Tube
b: Colour Sensor
c: Grooved Mobile Plate
d: Top Servo Motor

Fig. 2. The mechanical parts including feed hopper,
grooved mobile plate driven by top servo motor, mobile
chute driven by bottom servo motor, and collection pans
were made of stainless steel 304. The samples were fed
through a hopper and grooved mobile plate for colour
identification of tomato in the sensing chamber. Once
the colour was identified, the mobile chute placed the
samples into different collection pans.

Sensor node architecture

The architecture of the sensor node used in the present
study is presented in Fig. 3. The sensor node consisted
of a colour sensor array (TCS 3200, Bytesware
Electronics, Bangalore, India, 2.7-5.5 V, (-) 2 mA
to (+) 2 mA), microcontroller board (Arduino Mega
2560), liquid crystal display (LCD, 16x2 alphanumeric
LCD 12C), servo motors (MG995, Tower Pro. Pvt.
Ltd., Taiwan, stall torque: 8.5-10 kgf.cm, 4.8-7.2 V)
and power source (5 V, 1 A). The connections of each
component of sensor node are shown in pin diagram
(Fig. 3b). Colour sensor array and input device detected
the colour of a given sample/object and sent the signal
to the microcontroller. Consecutively, microcontroller
and processing unit sent the signal to the servo motors
as per the programme. The detected colour was
displayed on the LCD/computer screen, while the data
was stored in the computer via a universal serial bus
(USB). A power source (5 V DC, 1 A) supplied energy
to the components of the automated sorter. The details

4+ Hopper

Liquid Crystal Display (LCD)

Sensing/ldentification
Chamber

Micro Controller Unit

Mobile Chute
<+——— Wooden Frame
Bottom Servo Motor

Collection Pans

Fig. 1: Isometric view of colour sorting system highlighting its sensing/identification chamber

49



January-March, 2022 Development of Sensor-based Automatic Colour Sorting System for Tomato

Hopper

380.00 + -t
I — |

AAAAA T
=000 Hopper Tube

‘ ’ <+——— Main frame

Mobile chute

I« Collection Pan

10226 ———fm——d b

Hopper

______ ]

«— Sensing chamber

160.00

80.00

T
1.

423.03

Mobile chute
'/ Collection Pan

70.00

ta——— R310.00

R180.00

[

(All dimensions are in mm)

Fig. 2: Design details of colour sorting system: (a) front view, (b) side view, (c) top view
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Fig. 3: Sensor node architecture: (a) block diagram, and (b) schematic of

connection setup

of the connection setup (Fig. 3b) of the colour sorting
system are presented in Table 2.

Microcontroller unit

Arduino board (Arduino Mega 2560) based on
ATmega2560 processor was utilized as a microcontroller
unit. Arduino is an open-source platform for hardware
and software. Microcontroller unit made separation/
sorting related decisions after receiving output from the
colour sensor array. The Arduino board has 54 digital
input/output pins, 16 analog inputs, four universal
asynchronous receiver/transmitter, a 16 MHz crystal
oscillator, a USB connection, a power jack, an in-circuit
serial programming header, and a reset button.

Colour sensor array

The colour sensor array TCS3200 was used in this
study due to its compatibility with the selected
microcontroller along with appropriate features such as
size, high-resolution conversion of light into frequency,
programmable colour, and power down aid. The
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colour sensor array was composed of photodiode array
along with four white light-emitting diodes (LED), as
shown in Fig. 4a. It sensed the colour with photodiode
array (Fig. 4a) using a current-to-frequency converter
(Fig. 4b). The sensor had 8 x 8 arrays of photodiodes
having 16 photodiodes of red filters, 16 photodiodes
of blue filters, 16 photodiodes of green filters, and 16
photodiodes were clear with no filters. Each 16 arrays
of photodiodes were connected in parallel. Thus, by
sending different voltages (coded as 0 - low voltage
and 1 - high voltage/5 V in photodiode) to two control
ports S2 and S3, the user could select the readability of
colour (Table 3). For example, with 1 for S2 and 1 for
S3, the colour detected in photodiode would be green.

The output (readings of photodiode) of the colour sensor
array was a square wave, 50% duty cycle, with the
frequency being directly proportional to light intensity
(irradiance). Digital inputs and digital output allowed
a direct interface to a microcontroller or other logic
circuitry. In this study, the microcontroller calculated
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Table 2. Details of connection of peripherals with microcontroller

Peripheral Pins of peripheral Pins of microcontroller
Colour sensor array SO 2
S1 3
S2 4
S3 5
OE GND
ouT 6
Top servo motor PWM 7
VCC vCC
GND GND
Bottom servo motor PWM 8
VCC VCC
GND GND
LCD I2C SDA 20
SCL 21
VCC VCC
GND GND
Note:

OUT — Output frequency, OE —Output enabled, GND - Ground, VCC — Voltage at the common collector (+5 V),
PWM - Pulse width modulation, SDA —Serial data line, and SCL-Serial clock line

The terms SO and S1 indicate line for output frequency scaling; S2 and S3 represent line for photodiode type
Numeric values are number on microcontroller board

a
SO S1  OE GND
4\ /’:é.‘ O l—o-o-o—o-o—o—c—l
i
! !
& d 1 1
2 v ?
. L ] .
2 : 4 :
:" %\ :’1' } L.oo—o-o—o—n—c—]
| () S
MO IRy
$3  S2 Out VCC
2 S3 S0 S1 b
A —— QOutput
—>
VAY
<]'\ > <::>
Light Photodiode Array Current-to-Frequency Converter

Fig. 4: Illustration of (a) TCS 3200 colour sensor array highlighting array of photodiode,
and (b) current to frequency conversion in the colour sensor array
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Table 3. Details of port/peripherals in TCS3200 colour
sensor array along with respective colour

detected in photodiode
Port Colour detected in

S2 S3 photodiode

0 0 Red

0 1 Blue

1 0 No colour

1 1 Green

Note:

The terms S2 and S3 represent line for photodiode type
The values 0 and 1 indicate low voltage and high voltage (5 V),
respectively.

red (R), green (G), and blue (B) colour channel value/
colour frequency/colour value/coefficients of the given
colour sample by sending a high or low signal to S2
and S3 inputs of the colour sensor array. In general, the
combination of these three primary colours made other
secondary colours which are visible to the human eye.

Actuator

Two servo motors MG995 (or actuators) were
connected to a mobile plate and chute, respectively,
via a motor shaft that rotated at various programmed
angles (Fig. 1). The top servo motor was utilized to
present the object below colour sensor array for sensing
and identification of its colour, while the bottom servo
motor-assisted in placing objects of various colours in
different collection pans (separation).

The servo motors were controlled by sending electrical
pulse of variable width (Pulse width modulation, PWM)
through the control wire, which determined the amount
of movement of the motor shaft. Microcontroller
generated PWM signal to run the servo motors. In
general, the duty cycle of PWM decided the angle of
movement of the servo motor. Servo motor had three
wire terminals, namely red, brown, and orange. These
wires were connected in the following manner: red
wire to Vcc voltage, brown wire to ground (GND),
and orange wire (PWM input) to the microcontroller.

Liquid crystal display

Aliquid crystal display (LCD) using the light adjusting
characteristics of liquid crystals was selected as the
display unit. Solid monochromatic 16x2 alphanumeric
LCD I2C was coupled with the Arduino board to
display the values of colour frequency and colour of
the sample. The 16x2 LCD means that it could display
a total of 32 characters at a time consisting of 16
characters per row (total two rows).
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Working of Automatic Colour Sorting System

Colour ball samples (70 mm diameter) of red, orange,
green, yellow, pink, and blue were used for colour
calibration and experimentation. Subsequently,
tomatoes of three colours of red, pink, and green were
tested for automatic sorting. The tomatoes of each
colour category were further classified/sorted into three
subclasses of large, medium, and small based on colour
channel values.

Programming of microcontroller unit was done in
Arduino Integrated Development Environment (IDE)
software installed in the computer. Furthermore,
different rotation angles were programmed in the
software for sorting of coloured samples. The working
of the algorithm of the programme of the colour
sorter is illustrated in Fig. 5. The microcontroller was

Initialize all peripherals, i.e., microcontroller, servo motors,
colour sensor array, and LCD

[l

Placing samples in hopper that needs to be

sorted

Il

Presenting individual samples (one at a time) below colour

sensor using top servo motor

l

Deciding the colour of samples by calculating its R, G, and B

|

coefficients/values using colour sensor array & microcontroller
ﬂ ’

Rotating bottom servo motor shaft to programmed orientation

)

depending on detected colour of object

Il

Continue above steps till samples to be sorted are finished

J

End

Fig.5: Algorithm of colour sorting programme
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programmed in a manner that it first initializes all
peripherals (microcontroller, servo motors, LCD, and
colour sensor array). Initialization of colour sensor
included choosing output pins of the microcontroller
for lines of the colour sensor array (S0, S1, S2, S3) as
well as selecting the input pin of the microcontroller
for colour sensor’s output enabled pin (OE). The
microcontroller also selected the output frequency
scaling using SO and S1 control pins.

After the initialization step, the samples were conveyed/
fed to a rotating grooved plate via a feed hopper having
a cylindrical pipe arrangement at its bottom (Fig. 1).
The cylindrical grove allowed an individual/singulated
sample to be easily placed in it. The grooved plate
was attached with a top servo motor (top of sorter)
to present the samples in the sensing/identification
region via the programmed mechanism. The program
was written in a loop such that the top servo motor
continuously rotates the grooved plate/groove from the
bottom of the feed hopper to a position below the colour
sensor (for sensing/identification), followed by the
position just above the mobile chute (for separation).
The mobile chute rotated at a programmed angle and
places the sample in the collection bin as per the colour.
Simultaneously, the microcontroller sent the signal to
the LCD for display of the sample’s colour and values of
colour frequency. After the separation step, the grooved
plate returned to the original position. For continuous
sorting of samples, this separation process continued
in a loop till objects to be sorted were not available.

Calibration

Colour calibration of the automatic colour sorting unit
was done for setting up the range of different colour
samples as well as training the programme. Six different
colour ball samples (red, orange, green, yellow, pink,
blue) as well as colourless/blank, were utilised to
test the colour sensitivity of the unit. Consequently,
tomatoes of three different colours (red, pink, green)
were used for testing and training the setup/programme.

Calibration was performed at three different lighting
conditions of lit room, dark room, and daylight for
robust separation. The calibration process includes
repeated measurements (average of five readings) of
individual colour coefficients, namely, R, G, and B of
different samples in different lighting intensities. The
R, G, and B values noted for six colour samples and
blank reading were statistically analysed using analysis
of variance (ANOVA) and reported to be significant
if p <0.05. For obtaining higher accuracy, the colour
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sensor array was encompassed in a closed chamber
(Fig. 1). Moreover, the complete assembly was covered
with black paint. The results of calibration were used
for deciding the range of colour channel values of
different colour samples. In the case of colour ball
samples, the upper limit of colour channel values was
kept 15% higher than the highest observed data, while
the lower limit was considered as 15% lower than the
lowest observed value. However, upper and lower
limits for tomato samples were kept the same as of
maximum and minimum observed values, respectively,
due to marginal differences in the observed values.
These values were embedded in the programme for
appropriate functioning. Accordingly, the automatic
sorting system was trained for sorting operation.
After calibration, the system was tested for its speed/
processing time and accuracy.

RESULTS AND DISCUSSION

The developed sensor-based automatic colour sorting
system is shown in Fig. 6. The recorded values of colour
frequency/colour channel value, namely R, G, and B
for each colour sample (10 values per sample) used for
calibration are reported in Table 4 for sample colour
balls and Table 5 for tomato samples.

The R, G, and B colour frequency of no colour/blank
under different lighting conditions were highest for dark
room compared to lit room and daylight conditions.
The ranges of each channel (R, G, B) were fed to the

Fig. 6: Sensor-based automatic colour sorting system
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Table 4. Colour channel values of different colour ball samples used for training automatic sorting system via

programming
Lighting  Colour No colour/ Sensor response/Colour of sample
condition  channel Blank Red Orange Green Yellow Pink Blue
182610 153+2¢! 277+£3¢! 229493 223+3¢! 170+£5°! 719436
1829+6"! 153+2¢! 286+3 ¢! 239432 22243 ¢! 169+£1"! 763+22
1815+12"! 152+1¢ 289+5¢! 24348 2! 22544¢! 171£6"! 757+30
1825+7"! 153+£2¢! 288+12¢! 2434421 22543 ¢! 17145 765+32
R 182612 15241 ¢ 286+12°¢ 2434421 225+6°¢! 17044 1! 762+35
1823+5"! 15442 ¢! 289+4 ! 240413 219+£5¢ 17241"! 743+18
1823+£12"! 153+1¢ 289+5¢! 2394431 22144¢! 171£30! 749425
1822+£11"! 152+1¢ 29243 ¢! 242412 22041 ¢! 1674£3"! 752436
1827+10"! 153£2¢! 290+9 ¢! 241+84 223+4¢! 170+£3°! 758+30
1818+£3°! 155+2¢! 290+11 ¢! 24043 2! 2252 ¢! 173+1"! 746+36
1657492 396+3 2 4001912 142412 144+3 b2 402542 487+92
1666+10" 39643 425+13"2 156+11# 145+1 b2 395+6"2 51249
1662+8" 397+1 % 421+£19%2 15545 14612 3954312 5102
16635 39542 % 4254132 1524122 145432 397+6 "2 507+£13 22
LitRoom G 16646 395+] 42514 1509 144+2 %2 3974702 503+£3
1670+£12%2 394+ 22 421£15" 15452 1442 b2 398+5h2 5054322
1669+9°2 39443 22 423+18"2 15448 144422 3934612 495+9
1652+13 3961 2 426+17"2 1538 1434302 3984702 505+12
1669462 396+] 2 4204£15 152411 1462 b2 3984212 502452
1657+£11% 395+£3 % 425+14 15245 143432 398432 496411 22
102745 171+1% 534+18 216+8 4 213411 16942 197+41
102942 171+1 562+33 227+12% 210+81 16942 205+7b
1027+10% 173+2% 563£10 2284114 217420 170£2¢< 205450
1030+7% 1737 569+26 2274843 207+79 168+3¢ 205+4 9
B 103429 174435 567+30 227+10% 2134813 170+£2< 201464
1027+10 168+3 567+30 22748 214+£8% 168+3 20446
1031+£11% 17142 570+29 227+12% 211449 168+2¢ 20245
103447 171£7% 562+24 225+12% 213461 16943 198+4 b3
1033+11% 166+4 % 567£15 227+7 % 214+69 170£2¢< 20441
102346 1661 554430 2284114 217+£503 1662 202433
2166+5¢! 141+6"! 240422 557+5"! 230+4°! 132432 766+6
2172+£7¢! 149+7b1el 240422 5584901 24346 "! 142474 784+6
2157+£17¢! 149+5b1¢! 240+1 2! 55447 0! 2474501 139+£22! 783+7
2152+12¢! 14743 0! 23822 560+£9°! 24843 0! 1424211 783+11
R 2151+£2¢! 150+£1 b1 241424 561+8"! 2494701 142492 779+16
2148+12¢! 151£] bt 239+1 2! 561+9°! 248+9 0! 140+5% 783+2
2142+9¢! 1463 b1l 241+£32 5554101 2474501 140+8 2! 778+13
2150+£19¢! 14921 239+£12! 55448 "! 24442 b1 142474 778+15
2149+4¢! 14943 bl 2394121 557+1"! 24843 0! 141+10 784+13
2157+4¢! 149+]0! ¢ 241424 545+8"! 248+3°! 141494 78549
1845432 39242 365+3 188+212 148+1 b2 3644104 508+4
1861£16< 39241 36442 187+3 12 157+4< 38244 509422
1862+13< 39142 366+3 189+4 b2 15543 381+£32 505+7
185443 2 38844 365+1 2 1894112 155422 382492 507+£52
Dark G 1853+10< 3924242 365+1 2 189+512 156+3 <2 380+4 22 514432
1856+6 38842 36642 192442 158+5¢< 3815 5134
1848+7< 389+] 2 365+3® 187422 161+£9< 381+5% 507+2%
1844+15¢ 390+]1 366+2 % 18712 160+£2 <2 384+4 511+£8%
1857+6% 389+] 2 363+] 2 188+4 2 1614£2< 382+£32 5124522
1859+13¢2 39143 366+1 185422 153432 384+8 513+£7
111246 2824413 477+£3 % 23443 22047 < 1514£7% 187472
1114£8 27946 478423 23316 229+10¢ 15549 187424
111944 2752 470+6 % 2332 230+10¢ 15741 183+6%
111643 280+4 b3 470+£5% 23443 23244 157203 18144 %
B 111644 280+4 b 472433 235429 230+7 3 1594313 184+2 %
111943 2824313 471+6% 23243 232459 1614243 184432
1117439 280441 472479 23642 23146 1594443 183442
1108+7¢ 281441 473463 234438 22945¢ 159+£7 186+7%
1114£3¢3 2824203 47246 230+5% 231+5¢% 1616 189+4
1118+3¢ 281+£3% 47246 233449 231429 159450 18664
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1577+527 1074 279+7 01 53367 182+£3 14330 75316

156743 ! 11245 303420 55442011 87447 178+2¢! 762421

152841 ! 11139 303420 567+2°¢! 1884421 18248 ¢! 768+18

153344821 113+6% 303+8"! 5663 ¢! 1854421 1802 ¢! 780412

R 1549+54 1 11159 30044 ! 567+6°¢! 1864421 180+£5¢! 773421

15463721 11352 302490 566+5¢! 1924721 18247 ¢! 780425

1507552 112464 30442 570+6¢! 1894521 179+6¢ 781+13

15194382 112444 301420 56243 ¢! 190+8 2! 179+6¢! 778+19

1550450 112442 30243"! 565+2°¢! 19042 ! 179+2¢! 779421

1531532 112444 302470 56543 ¢! 19052 1814 ¢! 782412

147731 386152 407+10 183£13%  [24+3% 3734262 5244312

146741 40462 417+14% 19747 < 120412 430+£10°2 5254812

1453+44 40547 4264712 19743 <2 123+4® 4361492 5344702

1441439 4034202 4244402 19947 <2 12443 ® 43049 53448

Davlicht G 1452440 40552 422461 19643 <2 12241 @ 4204112 532481

aylight 1458+23 2 405442 427+10% 198+7 2 121442 4344162 5334412
1428425 405452 423£12% 198422 123422 4394142 532412%2

1449422 @ 40442 4244702 19849 <2 12443 ® 43448 53748

1456421 2 403432 4174402 19746 12442 ® 4364212 539462

1449427 4054212 42441112 19542 <2 123432 437£17° 5364212

927+12% 28249 508+24 % 22046 194+53 1594135 215+59

920417 % 295416 54542903 24348 196433 1894228 2]18+8¢

923+10% 297+15% 54143303 239+16%  197+53 191£149  225+8<

910+14 298+15% 54443503 242419 196£53 186£15%3 22449

B 91549 298+19% 5414350 239416 19633 190£153 222459

925415 299419 5374190 237410 196+63 1894173 22644

903+10% 299+8 b3 5354313 241420 194428 1894133 22348

919411 30049 5394150 243+10% 189453 1874219 22243

919418 298419 5374333 240+£19% 19346 1894223 22145¢3

915+16% 299+11 " 5394293 240410 19746 1904223 223459

Note: (1) Each numerical data is the average of five values+ SD and; (2) The colour channel values R represents red, G represents green, and B

represents blue.
al, bl, cl

: values of sensor response are significantly different (p < 0.05) between R, G, B channels for different lighting condition.

Table 5. Colour channel values of tomato samples used for training automatic sorting system via programming

Lighting Colour No colour/

condition channel Blank

Sensor response/Colour of sample

Red

Pink

Green

Small Medium Large

Small Medium Large

Small Medium Large

Lit Room R 2464+315" 1333417 888+18"" 786+14"
2784+310°11345+15%1 872421 797423 °!
2794+291411363+18% 898+26°" 790+13 "
2816+329411325+12% 886+18°" 787+18"
2828+296'1315+10% 875+24°" 790+19"
2809+348 113174182 877+27°" 77315
2792+32111322+17 1 874422°" 794+17"!
2816+29711360+£18 877421°" 781413
2828+322411359+14 868+21°" 795+17"
2809+307 1133441321 87342201 792+12"

1461+4941 851420 686+102!
14954421 856+19*1 684+18%!
1465445 8524162 668+22%!
1466+5121 859+£23 1 667157
1462+44 21 854+18°! 676+132!
1451£5421 846421 678+182!
14554921 835+182 677+202!
145545321 846+132! 653+19%!
14544567 844+13°" 661+19%
1433+4321 858+16°! 645+182!

1014+121711+44 1 5754214
1077£18#175045221 570420
1076+21 4175444221 569+14 %!
1076+2241761+£50% 584419
1079+£1241742+49 0 57617
1073£1121750+53 20 594421 @
10924+2021748+412 589415+
1072423 4174345021 592+12¢
1077+1421769+£51 21 5814212
1089+1221764+5021 594422 4!

2275+161%22082+455% 1774+1821706+17
2430+16022113+43 2 1773+1521733+17
24404163 22114462* 1790+1821729+18 <2
2459+16322099+47 % 1785+1 2 1725424 <

2474+15522044+36* 1766+11 21732425
2459+154922055454 % 1763£13 2 1709+25 <2

2439+16422060+£51 2 17554202 1729+21 <2
2459+16122104+572 1757+1821732+15<
2474+191922100+53 % 17644122 1715+22 <
2459+17422073436% 1768+5 1732+15<

1402+£763
1459+67 ©
1466+61
148669 %
1486+79%
1470+82%
1461+£52
14644654
1458+79
1456+63 4

13594454 1173+£263 1154420
1388450 11744213 1164+19%
13844435 1192420 1148+15%
13614475 1178+34 4 1168+14 %
133744343 117129 1156+20%
1339+£36% 11724223 1158+14"
1339438+ 1161233 1159420
1369+36% 11574243 1161421
1355432 11724323 1145420
1348+41% 11584223 1169421

1501+794213104+72* 1118+17*
1554466 21355+71% 1109417
1594469 +1351+58 2 1116415
1568+81+1363+66* 1115+12
1568+92+1331+67* 110919
1567493 421346+55% 113120
1575459421330+£74* 1128+16
1575+66%21337+73 2 1128+16
1561+60%1386+524 1106+17
1584458 1366+41%21123+22
1131£27 31080445 * 839+15
114526 1109+42 = 836+18
11724282 1110446 4 832+16*
1155440 1118451 8344243
11504£30%1094+49 3 84128 3
11584204 1102447 * 854428 3
1166323 1088+51 * 852+27 3
1151423%1095+42 %3 8524133
1145+£3131133+£46 825+16 %
1169435% 1123450 850425

56

144044622 995+1522 700+12 22
1461+£56*2988+16% 706+17*
1430+£53%2995+16* 69049

1434445299318 701+11*
142544422 992+142% 688+8

141345422 990+£13%2 694+]1822
1421+£592973+£1222 702422
142144842 978420 684422+
142346022 988+142% 683+21
1396+4922995+1222 698+14 2
1214439 1046£152605+£18 %
121630 1042+£152604+11 *
1192436 1043£10#3585+12
12054294 1046+9% 600+21
1191435 1042+8* 586+16%
11834£352 104248 584+19%
11824342 1027£12*599+£20
11934+352 1031£14 23586422
11924372 104618 *3582+£14
1175+£312 1043+£12 582+13%
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Dark 3802+124°11423+14° 864+£20"!
3839+123¢114124+26°' 882+19°!
3912+£126°'1405+18¢<' 861+11°!
3834+124°11443+30 ¢! 885+15"!
3788+128¢'1438+39¢! 8734+22"!
3937+143°'1446+37 ' 884+17°!
3834+135°'1440+16°' 876+19°!
3788+124°'1445+38¢' 878+19°!
3937+£127°114344+36°! 887+18% 711+142!

3898+123°11437+40° 868+191" 714+11 2!

3586+£130222514+292 1741+1621487+14 =
3588+12522245+36 1745+1821502+20 %
3614+14522242428<2 1710+£21%21492+13 2
3719£143222974+27 <2 174623 °215274+£20
3693+£12022293+36°2 1742+15%214944+13
3623+£133223104+£29°2 1738+14221496+12 2
3588+£12822297+36°2 1743+£15%21491+17*
3644+1242295+322 1746+1621473+14 2
3759+13822924+282 1761+1321483+22 %
3739+12122284+382 1756+18214724+25 =
22314198 1474+34 1149+11%1060+41 *
22334+185%1475+£28 < 1140+13%1069+29
2238+1761479+£27 < 1144+17%1060+£37
23144194 1509+£30° 1138421 21088+20*
23084208 1510+£29° 1151+1621050+£22 %
2100£1691516+31 1145+1721067+£24 %
2253+1661513+£35 1152+15231054+22 %
2238+1901508+38% 1148+1721043+41 %
233442071501+£26 1155+17%1043+£27 3
2318201150634 1161+£12%31044+£17%
3151£67° 138242101 779+£6%0  713+£14°!

3104£57° 1395+16° 78652 797+£17%!

3102+64°" 138842101 778+£102" 800+£14°!

3087+£65°" 13904250 785+£52 752410

3074+£81°" 1386+18°! 777492 757+12°!

3055720 1385+15b1 787+£32  775+£10"!

31224+88"%" 1390+20%! 784491 783+£18"°!

3097+£84° 137241501 782+£8  787+15"!

3054+£71° 1371+£16° 778+£720  839+£17%!

3115+£76°" 1365+1501 785+£52  798+12°!

726+192!
720+14 2
720411
738+18%!
713124
723+£20%!
72242021
710+182!

Daylight

1105£14°1827+12%!
1103+£13°1822+15"%!
1090+17%1823+12°!
1111+£10°'825+11 !
1108+£19°'821£12"!
11044+11°18224+13 %!
1117£10°1824+15%!
1111£14°1821+£14%!
1127+£14°1821£15"
1134£111821+11"
1696+38121436+4 2
1690+3212142842 b2
1676+33121441+3 2
1705+£3612143144 2
1710£40%21419+3 22
1697+31121438+3 22
17124+34121435+] 22
1708+3412142742 22
173443912143245"2
1729+34121435+4 2
1294431%1168+10*
12814+49%31148+14
1269+29%31177£14
1287+£50%1161+£25%
1294448%1159+112
1297+20%1170£10%
1299442911672
13134+41%1171+5%
13234+32%31167+14*
13204+47%1168+£23 %
1179422181927 %!
1175£14°'820+£12"!
1164+£20°'807+14 "'
1165+£16°'814+26"'
1153+21°¢'8114£29"!
1159420786425
1161£20°1794+19 %!
1164+21°1820+15"!
1161£11¢'794+19%!
1161£12°1796+11"!

648+13"
645+16"
648+13"
649+16"
640+16"
643+17"
639+16"
641£12"
628+16"
634+14"

782+55°¢!
731£60"!
797+54¢!
799+46 ¢!
785+46°¢!
794+59 ¢!
804+57¢!
794+69 <!
772+53 ¢!
764+62 !

1445+1521 896£27°!
1447+1921 882+19°!
1447+18% 886£27°!
14424172 875+30°!
1441+£1921 877+£27°!
143642021 898+26°!
1425+16% 862+26°!
144741421 887+29°!
1441+£1221 878+30°!
1439+1721 892+30°!

12724142 1413£16 1063292777456
1267192 14124112 1050+30%2753+67 *2
1263+17%1401+15 1042432 %2824+63
1260+17"21409+20"2 1035+292826+55"2
1260+19°21406+13 72 1038+24 279664 *
1265+11%2 14114142 1061+30%2816+63 *
1252+14°21402+11%2 1030+33 2844702
1253+£12°21400+£14 2 1049+31%2815+61 »2
1260+14°2 14054202 1040+29*2790+70 *2
1257+11%21401£14 2 1055+27%2787+70 2

939+9°3

937+20%
932+18%
938+17%
938+14%
938+8"

927+18%
926+14%
919+7%

930+13%
654+15"
662+19"
653+11°"!
64126
651+24"
659+26"!
676£12"!
661£17"
666+25"
665+15"

1146+37699+40 ¢
1135+23%3664+61
1133439727469 <
1122438735465
1134421713438
117748% 1145423 »726+58 <
117149 1100+40%718+£40¢
1173410 1130+35%722+58 <3
117444 11234+28693+53 <
1171£10% 1135423 %3704+46 <3
1550541 893+15° 701+20°!
1594+48°1906+10° 729+19°!
15794551 893+6°"  726+25"
1538+60°! 885+9°"  729+19%
1532+64°'897+10°" 732+27Y!
1520+£59°1905+15°" 728+16"
1533+63°1900+15°" 719+22°!
1539+46°1 9041251 729417
152545501 895+15°" 729+18"
153544901 887+9°"  718+23 "

1183+8%
1181+£7%
117447
1170+8*
1178+9%

2857+58 2
28491672
2830+55"%
2826+74%2
28194722
2808+58%2
2887471 b2
2869+60 b2
2838+55"2
2849+53 b2
1762+36%
1743444
17144389
1736+35"%
1724+41%
1720+£35%3
1764+41%
1736404
175434
1740444

2146+18% 1610426150321 2
2164+18° 1600+211649+20
2163+18 1592+21421652+22
21654222 1597+20%2 1574427
21694172 1596+2121579+29 "2
2162425 1605+2121567+33 ™
2159424 1610+£16%21624+23 2
2148+17%2 15974282 1650+20 2
2143+16% 157642342 1736+17 2
2147417 159743042 1647+45
1407+15% 1045152 1084+11 %
1415182 103511 1158+16%
1415£16% 1047+£14% 115477
1421£15%1043+£17*1109+£89%3
1424+15% 1045+£17*1104+£85%
141620 104620+ 1101+90%
14194245 1048+14%11414£77%
1415+£23%1039+20%1169+75%

1729+13 214534302 13274212 15334442 1014+16*735+16"
1718+20%21457+440% 13324252 1556+522 102145 767426
1702+20%21446+11°2 13104342 15584532 1014+6> 759+20%2
1703£13%21451423%2 13114342 15164522 1007+11 *2760+20°2
170914 214434242 13114222 1497462 2 1016+202765+29 *
1706+2221404+17%2 13324352 1495451 <2 1025+7 2 758+24"2
1703£14°21410+37%2 13604302 15014582 1017+11 2768+30"2
1701£20%21456+21 2 13454312 14894492 10114192 767+25%
1711152140530 13324162 1511444 <2 1002+16 27624212
1702+£1121412+13 %2 1338+13 2 14964522 1008+6 > 759+27 %2
1277+12%1185+24 % 1028419 1293+33 1039+6* 636+13%
1272+10%1183+30 1033+£16 % 1324446 1049+18 ¥ 653+9

1264+12%1171421% 1014£19% 1297428 % 1039+14 5651+6

1270£15%1179+24 % 10094393 1268456 " 1027+10%659+14 %
1272+11%31171+43 % 1017413 < 1262435 1039+10659+11
1272+12%1138+42 % 1057423 <3 1265447 » 1049+19 649+7 %

12616 1143437 1043432 1270+44 1045+182658+20
1274+13%1185+15% 10314393 1271431 1042+20%659+14 %

1406225 1027414 2312294+10731267+12%1141+£32 % 1044427 < 1279431 103349 658+18
13984245 1043+£18* 1163101127349 11274204 1034428 <3 1275432 104049 657+19

Note: (1) Each numerical data is the average of five values; (2) The colour channel values R represents red, G represents green, and B represents blue.

al, bl, cl

: values of sensor response are significantly different (p < 0.05) between R, G, B channels for different lighting condition.
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programme for colour sorting. The maximum and
minimum colour values for each colour are presented
in Table 6 for colour balls and Table 7 for tomato
samples. The values for specific sensor response
were non-significantly different (p < 0.05) under each
lightening condition and colour channels. However, a
significantly difference (p < 0.05) is noted among R,
G, B channels and lighting condition (Table 4-5). As
per the programme, the microcontroller sent signals
to the bottom servo motor for sorting the samples
(via mobile chute) and LCD for display of colour and
channel values.

In general, the coloured ball samples were sorted at a
different rotation angle of the bottom servo motor, for
example, 30° for red, 60° for orange, 90° for green,
120° for yellow, 150° for pink, and 180° for blue. The
selected angle/range was programmed equally for
sorting of six different colour ball samples in collection
pans. However, tomatoes were sorted in the ranges of
0-60° for red samples, 61-120° for pink samples, and
121-180° for green samples due to the availability of

tomatoes in three colours (equal angle). In each class/
range, an increment of 20° was provided such that large,
medium, and small samples (as presented in Table 1)
get separated into different collection bins based on
their colour values.

The values of R, G, and B colour frequency of colour
ball samples sorted in different pans as per their
characteristics colour of red, orange, green, yellow,
pink, and blue are shown in Fig. 7. Furthermore, the
observed values of colour frequency for 60 samples
(10 balls in each pan) were well within the range of
programmed values (Table 4). It is interesting to note
that in the case of primary colour samples as the red
sample, the frequency of R was lowest compared to
G and B frequency readings (Fig. 7a). Similar results
were noted for green (Fig. 7c) and blue samples (Fig.
71). In the cases of secondary colour samples, such as
orange sample colour frequency of B> G >R (Fig. 7b),
while for yellow sample, the trend is R> B >G with
closer values of R and B (Fig. 7d). For pink colour
samples, the frequency of G is higher than B and R,

Table 6. Ranges of calibrated values of different colour ball samples

Colour Colour channel value
R G B
Min Max Min Max Min Max
Red 75 202 270 527 116 390
Orange 166 396 254 556 329 741
Green 160 741 99 259 151 316
Yellow 127 324 84 210 132 302
Pink 92 237 254 571 105 249
Blue 503 1020 340 701 128 294
Note:
(1) The terms Min and Max indicate minimum and maximum, respectively.
(2) The colour channel values R represents red, G represents green, and B represents blue.
Table 7. Ranges of calibrated values of tomato samples
Colour Lower and Sensor response/Colour of tomato sample
channel upper limit Red Pink Green
value Small Medium Large Small Medium Large Small Medium Large
R Min 1315 777 710 1014 711 569 1425 835 645
Max 1446 898 839 1179 827 676 1594 906 804
G Min 2044 1576 1472 1501 1310 1106 1396 973 683
Max 2310 1790 1736 1734 1457 1360 1558 1063 844
B Min 1337 1027 1043 1131 1080 825 1170 1027 582
Max 1516 1192 1229 1323 1185 1057 1324 1146 735
Note:

(1) The terms Min and Max indicate minimum and maximum, respectively.
(2) The colour channel values R represents red, G represents green, and B represents blue.
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(a) Red Color Sample (b) Orange Color Sample
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Fig. 7: Graphical representation of observed colour values of corresponding colour: (a) red, (b) orange, (c)
green, (d) yellow, (e) pink, and (f) blue of sorted ball samples

but non-remarkable differences existed among B and
R (Fig. 7e).

Similarly, the developed system automatically
separated red, pink, and green tomatoes based on their
colour channel values. Moreover, the system was
capable of sorting each colour into three sub-classes of
large, medium, and small, as per their colour channel
values (Table 7). The physical properties such as
length, width, thickness, geometric mean diameter,
and sphericity of sorted samples under each sub-class
were in line with the values reported in Table 1. The
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developed system had 1,800 sample.h"! processing
speed (or speed of sorting) with an accuracy of nearly
95 per cent. However, the system developed using
machine vision or computer vision techniques have
been reported to have 84-87.5% accuracy in detecting
effects and colour sorting of tomatoes (Rokunuzzaman
and Jayasuriya, 2013). Thus, the developed automated
colour sorting system proved to be accurate, and precise
in sorting the uniformly coloured spherical object. In
the future, the mapping feature of programming might
be used to represent the values of colour frequency
in 0-255 colour values. In addition, colour values of
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tomatoes might be used to develop a model for maturity
investigation. The reports on the prediction of maturity
of mango (Jha et al., 2007) and apple quality (Jha et
al., 2010) using colour values can be considered as
reference. Codes might be developed as a function of
shape, size, texture, defects, maturity, and colour of
the samples, which would aid in increasing versatility
of the automatic sorter for separation of food and non-
food products.

CONCLUSIONS

Microcontroller, colour sensor array, servo motors
coupled with mechanical components were utilised for
the development of a sensor-based automatic colour
sorting system. The programming of the process
algorithm was done using Arduino IDE software.
The machine was calibrated for red, pink, and green
tomato samples along with 70 mm sample balls of six
different colours. Calibration was done under lit room,
dark room, and daylight. Appropriate calibration of the
automated colour sorting system resulted in obtaining a
processing speed of 1,800 sample.h! with an accuracy
of nearly 95 per cent. The values for specific sensor
response were non-significantly different (p < 0.05)
under each lightening condition and colour channels.
However, a significantly difference was noted among
R, G, B channels and lighting condition. Based on the
colour values, the system sorted tomatoes in red, pink,
and green collection bins with each colour having three
sub-classes of large, medium, and small. Versatility of
the developed unit may be increased for sorting various
food and non-food components by incorporating
necessary changes in codes and components.
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ABSTRACT

Curcumin was encapsulated using egg albumin as a carrier material by desolvation and
spray drying methods. Curcumin-loaded egg albumin powder was analysed for its in vitro
release pattern, structural changes, morphology, stability, and antioxidant capacity. /n
vitro release studies showed that the cumulative release of 5.32,47.76, 50.58, and 60.63%
from pure curcumin from the powders prepared using ethanol, acetone, and spray drying,
respectively, in 72 h. The FT-NIR spectrum of curcumin-loaded egg albumin powder
confirmed that the curcumin and egg albumin maintained their chemical structure during
drying process. FESEM images revealed that particles were in spherical shape and in the
size ranges of 50 nm to 400 nm and 50 nm to 350 nm for nanoparticles prepared using
ethanol and acetone, respectively. SEM images of spray dried particles showed that the
particle size ranged from 1 pm to 15 um without any agglomeration. Curcumin retentions
of 74.66, 75.93, and 70.64% were observed in powder prepared using ethanol, acetone,
and spray drying, respectively, after 50 min of heating at 100 °C. Thus, the encapsulated
samples were thermally stable, and could be used in food preparations as natural yellow
colourant as functional food ingredient. Total antioxidant capacity of curcumin-loaded
egg albumin powder prepared using ethanol, acetone, and spray drying was 5.96+0.89,
4.58+0.23, and 6.97+0.44 pg of ascorbic acid equivalents, respectively, at 100 pg.ml!
sample concentration. Curcumin retained within the formulations was found to be stable
without any change in the physical appearance throughout the storage period.

Curcumin is a natural yellow coloured pigment found
in turmeric (Curcuma longa Linn), and is used as a food
colouring agent. It has promising medical uses due to
its low toxicity (Shang et al., 2010). Application of
curcumin as a functional ingredient in food products and
as a therapeutic agent has been limited due to its low
water solubility (aqueous solubility of about 11 ng.ml!),
sensitivity to alkaline conditions, rapid metabolism and
poor bioavailability (Liu et al., 2016). Encapsulation of
curcumin using suitable carrier material can be used to
improve the solubility and bioavailability of curcumin.

Food proteins are commonly used as drug carriers
because of their high nutritional value, low toxicity,
and excellent functional properties as well as their
application as ingredients in the food industry. Binding

of curcumin to proteins might help in improving the
solubility and arresting the degradation. Albumin is an
abundant human plasma protein and is a commonly
used drug delivery vehicle because it is stable at
physiological conditions, readily soluble, and nontoxic.
Egg albumin has been used for the encapsulation of
functional food ingredients and drugs, because it is a
natural and biodegradable polymer with good water
solubility. It also has a property of protein binding and
physical entrapment, and it facilitates the release of core
material from polymer matrix (Shailesh ez al., 2010).
Hence, egg albumin was chosen as a carrier for curcumin
due to its availability and low cost as compared with
other proteins. Limited studies are available on usage
of egg protein for curcumin encapsulation. Chang et
al. (2019) investigated the encapsulation of curcumin
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into egg white protein nanoparticles and reported
the nanoparticles as promising candidates for high-
efficiency delivery system for curcumin. Wang et al.
(2020) suggested the encapsulation of curcumin in egg
white protein isolate to improve dispersity, antioxidant
capacity, and thermal stability of curcumin.

Albumin nanoparticles are commonly prepared by
desolvation of protein using organic solvents, followed
by chemical cross-linking. Organic solvent modifies
the structure of protein to give a hydrophobic material,
which forms small aggregates of desolvated albumin
(coacervates) (Irache and Espuelas, 2006). Formed
coacervates have to be hardened by cross-linking using
glutaraldehyde (Elzoghby et al., 2012). Spray drying
is one of the suitable methods to prepare encapsulated
powders with required size and release characteristics.
Basic steps involved in spray drying are preparation and
atomization of emulsion, followed by dehydration of
the atomized particles. Spray drying has gained more
attention in the recent years due to the flexibility of a
spray drying system.

Zheng and McClements (2020) highlighted some
colloidal delivery systems such as micelles, liposomes,
microemulsions, emulsions, solid lipid system
which have been used to improve the solubility and
bioavailability of curcumin. They also suggested
that the selection of most suitable delivery system
for curcumin in future should be based on the cost,
ease of manufacturing, robustness, bioavailability,
sustainability, and environment impact. Hence, in this
study an attempt was made to encapsulate curcumin
using egg albumin as carrier material by desolvation
and spray drying methods; and to analyse the in vitro
release characteristics, structural characteristics,
morphology, and stability of prepared curcumin-loaded
egg albumin powder.

MATERIALS AND METHODS

Egg albumin powder (with 85% protein) was supplied
by M/s SKM Egg Products, Erode, Tamil Nadu; while
curcumin (minimum 95% purity) was procured from
M/s Synthite Industries Ltd, Kolenchery, Kerala.
Glutaraldehyde (25% w/v solution) was purchased from
M/s Astron Chemicals (India), Ahmedabad. All other
reagents used in the experiments were of AR grade.
The study was conducted at Tamil Nadu Agricultural
University, Coimbatore.

Design of Experiment

Factors such as pH, albumin concentration, and
curcumin concentration could influence the albumin
nanoparticles production in desolvation process.
Based on the literature review, egg albumin solution
concentration in the range of 5 - 15% w/v, pH of 5 —
7, and curcumin concentration of 0.25% w/v of egg
albumin solution were selected as process parameters
for encapsulation by desolvation. In authors’ previous
study (Delfiya et al., 2016a), desolvation process using
ethanol as desolvation agent was optimised using
response surface methodology. Similarly, desolvation
process parameters using acetone as desolvation
agent was optimised in another study of Delfiya et
al. (2016b). Egg albumin concentration of 2.5 - 7.5
(%w/v), curcumin concentration of 0.25 - 0.75% (w/v),
and air inlet temperature of 110 - 130 °C were selected
as low and high levels of independent variables and
the process parameters were optimised as in the study
of Delfiya (2016c¢). In this study curcumin-loaded egg
albumin powder was prepared under the optimum
process parameters which were obtained from the
earlier studies (Delfiya et al., 2016a; Delfiya et al.,
2016b, Delfiya, 2016c¢). Optimised process parameters
of desolvation using ethanol, acetone as desolvation
agents, and spray drying and the formulation codes
of optimum processes are presented in Table 1, and

Table 1. Formulation codes of optimally prepared samples

Process Optimised factors Formulation code
Desolvation agent: Ethanol

Desolvation Egg albumin solution concentration: 8.06 (%ow/v) EA-CUR NPs-Ethanol
Solution pH: 5.34
Desolvation agent: Acetone

Desolvation Egg albumin solution concentration: 8.85 (%ow/v) EA-CUR NPs-Acetone
Solution pH: 5
Egg albumin solution concentration: 5.51 (%ow/v)

Spray drying Curcumin concentration: 0.63 (%w/v) EA-CUR MPs-Spray drying

Inlet air temperature: 130 °C
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would be used in subsequent sections to represent the
curcumin-loaded egg albumin powder prepared under
optimum condition.

Preparation of Curcumin-loaded Egg Albumin
Powder

Curcumin nanoparticles were prepared using egg
albumin as the polymer by desolvation technique.
For the preparation of curcumin nanoparticles, the
method described by Weber et a/. (2000) was followed
with some modifications. Egg albumin solution of
8.06(%w/v) and 8.85 (%w/v) concentrations and
pH of 5.34 and 5 was prepared in distilled water at
room temperature (28+2 °C) for ethanol and acetone
desolvation, respectively. Subsequently, 0.25 (%ow/v
based on egg albumin solution) curcumin was
dissolved in 20 ml ethanol or acetone, which was added
intermittently into the aqueous egg albumin solutions
under magnetic stirring at 500 rpm at room temperature.
Each five minutes interval, 2 ml of curcumin dissolved
ethanol or acetone was added in egg albumin solution
and this addition was continued until the solution
became just turbid. This resulted in the formation
of an opalescent suspension spontaneously at room
temperature. After this desolvation process, 0.11 ml
of 8% (v/v) glutaraldehyde in water was added to the
turbid solution to induce particle crosslinking. Then this

solution was stirred continuously at 500 rpm at room
temperature for 1 h. The complete cross-linking process
of the colloidal suspension was performed over a time
period of 24 h. Formed nanoparticles were subsequently
purified by three cycles of centrifugation (3000 rpm, 30
min) and re-dispersion with distilled water to remove
unreacted chemicals and desolvation agents. Purified
pellets were transferred to a Teflon plate and dried in an
oven at 50 °C for 6 h. The resulting curcumin-loaded
egg albumin particles were gently pulverized using
mortar and pestle to obtain the dried fine curcumin
nanoparticles.

Microencapsulation of curcumin was carried out in a
two-step process. The first step was the emulsification
of curcumin and wall material, followed by spray
drying of the resultant emulsion. Curcumin-egg
albumin emulsion was prepared by dissolving egg
albumin (5.51%w/v) in distilled water and subsequent
addition of curcumin (0.63%w/v) into it. This mixture
was stirred at 700 rpm for 10 min using magnetic
stirrer (SPINIT, (Tarsons, Kolkata, 100-1000 rpm, 5
1) and kept at room temperature (2842 °C) prior to
spray drying process. Spray drying was carried out
in a laboratory model spray drier (Spray Mate, JISL,
Mumbai- .Lh! evaporation capacity) (Fig. 1) with a

1. Air heater
Atomizer

3. Drying chamber

4.  Collection bottle
5. Cyclone separator
6. Collection pot

7. Scrubber

8. Control panel

9. Aspirator blower
10. Sample

Fig. 1: Lab model spray drier
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spray nozzle of 0.7 mm. Emulsion was fed into the
spray drier equipped with two fluid nozzle atomizer
using a peristaltic pump. Emulsion was fed into the
main chamber through a peristaltic pump at the rate of
2 ml.min'. The pressure of compressed air for the flow
ofthe spray was adjusted to 2 bar. The vacuum pressure
was maintained at -80 mm of water column. Air outlet
temperature was maintained in the range of 50 - 60
°C. Inlet temperature of air was maintained at 130 °C.
Microencapsulated powders were collected from spray
drier and filled in airtight, self-sealable polyethylene
pouches and stored at refrigeration temperature (442
°C) until further studies.

Characterisation of Curcumin-loaded Egg Albumin
Powder

Curcumin-loaded egg albumin powder prepared under
optimum process parameters were analysed for its in
vitro release pattern, structural changes, morphology
and stability.

Water activity

Water activity of curcumin-loaded egg albumin powder
was determined using a pre-calibrated water activity
meter (M/s Decagon Devices, Inc., Pullman, USA,
Aqua Lab series 3) at 30+1 °C during tests.

In vitro release study

Curcumin-loaded egg albumin powder was analysed
for the in vitro release characteristics (Jithan et al.,
2011). In vitro release studies were conducted in a
closed chamber (under dark conditions) to avoid
curcumin degradation in presence of light. Phosphate-
buffered saline (PBS 0.1M, pH 7.4) was used as a
release medium, which contained 1% ascorbic acid
and 0.1% butylated hydroxytoluene to prevent further
degradation of curcumin.

Optimally prepared powders (100 mg) were re-
dispersed in 200 ml of the release medium (PBS)
and kept in a digital incubator-cum-orbital shaker
(Neolab instruments, Mumbai, India, capacity: 8 flasks;
temperature: ambient plus 5 °C to 60 °C) at 37£1 °C
under stirring at 100 rpm. Release medium (20 ml) was
removed at 0, 2, 4, 6, 8, 24, 48, and 72 h intervals and
replaced with the same volume of fresh medium. The
samples withdrawn were filtered using 0.2um sterile
filter, and the amount of curcumin in release medium
was determined by UV-VIS spectrophotometer 108
(Systronics, Ahmedabad, India, single beam, 200 — 900
nm, manual) at 425 nm.
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A standard calibration curve of curcumin concentration
vs. absorbance was plotted for this purpose. Regression
equation of the standard curve is as follows:

y = 0.2461x — 0.0052 (D)
Where,

y = Absorbance value, and

x = Concentration of curcumin, pg.ml .

Furthermore, its R?> was 0.998. Concentration of
curcumin in release medium was calculated by
substituting the absorbance value in the regression
equation. All measurements were performed in
triplicate.

The release was quantified as follows:

Released curcumin pg.ml!
Total curcumin pg.ml!

Release (%) = x 100 -.(2)

Curcumin-egg albumin interaction

Curcumin-egg albumin interaction was analysed
using Fourier Transform Near Infra-Red (FT-NIR)
Spectroscopy MATRIX-I (Make: Bruker optics,
Germany). The system was operated by Spectral
Acquisition and Processing Software (OPUS software,
version 7.2, Bruker optics, Germany). The spectra were
obtained using the light source of tungsten halogen
lamp at a resolution of 8 cm™ over a wavelength
range of 12,500-3,600 cm™! with 64 scans per sample.
Michelson interferometer equipped with beam splitter
with lead sulphide (PbS) detector was capable of
detecting the interference of the light beam passing
through the sample. The interferogram collected by
the detector was converted into a spectrum by Fourier
transforming the interferogram. NIR spectra for each
powder sample were collected in triplicate by scanning
directly through the base of the glass sample vials. Each
replication is recorded by shuffling the orientation in
the sample cup, so as to standardize the orientation of
particles. Individual sample vials were rotated 120°
between triplicate scans, and respective spectra were
recorded separately. To remove the baseline shifts in the
spectra caused by particle size and packing differences,
standard normal variate transform was applied (Tanaka
et al., 2008).

Morphology

Curcumin-loaded egg albumin powder was spread over the
stubs and examined in a Field Emission Scanning Electron
Microscope ZEISS Sigma 500 (a resolution of 1.3 nm at 1
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kV) (FESEM, Carl Zeiss Microscopy Ltd, SIGMA, UK)
and scanning electron microscope (SEM) (FEI Quanta
250, FEI, Hillsboro, Oregon, USA) (Resolution: in
30 kV and High vacuum conditions: 1.2 nm, in 30 kV
and Low vacuum conditions: 3.0 nm) to investigate the
morphology of powder. Encapsulated powder (10 mg) was
dusted on carbon tape, which was mounted over the stub.
Samples were viewed in scanning electron microscope and
the images were taken to measure the size and shape of the
encapsulated powder.

Stability of Curcumin-loaded Egg Albumin Powder
Storage stability

Prepared curcumin-loaded egg albumin particles (20
mg) were kept in sealed glass vials and maintained at
4 °C for a period of 6 months. Particles were analysed
for changes in curcumin per cent at each month interval
during the storage period (Ranjan et al., 2012).

Heat stability

Heat stability of curcumin-loaded egg albumin
particles were evaluated by preparing the mixture of
encapsulated powder in water solution (0.5 %w/v). Ten
ml of prepared solutions were kept at 100 °C for 0, 10,
20, 30, 40, and 50 min of heating time and absorbance
values of the solutions after heating were determined
by the spectrophotometer at 425 nm. Using these
absorbance values, concentrations of curcumin (pg/
ml) were determined from the standard curcumin curve
and its regression equation (1). Curcumin retention per
cent (the ratio of curcumin retained in water solution
after heating to initial curcumin solution) of samples
was determined after heating it at 100 °C for certain
time using the following equation (Wang et al., 2009):

RESULTS AND DISCUSSION

Quality characteristics of optimally prepared
powder

Numerical optimization technique was adopted to
optimise the process parameters for preparation of
curcumin-loaded egg albumin powder (Delfiya, 2016;
Delfiya et al., 2016a; Delfiya et al., 2016b). Egg
albumin solution concentration of 8.06 (%w/v) and
pH of 5.34 were found to be the optimum conditions
of encapsulation using ethanol as desolvation agent
with the maximum desirability of 0.499. The optimum
conditions for encapsulation using acetone were
found to be the egg albumin solution concentration of
8.85%w/v and pH of egg albumin solution of 5 with
the desirability of 0.533. Optimum condition for spray
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drying were egg albumin solution concentration of
5.51%w/v, curcumin concentration of 0.63%w/v, and
inlet air temperature of 130 °C. Encapsulation was done
under the derived optimum process parameters, and the
quality characteristics of the resulting particles were
determined and reported in Table 2.

Characterisation of Curcumin-loaded Egg Albumin
Powder

Curcumin-loaded egg albumin powders prepared under
optimum process parameters were analysed for its in
vitro release pattern, structural changes, morphology,
and stability.

Water activity

Water activity is an index of shelf life of powders, and
food with water activity less than 0.6 is considered as
microbiologically stable (Goula et al., 2005). Water
activity values of optimally prepared samples were
observed as 0.406, 0.403, and 0.404 for EA-CUR
NPs-Ethanol, EA-CUR NPs-Acetone nanoparticles,
and EA-CUR MPs-Spray drying microparticles,
respectively. Results showed that prepared powders
were microbiologically stable. This low water
activity completely inhibits the growth of all types
of microorganism (Abbas et al., 2009). Neves et al.
(2019) evaluated the efficiency of milk for curcumin
encapsulation and reported the water activity of 0.14.

In vitro release profile

Curcumin release profile analysis is important to
explain the controlled delivery of curucmin to targeted
site. Optimally prepared curcumin-loaded egg albumin
powder and pure curcumin were analysed for its in vitro
release profile in PBS (pH 7.4) for 72 h. The cumulative
curcumin release per cent at specified time intervals are
presented in Table 3.

Table 2. Characteristics of optimally prepared
curcumin loaded egg albumin powder

EA-CUR EA-CUR FACUR
Response NPs-Ethanol NPs-Acetone MPs-S.pray

drying

Solubility, % 30.54 33.57 78.56

Curcumin , % 5.78 4,125 22.87

Curcumin

entrapment 56.78 55.23 64.87

efficiency, %

Powder yield, % 71.65 72.85 50.89

Particle size, nm 263.5 232.6 -
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Table 3. Curcumin release per cent of optimally prepared samples during in vitro release study

Sample Cumulative curcumin release, %

0h 2h 4h 6h 8h 24 h 48 h 72h
EA-CUR NPs- 3.87+0.18 10.6+£0.28 18.75+0.56 28.32+0.57 36.47+1.67 41.45+0.83 45.2+1.63 47.76+1.43
Ethanol
EA-CURNPs-  6.43+0.29 13.31+£0.35 20.48+0.74 28.83+£0.61 35.65+0.71 42.63+1.54 48.31+0.97 50.58+1.82

Acetone

EA-CUR MPs-  5.43+0.25 12.34+0.37 21.46+0.98 31.83+1.15 40.9+1.23 49.43+2.26 55.66+1.47 60.63+1.82
Spray drying

Curcumin 0.058 1.69£0.06  2.35£0.08  2.984+0.09  3.56+0.13  4.21+£0.15 4.76+0.12  5.32+0.24

Slow release of curcumin from all formulations was  followed by a slow-release pattern of curcumin over
observed either due to the diffusion of curcumin from 72 h in PBS solution (pH 7.4). Results indicated that
formulations or the slow degradation of egg albumin  the curcumin-loaded egg albumin powders prepared
in aqueous solution. Pure curcumin showed cumulative ~ under optimal conditions were capable of releasing
release of 5.32% in 72 h. In case of encapsulated  curcumin in a controlled manner through diffusion-
curcumin, sustained release of curcumin from all controlled release. The initial burst effect due to the
formulations was observed in 72 h. Release of 47.76%  weakly bound curcumin on the surface of formulations
was observed from EA-CUR NPs-Ethanol, and EA-  and later sustained release over 72 h was observed in all
CUR NPs-Acetone showed release of 50.58% in 72  formulations. Diffusion of curcumin from formulations
h. Powder prepared by spray drying had released  was the mechanism responsible for the slower curcumin
curcumin of 60.63% within 72 h. Thus, formulations  release kinetics from the formulations. Curcumin-
prepared by encapsulation could release higher amount  loaded egg albumin powder was found to be a suitable
of curcumin in a sustained manner than the pure  controlled release system of curcumin.

curcumin at physiological pH conditions. Encapsulation

of curcumin using egg albumin resulted in sustained ~ Curcumin-egg albumin interaction

release of curcumin and enhanced the bioavailability of ~ Curcumin-egg albumin interactions during the
it. Li et al. (2015) studied the in vitro release profile of  encapsulation process were assessed using FT-NIR
curcumin (Ccn)-loaded albumin nanoparticles (BNPs)  spectroscopy. The spectra of curcumin, egg albumin,
which are surface-functionalized with glycyrrhetinic EA-CUR NPs-Ethanol, EA-CUR NPs-Acetone, and
acid (Ccn-BNP-GA) and reported that Ccn-BNP-  EA-CUR MPs-Spray drying were obtained using
GA showed an initial burst release for up to 12 h, FT-NIR. Figure 2 shows the FT-NIR spectrum of
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——— 5107.07
——— 4880.47
——— 4673.35
——— 4415.03

T 434197
— 3979.03
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Fig. 2: FT-NIR Spectra of pure curcumin and its characteristic peaks
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pure curcumin and its characteristic peaks of C-N-C
stretching (Protein) at 3,874 cm!, C-H stretching
(Starch) at 3,979 cm™!, C-H bending (Protein) at 4,341
cm’, O-H/C-O stretching (Cellulose) at 4,415 cm
!, C-H stretching/C-H deformation (HC==CH) at
4,673 cm!, N—H stretching/amide Ib combination
(Protein) at 4,880 cm™', O—H stretch/O—H bend
(Starch) at 5,107 cm’, C-H stretching (Aromatic) at
5,976 cm’!, and C=O0 stretching (C=0) at 6,856 cm’!
were observed in the wavenumber range of 3,800
— 6,900 cm!. The characteristic peaks contributed
by the functional groups of egg albumin could be

observed as C—N—C stretching (Protein) at 3,967
cm’!, C-H bending (Protein) at 4,354 c¢cm’!, C=0
stretching/amide IIIb (Protein) at 4,592 cm™!', N-H
stretching/amide Ib at 4,865 cm™', O—H bending (H,O)
at 5,152 cm™!, S—H stretching (-SH) at 5,755 cm™!, and
N-H stretching (Protein) at 6,635 cm™ (Fig. 3).

FT-NIR spectra (Fig. 4) of EA-CUR NPs-Ethanol
shows the characteristic peaks of C—N—C stretching
(Protein) at 3,946 cm™!, C-H bending (Protein) at 4,352
cm”!, C=0 stretching/amide IIIb (Protein) at 4,593
cm’!, N—H stretching/amide Ib at 4,863 cm™, O—H
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Fig. 3: FT-NIR Spectra of egg albumin and its characteristic peaks
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Fig. 4: FT-NIR Spectra of curcumin-loaded egg albumin nanoparticles prepared using

ethanol as desolvation agent and its characteristic peaks
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bending (H,0) at 5,159 cm™, S—H stretching (-SH)
at 5,755 cm’', and N—H stretching (Protein) at 6,667
cm'. While comparing the characteristic peaks of egg
albumin and curcumin-loaded powder, peak shifts were
observed from 3,967 cm™ to 3,946 cm’!, 5,159 cm! to
5,152 cm!, and 6,667 cm! to 6,635 cm!. These peak
shifts indicated the presence of curcumin in powder.
Absence of additional peak in spectra indicated the
lack of curcumin and egg albumin interactions during
desolvation process.

FT-NIR spectrum of EA-CUR NPs-Acetone is shown
in Fig. 5. From the characteristic peaks, it could be
observed that as C—N—C stretching (Protein) at 3,931

cm’!, C-H bending (Protein) at 4,352 cm!, C=0
stretching/amide IITb (Protein) at 4,588 cm™', N-H
stretching/amide Ib at 4,862 cm™, O—H bending (H,0)
at 5,161 cm™!, S—H stretching (-SH) at 5,755 cm™!, and
N-H stretching (Protein) at 6,660 cm™'. Peak shifts
were observed from 3,967 cm” to 3 ¢cm!,931 cm’,
5,161 cm'to 5,152 em™, and 6,660 cm™ to 6,635 cm’!
in the spectra and no additional peak was observed
in the range of 3,900 — 6,700 cm'. This indicated the
presence of curcumin as well as lack of curcumin and
egg albumin interactions during desolvation process.

Figure 6 shows the FT-NIR spectrum of EA-CUR
MPs-Spray drying, and the characteristic peaks showed

U.ud u. 1V 19 u.2u

U.uu

— 6660.92
— 5755.85
— 5161.34
— 4862.42
— 4588.11
— 4352.28
— 3931.14

T
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8000 7000 6000 5000 4000

Wavenumber cm-1

Fig. 5: FT-NIR Spectra of curcumin-loaded egg albumin nanoparticles prepared
using acetone as desolvation agent and its characteristic peaks

Absorbance Units
0.6 0.8 1.0 1.2 1.4 1.6

0.4

0.2

8418.80

6854.46
5766.36
5151.52
4865.03
4585.37
4350.48
3978.40

T
12000 11000 10000 9000

T T
8000 7000

T T T
6000 5000 4000

Wavenumber cm-1

Fig. 6: FT-NIR Spectra of curcumin-loaded egg albumin microparticles and

its characteristic peaks
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C—N-C stretching (Protein) at 3,978 cm™!, C-H bending
(Protein) at 4,350 cm’!, C=0 stretching/amide IIIb
(Protein) at 4,585 cm!, N—H stretching/amide Ib at
4,865 cm™', O—H bending (H,0) at 5,151 cm™, S-H
stretching (-SH) at 5,766 cm™!, and N—H stretching
(Protein) at 6,854 cm'. Peak shifts were observed
from 3,978 cm™to0 3,967 cm™, 4,354 cm ' to 4,350 cmy
1, 4,592 cm! to 4,585 ecm™, 5,766 cm™ to 5,755 ¢cm’!,
6,854 cm't0 6,635 cm!, which indicated the presence
of curcumin in powder after spray drying. Similar
peak shifts were observed in spectra of curcumin
loaded O-carboxymethyl chitosan nanoparticles while
comparing the FT-IR spectrum of O-carboxymethyl
chitosan and curcumin-O-carboxymethyl chitosan
nanoparticles (Anitha ez al., 2011). Jithan et al. (2011)
reported that lack of additional peak in the FT-IR
spectra of BSA-curcumin nanoparticles indicated the
lack of drug polymer interactions in the formulation.
The FT-NIR spectrum of curcumin-loaded egg albumin
powder was similar to that of curcumin spectra and egg
albumin spectra, which indicated that the curcumin and
egg albumin maintained their chemical structure during
and after desolvation and spray drying processes.

Morphology

Morphology of the optimally prepared EA-CUR NPs-
Ethanol was examined using FESEM and the images
are shown in Fig. 7. It was observed that particles in
powder were in spherical shape and in the size range

of 50 - 400 nm. Powder was aggregated together and
formed clusters. FESEM images of EA-CUR NPs-
Acetone are presented in Fig. 8, and particles were
found to be spherical in shape and combined densely
together. EA-CUR NPs-Acetone were observed in the
size range of 50 - 350 nm. Jana et al. (2014) observed
similar denser particles of aceclofenac-loaded chitosan-
egg albumin nanoparticles during SEM analysis.

SEM micrographs showing the external morphology
of spray dried curcumin-loaded egg albumin powder
is presented in Fig. 9. It was seen that the powder
microcapsules were spherical in shape, and had
smooth outer surface with no cracks or pores, ensuring
the protection and retention of curcumin inside the
microcapsules. SEM images showed that particles were
single and separate without any agglomeration. This
indicated good flowability and easy handling of the
powder, and the size of the powder ranged from 1 pm to
15 pm. Shrinkage during drying and cooling processes
created dents on the surface of particles. These
imperfections are characteristic of the spray drying
process and it is associated with the characteristics of
encapsulating agent or process conditions (Fernandes
etal., 2013).

Stability
Storage stability
Storage stability of the samples prepared under

200 nm

EHT = 7.00 kV
WD = 3.6 mm

Signal A = InLens
Mag = 62.64 KX

Date :14 Mar 2016
Time :18:30:07

Fig. 7: FESEM image of curcumin-loaded egg albumin nanoparticles prepared

by ethanol at 60 K magnification

69



January-March, 2022

Characterisation of Curcumin-loaded Egg Albumin Powder

200 nm EHT = 5.00 kV

WD = 3.6 mm

Signal A = InLens
Mag = 52.85 KX

Date :14 Mar 2016
Time :18:15:04

Fig. 8: FESEM image of curcumin-loaded egg albumin nanoparticles prepared
by acetone at 50 kX magnification

11/5/2015 | HV WD |mag O] spot
Fig. 9: SEM micrograph of spray dried curcumin-loaded egg albumin
microparticles at 6000 X magnification

optimum process parameters was evaluated by storing it
in glass vials at 4 °C for six months. Curcumin content
of samples was analysed at each month interval up to
six months of storage. The changes in curcumin content
of EA-CUR NPs-Ethanol, EA-CUR NPs-Acetone, and
EA-CUR MPs-Spray drying are reported in Table 4.
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Asslight reduction in curcumin content was observed for
all samples due to the loss of surface curcumin during
storage. Curcumin content of EA-CUR NPs-Ethanol
was reduced from 4.01% to 3.20 per cent. In case of EA-
CUR NPs-Acetone, curcumin content decreased from
4.12% to 3.41 per cent. EA-CUR MPs-Spray drying
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Table 4. Curcumin content of optimally prepared samples during storage of six months

Storage period,

Curcumin content, % (Mean+SD)

month EA-CUR NPs-Ethanol EA-CUR NPs-Acetone EA-CUR MPs-Spray drying
0 4.02+0.17 4.12+0.11 12.16+0.36
1 3.94+0.11 3.92+0.14 12.09+0.36
2 3.83+0.14 3.81+£0.04 12.01+0.24
3 3.62+0.11 3.63+0.05 11.98+0.36
4 3.48+0.09 3.53+0.07 11.86+0.31
5 3.28+0.09 3.46+0.03 11.57+0.42
6 3.17+0.11 3.37+0.03 10.90+0.33

showed the curcumin content reduction from 12.16% to
10.90% during the six-month period of storage. During
the storage period no visible aggregations were found
in all samples. Hence, it could be concluded that the
curcumin that was retained within the formulations was
stable, and the physical appearance was not changed
throughout the storage period. Ranjan et al. (2012)
had also observed a slight decrease in encapsulation
efficiency, and drug loading during the assessment of
long-term storage stability of encapsulated curcumin
nanoparticles.

Heat stability

Thermal stability of samples prepared at optimum
process conditions was analysed by heating the sample
solution (0.5% w/v in water) at 100 °C for 0, 10, 20-,
30-, 40-, and 50-min. Effect of heating time at 100 °C
on thermal stability of samples in terms of curcumin
retention per cent is shown in Fig. 10. Results showed
that curcumin retention per cent decreased during
heating time increase from 0 - 50 min in all samples.
Curcumin retention of EA-CUR NPs-Ethanol, EA-

100 £
90 -
80 1
70 -
60 -
50 -

Curcumin retention, %

40 -
30 -
20 -
10 -

0

CUR NPs-Acetone, and EA-CUR MPs-Spray drying
were observed as 74.66+2.24, 75.93+2.28, and
70.64+2.12% after 50 min of heating at 100 °C. Even
though curcumin content of the samples reduced during
heating, up to 70% of curcumin was retained after
heating it for 50 min. Thus, the encapsulated samples
were found to be thermally stable, and could be used
in food preparations as natural yellow colourant as
well as functional food ingredient. Wang ef al. (2009)
had reported that microencapsulated curcumin showed
better heat resistance stability while heating it from 10
min to 50 min at 100 °C.

CONCLUSIONS

Curcumin-loaded egg albumin powders prepared
under optimum process parameters were found to
release higher amount of curcumin in a sustained
manner than the pure curcumin at physiological pH
conditions. Optimally prepared curcumin-loaded egg
albumin powders were capable of releasing curcumin
in a sustained manner through diffusion-controlled

—&o—EA-CUR-NPs-Ethanol

—8—EA-CUR-NPs-Acetone

EA-CUR-MPs-Spray Drying

0 10 20

Heating time, min

30 40 50

Fig. 10: Effect of heating time on retention period of curcumin-loaded egg albumin powder
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release. EA-CUR NPs-Ethanol and EA-CUR NPs-
Acetone were found to be spherical in shape and
combined densely together. EA-CUR MPs-Spray dried
particles were spherical in shape and had smooth outer
surface with no cracks or pores. Curcumin-loaded egg
albumin powder was found to be stable and the physical
appearance was also not changed throughout the storage
period. Curcumin retention of 74.66+2.24, 75.93+2.28,
and 70.64+2.12% was observed in nanoparticles
prepared using ethanol, acetone, and microparticles
prepared by spray drying, respectively, after 50 min
of heating at 100 °C. Thus, the encapsulated samples
were found to be thermally stable and could be used in
food preparations as natural yellow colourant as well
as functional food ingredient.
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ABSTRACT

Agriculture directly connects with nutrition. Despite substantial increase in agriculture
productivities, malnutrition prevails. The reason lies in the ‘hidden hunger’ or micro-
nutrient deficiencies, which can be fulfilled by increasing dietary diversity. Various
organizations promote kitchen garden / Nutri-Garden to achieve the minimum dietary
diversity. The design, structural analysis, construction details, and performance analysis of
abamboo-polyhouse to support a Nutri-garden are reported. ETABS software was used to
evaluate stability to withstand wind up to 36 m.s™'. The maximum temperature difference
(inside and ambient) of 1.6 °C was observed in the naturally ventilated polyhouse structure
when the top vent was open. Production data of vegetables produced and sold in nearby
markets indicated a payback period of 2.41 years. The technical solution developed and
demonstrated on farmers’ field to obtain year-round production of fresh vegetables for
the nutrition of family and revenue after selling marketable surpluses is a solution that
awaits further dissemination. The potential of large-scale adoption of bamboo polyhouse
for Nutri-gardens as an entrepreneurship route by small farmers can be explored through

model, dietary diversity

Good nutrition is a human right, a basic need, and is
fundamental to health and well-being. The well-being
of citizens plays an important role in the development
of'a nation. Dietary diversity is an essential factor that
is also an indirect cause of malnutrition through factors
like wealth index, socio-economic status, caste, and
gender. Data (Anon., 2019) indicated that in India, only
21% of children receive minimum dietary diversity.

Nutrition-Garden is a concept evolved from “kitchen-
garden”, growing vegetables in the backyard, which will
help in increasing the dietary diversity of a household.
Analysis for the intervention of the Nutri-Garden
project by Suri (2020) shows the increase in average
vegetable consumption by 22%, and impacted 62% of
households to meet the daily vegetable requirement of
400 g per person. It has also shown a 32% decrease
in anaemia after the intervention of Nutri-Garden.

support from existing government programmes.

Recent directives of the state and Central Government,
along with the activities of NGOs in the Nutri-Garden
/ Kitchen Garden, the development in Nutri-Gardens
can be gainfully tapped to achieve dietary diversity.

There are seven possible pathways showing the link
between agriculture and nutrition (Gillespie et al.,
2012) — such as agriculture as a source of food and
income, the link between agricultural policy and food
prices, income derived from agriculture, and how it
is actually spent, women’s socio-economic status and
their ability to influence household decision-making,
women’s ability to manage the care, feeding, and health
of' young children, and women’s own nutritional status.
The multivariable regression analysis conclusively
pointed towards the small, but positive, association
between crop diversity and dietary diversity at the
household level for a study area in Maharashtra and
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Telangana states in India (Kavitha et al.,2016). COVID
19 pandemic affected almost all sectors; Carriappa et
al. (2021) have shown the impact of COVID 19 on
the production, marketing, and consumption pattern
of agri-commodities. In addition, the reverse migration
and the income shock in rural areas have created a
demand for innovative ways of employment avenues
at the village level.

Kumar et al. (2021) performed a study to analyse the
impact of protected cultivation in Uttarakhand. Based
on the focused group discussion with 96 protected
cultivators and economic analysis, the authors
concluded that protected cultivation is profitable.
They also mentioned about the possibility of wooden
small scale (100 m?) polyhouse developed by the
Vivekananda Parvatiya Krishi Anusandhan Sansthan,
Almora, costing X71,000. This article also creates an
evidence-based on the performance of the bamboo
polyhouse as an add-on to Nutri-Garden in the Palghar
district of Maharashtra. This protected cultivation
technology will help the farmers to grow nutritious
vegetables and sell the surplus in a nearby market,
which will work as a livelihood option for a household.
The installed structures of bamboo polyhouse had
shown stability against the wind speed of 36 m.s™!
during the evaluation and sustained a Tauktae Cyclone
with 114 km.h"' wind speed after construction in May
2021. Existing polyhouses are mostly constructed using
steel / Gl structures, which has initial cost impediment.
The market survey and quotations received indicated
an average cost of making a polyhouse in a 100 m? area
was %2,77,000. Therefore, locally available bamboo has
been considered as alternative material for construction
which helps to reduce initial cost.

Making bamboo-buildings is common in disaster-
prone or earthquake-prone areas due to the resilience
and lightweight of bamboo material (Baghel and
Thakkar, 2017). Handicrafts from bamboo also provide
livelihood to some families in rural areas. Based on the
bamboo varieties in India, the compressive strength
of bamboos varies from 20 Mpa to 30 MPa (National
Bamboo Code, 2005a). Bhalla et al. (2008) developed
a parabolic arch from bamboo, which can be used to
develop a roof of an industrial shed or a warehouse
for a farmer. This structure was for an area of 250 m?
with span of 25 m (25 m x 10 m), and height of 5 m.
After the analysis, Bhalla et al. (2008) found that the
structure was stable against the loading combinations
of dead load, live load, and wind loads. The wind speed
for Delhi (47 m.s") developed a design wind pressure of
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1.325 kN.m?, against which the structure was analysed.
Korde ef al. (2014) developed a bamcrete arch by
joining two bamboos with an innovative method called
HIB (Haritha — IIT Delhi - Bamcrete). This arch was
tested under various cyclic loading conditions. Under
the increasing cycles of loading, the arch showed linear
structural behaviour up to 15 MPa of compressive
stress.

Yadav et al. (2014) reported an experimental study to
check the feasibility of a low-cost bamboo polyhouse
(50 m?) for the nursery and vegetables for India’s north
cold climatic region. The authors provided the local
joinery methods used for the polyhouse. Jadhav and
Rosentrater (2017) developed a Bamboo-Polyhouse
of 192 m? (8 m x 24 m) area for vegetable (tomato)
cultivation. Global Warming Potential (GWP) of the
Bamboo-Polyhouse was 5 kg of CO,.m™ of polyhouse,
nearly one-fifth of the GWP of GI polyhouse (26.9 kg
of CO,.m). This overall literature analysis encourages
replacing the steel structure of polyhouse with bamboo
members. The life of bamboo can be increased by the
process of bamboo treatment, but bamboo joineries
integrating with steel nails/screws often leads to
bamboo cracks, which needs to be handled with
innovative joinery solutions.

The objectives of this work were to design and construct
bamboo polyhouse structure on farmers field, and to
analyse its performance as an addition to the Nutri-
Garden for providing reliable and climate resilient food
and income source.

MATERIALS AND METHODS

This study was undertaken at Centre for Technology
Alternatives for Rural Areas, IIT, Bombay. BAIF
Development NGO provided the field connect to
conduct interviews, field visits, and identification of
farmers for construction of the polyhouses. The on-field
construction was completed with the help of Eastern
Star Company’s workshop for pre-fab items such as
joineries located in Nashik.

Selection of Study Area

Palghar district, being one of the hotspots of malnutrition
in Maharashtra state, was selected for this study.
Majority of the area in Palghar consists of hilly terrain,
forest cover. The area is characterised by water scarcity
in non-monsoon months. Majority of the population
are tribals, who have poor wealth index.
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Problem Identification and Needs Assessment
Through Farmers’ Survey

To understand the current status in terms of use
and performance of Nutri-Gardens, 20 telephonic
interviews and field visits to 5 Nutri-Garden sites
from 5 villages (Shiroshi, Wanganpada, Chauk,
Ramkhind, Pathardi) were conducted. A structured
questionnaire enabled to seek inputs from targeted
farmers that helped design the structure in terms of
area, water requirement for the identified crops, choice
of cladding material, and possible markets. Current
farming practices, consumption pattern, source of food
items, water requirement for household and farming,
advantages and constraints of Nutri-Garden, key fruits
and vegetables grown in the Nutri-Garden, and allied
information were the main components of the structured
questionnaire. The minimum meal frequency of 3
times/day was observed in all surveyed villages. The
WHO recommends 400 g.day!. person! consumption
of vegetables, but survey indicated 210 g.day'. person’!
consumption of vegetables in the diet of an adult of
Jawhar block. The maximum consumption of 300
g.day'.person’! was found for the months of winter,
which was still below the recommended level. This
was the major motivation to introduce low-cost bamboo
polyhouses as a tool for ensuring sustained supply of
vegetables to the target population.

The survey clearly indicated that water scarcity in
summer and heavy rainfall during monsoon are two
major constraints faced in growing vegetables in
open-cultivation in Jawhar block of Palghar District,
Maharashtra. The third constraint of open-farm
cultivation of vegetables was the need of protection
from free animals, often on account of the uncontrolled
grazing of the cattle in this area.

Design of Bamboo Polyhouse

The bamboo polyhouse was designed using the
National Horticulture Board (NHB) guidelines and
Indian Standard Codes (BIS 14462, 1997; BIS 14485,
1996; BIS 15912, 2012). The height of the polyhouse
at the central ridge was taken as 4.5 m. For orientation
ofthe polyhouse, a length of the polyhouse was placed
along the North-South direction to overcome the impact
of wind from the west (BIS 14462: 1997, section 5.3).
The designed polyhouse had the top vent area of 6.4
m?, making an angle of 67.97° with one of the roof
surfaces. The inclination of the roof was designed as
per the conditions by BIS 14485:1996, section 8. The
stability of the structure was vetted for a wind speed of
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36 m.s (NHB, 2011). Since the area of the polyhouse
was less than 250 m?, it was designed using a single
span (NHB, 2011). Foundations of the polyhouse were
600 mm deep as per the BIS 14462, 1997, section 6. The
bottom apron of 1 m in height helped in retaining CO,
inside the polyhouse, which complied with the NHB
norm. An insect-proof net of 40 mesh size was used
as side shading material (NHB, 2011). The polyfilm
used for top shading material was of 200-micron
thickness, UV stabilized, and 200 GSM, which was
selected based on the guidelines of NHB (2011). The
same design considerations were followed for both
polyhouses (Polyhouse 1 in Jawhar block, Polyhouse
2 in Vikramgad block).

Sizing of polyhouse

Considering the land availability of the tribal farmers
from Palghar district, along with constraint of getting
more flat land in the hilly region, the polyhouse of 128
m? (16 m x 8 m) area in a single span was designed with
optimal resource utilization. The bay size of 4 m x4m
was considered to reduce the effect of bending of the
bamboo members (beams). Depending on the bay size,
the length (16 m) and breadth (8 m) were selected for
low-cost model of bamboo polyhouse. The available
polyfilm, insect-proof net and G-Fab sheet dimensions
were considered to define the exact dimensions of
length, breadth, and height to reduce the wastage of
materials. Figure 1 shows the sectional views of the
bamboo polyhouse. The door of the polyhouse was
sized (2.13 m x 1 m) based on the requirements of the
farmer.

Selection of bamboo

Treated bamboos of Pseudoxytenanthera Madhavi
(local name — Mes) variety were used to construct the
polyhouse. Treatment of the bamboos was done using
CCB solution (copper sulphate, sodium dichromate,
boric acid in ratio of 1.5:3:4) (BIS 15912:2018).
The treatment was done using Vacuum Pressure
Impregnation technique. Treated bamboo provides
safety from termite and stem borer attack, thus ensuring
longer life than normal (untreated) bamboo. Figure 2
shows the difference between the treated bamboo and
the normal bamboo after three years of use.

Mechanical properties of bamboo and measuring
instruments

Table 1 indicates the properties used for
Pseudoxytenanthera Madhavi, which were used for
analysing the structure in ETABS software against dead
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Fig. 1: Bamboo polyhouse CAD model with sectional plan and isometric view

Fig. 2: Difference between 1) non-treated bamboo,
2) treated bamboo, and 3) treated bamboo
with polish

Table 1. Properties of bamboo assigned in ETABS

and wind loading conditions. Analysis of environmental
conditions was carried out for the inside as well as at
immediate outside the polyhouse by collecting the
temperature and wind speed data using Vane type digital
anemometer (Range: 0.4 — 30 m.s”', resolution: 0.1,
accuracy: (+) 2%) for wind speed after the construction
of the polyhouse sites. Temperatures and humidity
were monitored using HTC-1 thermometer (Range: (-)
50 - 70 °C, accuracy: *+1 °C) and hygrometer (Range:
10- 99% RH, accuracy: +5%).

Structural analysis

A 3D model of bamboo polyhouse was created in
the ETABS software (version 17) for validating the
design. To analyse the structure against the wind load
and dead load in ETABS, the method of shell-wise
(surface where the load is applied) loading case was
used. Weight of the roofing material and self-weight
of the bamboos were considered for the dead load
calculations.

Total dead load by self weight of bamboos= 0.024
kN.m™

SI. No. Property Reference Assigned value

1. Density (IS 15912: 2018) 728 kg.m?

2. Modulus of elasticity (IS 15912: 2018) 15 GPa

3. Minimum yield stress (IS 15912: 2018) 60 MPa

4, Minimum tensile strength (Kurhekar et al., (2015)) 48.5 MPa

5. Maximum compressive strength (IS 15912, 2018) 69.1 MPa

Sectional Properties
6. Cross-sectional details Outer dia — 55 mm

Inner dia — 25 mm
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Polyfilm (roof) contributed 0.002 kN.m? of dead load
Total dead load =0.024 kN.m™
Wind load calculations were performed using the BIS
875, Part 3, 2015. The structure was simulated against
wind speeds up to V=36 m.s™'.

Design wind speed is expressed as:

VZ:kl*kz*kg*k4*V (1)

Where,

K, = Riskcoefficient, 0.91 for farm buildings other
than residential (Fig. 1, BIS 875, Part 3, 2015),

K, = Multiplication factor based on the terrain

category [height of surrounding elements like
trees and other structures], (Table 2, BIS 875,
Part 3,2015) =1,

K, = Topography factor [slope of land less than 3°
(section 6.3.3, BIS 875, Part 3,2015)] =1, and

K, = Importance factor [both sites more than 65 km
away from the coastal area (section 6.3.4, BIS
875, Part 3,2015)] = 1.

Design wind pressure with multiplication factors is
expressed as -

Pg = Kq * Ko xK. * P, -(2)

Where,

P, = Design wind pressure, 701.24 N. m?,
K, = Directionality factor,

K = Pressure combination factor, and

K = Area average factor.

P,=701.24 N. m” when P, (wind pressure at height
z) =0.6*V}?

To calculate the effective wind load on a surface,

F= Cp*Pd*Area ...(3)

C,=(C,.C) .4

Where,

Cp = Difference between external and internal
pressure coefficients,

C, = Externalpressure coefficient (calculated using
Table 5 of IS 875, part 3),

Cpi = Internal Pressure Coefficient, and

Area = Surface area of the respective walls / inclined
roofs

The internal pressure coefficient (C,) depends on
the percentage of open area of the wall surface. The
percentage openings for the insect-proof net were
13.17 % (between 5% and 20%). Therefore, C, for the
insect-proof net was considered as 0.5. After deciding
the values of Cpi and Cpc, the value of Cp for different
cases were calculated based on wind direction (along
the ridge, across the ridge), and nature of internal
pressure coefficient (positive or negative value of C,):

After calculations of the Cp values, the shell-wise
loading was assigned in the ETABS software for the
following 4 cases: (a) Positive C, and wind along
the ridge, (b) Positive C, and wind across the ridge,
(c) Negative Cpi and wind along the ridge, and (d)
Negative C, and wind across the ridge.

Construction details of pilot bamboo polyhouse

The impact of the surroundings (presence of trees &
buildings) and elevation of the site for drainage of
irrigation water was considered for the site selection.
Foundations for the polyhouse (design shown in Fig. 3)

Table 2. Performance of structural members of bamboo polyhouse using ETABS simulation

SI. No. Wind speed, Simulation results
m.s™!
20 Stress in all members less than 50% of allowable stress
2 25 4 members shown stress > 50% and less than 70% of allowable stress
30 4 members reached stress above 70% of allowable limit and 2 members stressed
above 50 % of allowable limit
4 36 1 member critically loaded up to 100% of allowable stress,

2 members loaded above 90% of allowable stress,
1 member loaded above 70% of allowable stress,
3 members loaded with more than 50% of allowable stress
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were pre-casted in the workshop, and they were fixed
inside the pits of 0.46 m x 0.46 m made by the farmer.
Preconstruction machining of bamboos was done in the
workshop. On-site construction activities as erection of
bamboo frames, purlins, and other members were done
in-situ. Bamboo members were joined by using metal
clamps, metal strips, and metal fixtures. The bamboos
(Purlins) were joined along the length using inserts,
side plates, and sleeve type joints (IS 15912:2018).
The polyfilm and insect-proof nets were fixed using the
zig-zag springs and metal profile strips. The constructed
bamboo polyhouse is shown in Fig. 4.

Gravity-based drip irrigation system was integrated
by considering the daily water requirement. This drip

oy %
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Fig. 3: CAD drawing of pre-casted foundation
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Fig. 4 (a): Bamboo polyhouse installed at Ramkhind
village (Polyhouse 1)

system consisted of a main, lateral, inline drippers
(discharge 4 1.h'"), a water filter, micro sprinklers, and a
water tank at elevation of 1 m from the ground level and
located near the polyhouse. Crop water requirements
were calculated using the water requirements for tomato
and capsicum. The maximum daily water requirement
for tomatoes considered was 4.58 mm.day™' (Sharma et
al.,2015), and for 6.25 mm.day' for capsicum (Dimple
et al., 2017). Considering the maximum daily water
requirement for capsicum as 6.25 mm.day"', or 800
1/128 m*/day, a tank of 1000 litre capacity was used.

Cultivation in Polyhouse

After installation of two bamboo polyhouses in the
Palghar district, a variety of vegetables were cultivated
in them. To have the connect with Nutri-Garden, the
cropping plan was selected in a way to maximize the
variety of the vegetables for improving the dietary
diversity. Out of 128 m? polyhouse area, the cultivable
area was 63 m2 Sterameal (100 kg), neem powder
(50 kg), cocopeat (50 kg), and compost (50 kg) was
mixed and used with soil for making the beds. Sowing
/ transplanting in the bamboo polyhouse was done in
the first week of March, 2021 in a zig zag manner on
each bed. Capsicum, chili, radish, spinach, fenugreek,
French-beans, tomato, and brinjal were cultivated on
20 beds in each polyhouse. These beds were made with
200-250 mm in height, 450 mm in width, and 7 m in
length with gap of 300 mm between two beds. Tomato
and brinjal were transplanted a month after other
vegetables due to lag in getting the saplings. The seeds
of French beans, radish, carrot, spinach, and fenugreek
were received from TIDE-India NGO.

Fig. 4 (b): Bamboo polyhouse installed at Balapur
village (Polyhouse 2)
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Farmers were trained to make fertilizers like Jivamrut
(liquid & solid) and bio-organic fertilizers by BAIF
agriculture experts. The fertigation of organic manure
through drip was practiced by the 2" polyhouse owner.
The 1% polyhouse owner with the red loose-sandy
soil irrigated the land twice a day in the morning and
evening, while the 2™ polyhouse had a black-peat soil
which was irrigated once in a day, or only if required.
The farmers were also informed to control the excess
irrigation by monitoring the soil.

RESULTS AND DISCUSSION

Structural Analysis of Bamboo Polyhouse

The simulation for 128 m? bamboo-polyhouse against
the wind load and dead load conditions in ETABS
software showed the stability of structure against a
wind velocity of 36 m.s'. Bamboo was not a pre-
defined material in ETABS; therefore, the properties
of bamboo were applied to newly defined material, as
given in Table 1. The shell/surfaces of the polyhouse
were assigned with the properties of HDPE, which is a
material used to make polyfilm. The stress developed
in the bamboos on account of wind and dead load was
in the range of 0.69 MPa to 68.47 MPa. The results of
the analysis provide stresses developed in the bamboo
members as shown in Fig. 5, where the members of
the bamboo polyhouse are shown in different colours
enabling interpretation of the permissible stress levels
using the colour codes. For example, the red-coloured
members of the polyhouse structure in Fig. 5 had
reached maximum allowable stress when wind speed

0.03g

=

is 36 m.s™'. At this wind speed, two members showed
induced stress above 90% of the allowable stress (shown
in purple colour). All the other members showed the
induced stress below 90% of the allowable stress. In
this way, the structure was simulated for different wind
speeds, and the results are mentioned in Table 2. This
analysis enabled the choice of bamboo diameter based
on the prevalence of wind speeds in the region where
the bamboo polyhouse is to be constructed.

Based on the values given in Table 2 and Fig. 5, the
structure was found to be safe for a wind speed of 36
m.s™!. Table 1 provides the allowable stress limits for
the bamboo members. Based on the available bamboo
diameters of “Mes variety” and results of the structural
analysis, the diameter of 55+3 mm for columns was
selected with minimum thickness of 15 mm, and rest
of the members were selected with the diameter of 49
+3 mm and minimum thickness of 12 mm.

Variations in Micro-climatic Conditions inside
Polyhouse

Out of the two bamboo polyhouses, one was constructed
with a top vent closed by an insect-proof net (Polyhouse
1), and the other was constructed with a top vent
completely open (Polyhouse 2). The purpose of keeping
the top vent open and closed with insect proof net
was to check the temperature reduction difference.
Observations for temperature data were taken during 10
AM to 4 PM on 10" March 2021 for one site and on 11t
March 2021 for the second site. Maximum temperature
difference of 2.8 °C was observed in Polyhouse 1 at
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Fig. 5: ETAB simulation results for wind speed of 36 m.s™!

80



Dnyaneshwar Sanap, N. G. Shah and S. B. Agnihotri

JAE : 59 (1)

11:51 AM and 1.6 °C for polyhouse 2 at 1:54 PM.
The maximum temperature inside the Polyhouse 1
was 40.1 °C (when the ambient temperature was 38.6
°C), while it was 39.8 °C in Polyhouse 2 (when the
ambient temperature was 38.6 °C). Both locations of
the polyhouses fall under the same climatic region of
west coast plains and hills. Since the CO, retaining
section height was 1 m, the anemometer was placed
at 1.5 m height and 2 feet (0.61 m) away from the
wall. Maximum incoming wind speed just outside the
polyhouse was 1.5 m.s™', and the incoming wind speed
just inside the polyhouse ranged between 0.7 m.s™!
and 0.9 m.s”'. The wind-flow from inside to outside
the polyhouse through the insect-proof net was at 0.5
m.s™. The effect of an opened and closed top vent was
visible on the walls of the respective polyhouses. For
example, the insect-proof net got bulged when the
top-vent was closed (Polyhouse 1), which indicated
the higher internal pressure on the walls of other side
on inlet. Polyhouse 2 also showed the maximum wind
speed just inside the polyhouse as 0.8 m.s™', but the
corresponding maximum inlet wind speed just outside
the polyhouse was 1.2 m.s' when the top vent was
open. However, the closing/opening of the top-vent
is often determined based on the ‘insect-proofness’ of
the polyhouse.

Economics of Bamboo-polyhouse

Table 3 describes the fixed and variable costs involved
in constructing the bamboo polyhouse, including the
cost of the drip irrigation system. The total cost for
construction of the bamboo polyhouse (size: 128 m?),
including installation of the drip, was X 90,165. The
variable cost includes the seed and sapling cost, manure
and soil preparation cost, and other miscellaneous
costs. Thus, the total initial investment of X 99,015 is
needed for the construction of bamboo polyhouse and
to begin cultivation. The prevailing cost (in year 2021)
of a GI/Steel polyhouse of 96 m?area was X 2,77,000
(market survey basis), which was almost three times
the cost of bamboo polyhouse. Annualised life cycle
cost (ALCC) basis of cost comparison of the 2 types
of polyhouses was used. Table 4 compares the total
costs, ALCC, per m?cost, structural life, and risk factors
involved. For calculating the ALCC, a discount rate of
12% and an inflation rate of 7% was assumed. Based
on the primary market survey in the study area, the life
of polyfilm, geomembrane fabric apron, and drip lines
was considered as four years. The life of springs and
bamboos was considered as five years, and the life of
foundations was considered as ten years.

Comparison of the ALCC of treated bamboo polyhouse
(18,460 for minimum 5 years life) with GI/Steel

Table 3. Itemized costs in construction of bamboo polyhouse

Type of cost Details Cost,
%
Fixed cost [1] Treated bamboos with transportation (110 Bamboo 30,348
Poles) at rate of X14.5 / feet
Polyhouse materials (including shade net, polyfilm, 35,000
fixtures)
Labour for construction (4 workers) 7,500
Erection labour charges (4 workers) 5,000
Transportation of materials to site (Nashik to 5,000
Palghar — overall 200 km)
Drip irrigation system (5000 tank +2182 drip+135 7,317
sprinklers)
TOTAL (1) 290,165
Variable cost (2) Seed + saplings 2000
Manure 3850
Maintenance 1000
Miscellaneous 2000
TOTAL (2) 8850 . yr!
Total initial investment cost for 1% year (1)+(2) 299,015
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Table 4. Comparison of polyhouse with treated bamboos and non-treated bamboo polyhouse, and GI polyhouse

Item Treated bamboo Untreated bamboo GI/ steel polyhouse
polyhouse polyhouse

Cost, T.m? 735.93 585.93 2770

Life of structure, year 5-10 5 20

Life of poly film and shade 4-5 4-5 4-5

net, year

Annualised LCC, R 15,382* 13,837 28,927
18,460 Rs*

Risk level Less risk of getting affected More risk of getting No risk from insect-like

by termite, stem borer,
and fungus

affected by termite, stem stem borer

borer, and fungus

*indicates the ALCC when the life of bamboo is considered as 10 years, LCC — life cycle cost
# indicates the ALCC when the life of bamboo is considered as 5 year

polyhouse (328,927 for 20 years life) showed that
bamboo polyhouse is more economical than the GI/
Steel polyhouse (details in table 4). Due to the risk
of termite and borer attack, the minimum ALCC
(13,837) compared to others for a non-treated bamboo
polyhouse is not substantial (Table 4).

Vegetable Cultivation from Bamboo Polyhouse

Based on the records maintained by the farmers and
field visits to the polyhouse sites, the performance of the
polyhouse was analysed based on vegetable production.
The quantity of produce was recorded by the farmers for
each vegetable. The quantity of production, area under
each vegetable, their productivities in polyhouse, and

in open cultivation are mentioned in Table 5. The data
for open field productivity for the Palghar region was
received from the BAIF agricultural experts in Jawhar
block of the district. The productivity of the bamboo
polyhouse was compared with 3-year (2018, 2019,
2020) average All India productivities (Anon., 2021)
of the vegetables (Table 5).

Productivity of capsicum in polyhouse was found to
be 2.3 times higher than the open field productivity,
and 5.6 times higher than the 3-year All India average.
Similarly, the productivity of other vegetables also
showed higher productivity than the national average.
For tomato and brinjal, constraint of pollination in

Table 5. Crop attributes considered for economic calculations for polyhouse cultivation

SI. Crop/ Area under Production Productivity  Average Open field AllIndia  Market
No. vegetable cultivation in from for Polyhouse productivity, productivity average rate,
polyhouse 1  Polyhouse 1& of the productivity
& polyhouse 1& Polyhouse 2, kg. m vegetables*, at(2018,2019,
2, Polyhouse 2, kg. m*? kg. m 2020)#,
m? kg kg. m? Z. kg!
1. Capsicum 9.45 70 & 87 741 &9.21 831 35 1.45 60.00
2. Chili 9.45 30 & 35 3.17&3.7 3.44 2.2 1.09 50.00
3. Radish 6.3 17 & 20 2.7&3.2 2.95 1.75 1.54 20.00
4. Spinach 6.3 13& 10 2.1&1.6 1.85 0.85 NA 30.00
5. Fenugreek 6.3 9& 11 143 & 1.75 1.59 0.9 NA 25.00
French
6. Beans 9.45 28 & 31 2.96 & 3.3 3.13 21 1.00 30.00
7. Tomato  9.45 32&35 34&3.7 3.55 5 2.52 20.00
8. Brinjal 9.45 26 & 25 2.75 & 2.65 2.7 35 1.72 20.00

*Indicates the values of productivity based on the opinions of farmers and agricultural experts in the area.
# Indicates the average productivity at India level data (Ministry of Agriculture and Farmers Welfare, 2021)
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polyhouse was observed, and accordingly the farmers
were trained for doing manual pollination. Pollination
may be a reason for lower productivity of tomato (3.55
kg.m?) and brinjal (2.7 kg.m™) crops.

Farmers were able to gain profit ofI5,000 (Polyhouse
1) and %6,000 (Polyhouse 2) after selling the surplus in
the local market after 1* cycle of cultivation inside the
polyhouse (within first five months). After the first cycle
of crops, the farmer of polyhouse 2 cultivated saplings
for Jasmine (Mogra) flower. He observed higher quality
of sapling production in the polyhouse, which was
better in terms of quality of leaves, colour of leaves,
quantity produced, and growth rate with expected profit
030,000 through sale of 3,500 saplings. Farmers had
experienced a problem to sell the surplus at nearby city
due to the lockdown during the 2™ wave of COVID
19 pandemic.

Higher yield of French beans was not profitable due to
the unfamiliarity of the local people in its consumption.
Most of the production from polyhouse went under self-
consumption and sharing with others. To understand
the actual value of the produce, the average of market
rates from Jawhar (near polyhouse 1) and Vikramgad
(near polyhouse 2) block market places was considered.

After calculating the profit of each vegetable, total
profit of 6,065 and ¥6,495 would have been generated
through the same cropping plan and same productivity
in Polyhouse 1 and Polyhouse 2, respectively. Based
on the average productivities of Polyhouse 1 and
Polyhouse 2 and market rates, capsicum (8.31 kg.m?
and 60 T kg'), chili (3.44 kg.m? and 50 Xkg"), and
French beans (3.13 kg.m?and 30 2.kg') were found
to be best three crop choices. This polyhouse crop plan

45m

[ |
4m
Fig. 6(a): Sectional view of existing bamboo polyhouse
structure
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can be expected to ensure production diversity and
security throughout the year, although they may not be
the optimal crop plan to gain profit from the polyhouse.

Considering a scenario of crop planning where farmer
intends to achieve a maximum profit, a cropping of
capsicum for 8 months (one cycle), and then one
cycle of French beans (for next three to four months)
may be recommended. Calculated annual income
for this plan is 41,050 / year. Considering initial
investment of 399,050 and subsequent annual cost of
manure, maintenance, and saplings as %5,850; a simple
payback period (SPP) of2.41 years was estimated. The
respective Benefit-Cost ratio (B/C ratio) and Internal
Rate of Return (IRR) were computed as 1.27 and
30.5%, respectively. If a farmer gets a subsidy of 50%
on the cost of polyhouse, the B/C ratio increases to 2.06,
payback period reduces to 1.3 years with increased
IRR to 73.5 per cent. All three parameters (SPP, IRR,
B/C ratio) positively indicated for subsistence farming
through polyhouse cultivation.

Possible Design Suggestions

Construction of the designed bamboo polyhouse
revealed that more joints on a single bamboo member
need extra machining on bamboo, which may not be
technically sound as it may provide sites for crack
propagation in bamboo members and making it
structurally weak. Therefore, a double bamboo column
can be integrated as shown in Fig. 6 (b).

Simulating the existing and the improved structure
in ETABS software against dead load and wind load,
it was found that the structure with the suggested
design performed better than the currently constructed
bamboo polyhouse structure. The measure of design

Fig. 6(b): Sectional view of modified bamboo
polyhouse structure
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improvement is the stress developed in the members,
which is again classified based on the stress developed
in terms of percentage of allowable stress. In the
suggested design improvement, none of the structure
member exceeded the stress above 50% of the
allowable stress limit. The constructed structure had
three members reaching stress more than the 90% of
the permissible stress limit.

CONCLUSIONS

Two bamboo polyhouses of 128 m?* area were designed
and installed at Jawhar (Polyhouse 1) and Vikramgad
(Polyhouse 2) blocks, Palghar district, Maharashtra.
The structure of the bamboo polyhouse was found to
be safe against the wind velocity of 36 m.s™'. With the
top vent space of the polyhouse completely open, the
maximum temperature difference between inside and
outside the polyhouse was 1.6 “C, while when the top
vent was closed with insect-proof net, temperature
difference was 2.8 °C. Techno-economic analysis of
the bamboo polyhouse indicated the lower investment
cost (390,165) as compared with conventional
polyhouse, and acceptable B/C ratio (1.27). The ALCC
(R18,460) of the treated bamboo polyhouse shows its
appropriateness for small-scale farmers to grow diverse
vegetables as capsicum, chili, leafy vegetables, tomato,
brinjal, etc. A simple payback period of 2.41 years
along with an IRR of 30.5% suggest a fast recovery on
investment. Government subsidy of 50% can reduce
the payback period to 1.3 years with higher B/C ratio
(2.006).

Bamboo polyhouse may be a low-cost alternative for
GI polyhouse, and can offer sustainable livelihood and
nutrition source for rural households.
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ABSTRACT

Coleus (Coleus forskohli), a medicinal crop, contains a bioactive component forskolin,
which is extracted and used in several ayurvedic medicines in India. Drying is the primary
operation to extract forskolin. In this the study, Coleus was dried in a rotary drier by varying
slice thickness (2.5, 5.0, 7.5 mm), drying air temperature (45, 55, 65 °C), and feed volume
(50, 60, 70 percent); and the forskolin contents were assessed. The moisture content reduced
to 16.55% (d.b.) from 464.97% (d.b.) after rotary drying. The drying time ranged from
300 min to 450 min. The effective moisture diffusivity and activation energy ranged from
1.02 x107 mm?2s'to 1.33 x10°* mm?.s" and 5.39 kJ.mol " to 15.57 kJ.mol ", respectively.
Forskolin content in dried root varied from 0.14% to 1.87 per cent. High forskolin content
was found in 2.5 mm thick slice dried at 55 °C and 70% feed volume. Analysis of variance
showed that forskolin content in dried Coleus root was significantly (p<0.0001) affected

diffusivity, forskolin

Coleus (Coleus forskohli) is a short duration medicinal
plant belonging to the Labiatae family. It contains an
active principal component called forskolin. Forskolin
is a di-terpenoid compound used in several ayurvedic
and traditional medicines in India. It activates adenylate
cyclase and executes the critical hormonal processes
(Seamon et al., 1981). Forskolin stimulates and increase
cyclic Adenosine-Mono-Phosphate (AMP) levels to
produce protein kinase and activate hormone-sensitive
lipase, which can break down the triglycerides of
fatty tissue (Allen et al., 1986). Forskolin is used for
maintaining lean body mass and aiding weight loss
(Badmaeyv et al., 2002). The presence of forskolin in
the coleus roots give commercial importance to the crop
is a seasonal, crop and its roots contain more than 80%
(w.b.) water; hence spoilage starts immediately after
harvest. After harvesting, storing without drying makes
the roots unsuitable for forskolin extraction. Therefore,
the roots must be dried immediately after harvesting,

by slice thickness and drying air temperature than feed volume (p<0.01).

stored, and used for further extraction of forskolin.

In current practice, harvested coleus roots are cleaned
and open sun-dried on the floor. Harvested coleus roots
were cleaned and open sun-dried on floor. After sun
drying, the roots are pulverized, and the pulverized roots
are used for extraction. The drawback of sun drying is,
the roots become hard mass (like dried wood); thus,
it generates heat at the time of powdering, and leads
to a loss in forskolin content. Like other biochemical
constituents, the forskolin is affected by temperature
and other parameters during the drying of coleus roots.
Moreover, sun drying requires more space and time, and
incurs more operational costs with less profit. Rotary
drier is a drier that rotates continuously and mixes the
feed materials by flights and baffles attached inside the
rotary drier. Thus, it increases the heat transfer rate and
reduces the degradation of heat sensitive materials.
Drying time in the rotary drier is lesser and thermal
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efficiency is higher than the sun drying or tray drier
(Mujumdar, 2004). Hence, a study was conducted to
examine the effects of drying parameters on drying
characteristics and forskolin content of dry coleus roots
dried in a rotary dryer.

MATERIALS AND METHODS

Material

Freshly harvested roots of coleus (Fig. 1a) were
obtained from the farmer’s holdings at Manjini,
Attur Salem, Tamil Nadu, India. C. forskohlii grows
in red sandy loam soils. The crop is harvested five
months after planting. The mean diameter of coleus
roots calculated by arithmetic and geometric means
ranged from 13.43 mm to 11.06 mm, and 13.16 mm to
10.70 mm for the change in the moisture content from
466.62% to 21.52% (d.b.), respectively.

Coleus roots were sliced in to 2.5, 5.0-, and 7.5-mm
thicknesses (Fig.1b) for the experiment.
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All chemicals used in this study for analysis were
purchased from Hi Media, Mumbai.

Moisture determination

The moisture content of fresh and dried Coleus forskohli
roots were determined by hot air oven method at 105°C
for one hour, as prescribed by the AOAC (Horwitz and
Latimer, 2005), and recorded on dry basis (d.b.).

Rotary Dryer

A rotary dryer developed at Tamil Nadu Agricultural
University, Coimbatore, India, for drying of red chili
(Kaleemullah and Kailappan, 2005) was modified
and used for drying coleus (Fig. 2). The size of the
drum and the flights were modified. The diameter
and length of the drying chamber were 150 mm and
300 mm, respectively, to hold 7.5 kg (70% of drier
volume) freshly sliced coleus roots with 464.97% (d.b.)
moisture content. The dryer consisted of a cylindrical
drying chamber, a motor-blower assembly, a heating
chamber, a temperature controller-cum-indicator, a

7.5mm .
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Reduction gear box; 2. Motor; 3. Hollow shaft; 4. Heating coil; 5. Insulation; 6. Exhaust pipe; 7. Bearing;
8. Exhaust chamber; 9. Drying chamber; 10. Rotary drum; 11. Plenum chamber; 12. Thermocouple; 13. Heating
chamber; 14. Main frame; 15. Blower; 16. Flights; 17. Baffles

Fig. 2: Schematic diagram of rotary drier
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plenum chamber, flights, and a reduction gearbox
unit. A blower (capacity: 1.75 m3.min') powered by
a 0.19 kW electric motor was provided to supply the
airflow (1.625 m®>.min™") to dry 7.5 kg of coleus root and
overcome the pressure drop generated during drying.
The heating chamber consisted of two heating coils (1
kW each) located between the blower and the plenum
chamber. A copper—constantan thermocouple connected
with a thermostat was provided in the plenum chamber
to measure and maintain the drying air temperature with
an accuracy of £1 °C. Four flights (100 x 30 x 18 mm)
and four baffles (95 x 30 mm size) were fitted inside
the drying chamber at equal distance to lift, move, and
uniformly mix the sliced coleus roots. All flights were
fixed horizontally, and all baffles were fixed at 45° to
the horizontal plane. A three-phase, 0.745 kW electric
motor was connected with a gearbox, rotating the
drying chamber at 25 rpm. The drying chamber was
mounted on a stand using a shaft attached with a ball
bearing to rotate the drying chamber freely. The stand
was fabricated using an equal angle iron (35 x 35 x 6
mm). The length, width, and height of the stand were
1000, 500 and 900 mm, respectively.

Drying

The sliced roots were filled in to 50, 60, and 70% of
drier volume, and dried using hot air at 45, 55, and 65
C. Based on preliminary studies, the airflow rate and
drum rotating rpm were maintained as 1.625 m*.min!
and 25 rpm.

The product was dried until it reached a constant
weight. Weight reduction in coleus roots during drying
was recorded at 15 min intervals for first 02 h and 30
min intervals for further drying time.

Determination of Effective Moisture Diffusivity

Moisture diffusion controls the drying process of
agricultural produces, and is explained by Fick’s second
law of diffusion (Eq. 1). Determination of moisture
diffusion using experimental method is difficult,
therefore by linearizing the differential equation of
Fick’s second law of diffusion (Eq. 2) and simplified
by assuming that the coleus roots were slabs and
considering n=1 as the drying process took a long time
(Eq. 3) (Arun Kumar et al.,2019). Several researchers
have shown that Eq.3 was further simplified to a
straight-line [In (MR) = mt+c] equation shown in Eq.
5 (Dincer and Dost, 1995; Dadali et al., 2007; Wang
et al., 2007). A linear equation was fitted by plotting
a graph between In (MR) and time, and the slope was
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estimated. Effective moisture diffusivity was estimated
by substituting 7 and r in the slope (m) in the Eq. 5.

dm d’M
5 = Dett X 13 (D
M _%Zleﬁx exp(—(Zn— 1)? xz—rxufﬁ.t) ..(2)
8 2
M =5 x exp (=1 X Dyt ) . 3)
_ 8 T[Z'Deff .
In(MR) = In (T[_Z) - (T t) .. (4
m X 4r?
of =7 - (5)
Where,
M = Moisture ratio,
r = Slice thickness of Coleus (diffusion path), mm,

t = Drying time, s,
D, = Effective moisture diffusivity, mm*.s™, and
m = Estimated slope from equation.

Determination of Activation Energy

The effective moisture diffusivity can be related
to the temperature by a simple Arrhenius equation
(Eq.7) (Lopez et al., 2000; Akpinar ef al., 2003. The
Arrhenius equation (Eq. 8) was linearized by taking
natural logarithm. Further, the activation energy was
determined by substituting the value of R in the slope
obtained from the linearized Arrhenius equation (Eq.8).

Deff=D,x e {-E /(RT)} .. (6)
In D - {Ea/(R*T)} (D
E, =m, XR .. (8)
Where,

D_, = Moisture diffusivity, mm’.s™,

A = Constant,

t = Thickness of drying material, mm,

E, = Activation energy, kJ. Mol", and

R = Universal gas constant, 8.134 x 10~ kJ.mol'.K"!,
and

m_ = Slope of the equation.

Preparation of Forskolin Extract

The dried roots (Fig.1c) were milled using an attrition
mill (SKE-01, 2 kg capacity) and sieved to less than
1.0 mm size powder using 18 mesh sieves. The sieved
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powder was stored in airtight zip-lock pouches and
used for extraction.

Forskolin was extracted as described by Sasaki et
al. (1998). One gram of powder was taken in 10 ml
of dichloromethane, and heated for 30 min at 40 °C.
After heating, the powder was dried to remove the
dichloromethane and dissolved in 10 ml of methanol for
4 h at 40 °C. The solution was evaporated in a water bath
for 30 min to remove the solvent, and filtered through
filter paper. The filtrate was used for quantification.

Quantification of forskolin

Forskolin was quantified by High-Performance Thin
Layer Chromatography (HPTLC) (Camag Linomat
IV model) at JSS College of Pharmacy, Ooty, India.
Standard forskolin and other samples were spotted
on pre-coated silica gel plates as narrow bands of
4 mm width at a constant rate of 8 pl.s! using a
Camag Linomat IV model applicator under nitrogen
atmosphere. A mixture of benzene and ethyl acetate
(85:15 v/v) was used as the mobile phase. The length
of the chromatogram 90 mm and 15 min were required
for each run. The plates were sprayed with anisaldehyde
sulphuric acid reagent (0.5 ml anisaldehyde + 1 ml
H,SO, + 50 ml acetic acid) and heated at 110 °C for
5 min. orange fluorescence observed at 366 nm was
detected, and the amount of separated compounds
in the chromatogram was quantified at 315 nm using
the Camag TLC scanner with CATS 3.17 software.
The area of the peaks of standard and sample was
quantified. The amount of forskolin was calculated
using the formula (Eq.10) and expressed as % w/w of
C. forskohli root powder.

Sst o B 100 .9

Af = Ay S

Table 1. Empirical thin-layer drying kinetic models

Where,

A, = Amount of forskolin, %,

A = Peak area of standard, mm?,

A_ = Peak area of unknown sample, mm?,
C,, = Concentration of standard, pg; and
S = Quantity of unknown sample, pg.

Modeling of Drying Kinetics

Thin layer drying kinetic model is a mathematical
equation used to describe and optimise the drying
process through drying constant, k. Following thin-
layer drying, kinetic models (Table 1) were assessed
to describe the drying process of sliced coleus roots
by non-linear least square regression analysis between
moisture ratio and drying time. The moisture ratio was
calculated by the Eq.10. Equilibrium moisture (M)
content values used for calculation were obtained
from last concurrent values in the drying curves,
because thereafter no change in weight indicated that
the moisture of roots attained equilibrium with drying
atmosphere.

— Me_Me

MR =
Mo—M,

... (10)

Where,

M, = Moisture content at 0 time, % (d.b.),

M_= Equilibrium moisture content, % (d.b.), and
M, = Initial moisture content, % (d.b.).

Design of Experiment and Analysis of Data

A full factorial design of 3* with three replications
was used to design the experiment using the drying
parameters as slice thickness (2.5, 5.0, 7.5 mm), drying
air temperature (45, 55, 65 °C), and feed volume (50, 60,

SI. No. Model name Model Reference
1. Lewis MR = e(-kt (Lewis, 1921)
2. Exponential model MR = aeCk0) + ¢ (Henderson and
Pabis, 1961)
3. Page model MR = ael=kt" (Page, 1949)
Henderson and Pabis MR = ekt (Henderson and
Pabis, 1961)
5. Modified Henderson MR = aeCki) 4 pel-ket) 4 cal-kst) (Sahin and Ogztiirk,
and Pabis Model 2018)
. Two-term model MR = ae(-k1t) 4 pel-kzt)
7. Midilli model MR = ae(kKt") 4 bt
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70 %). Upon the design of experiments, maximizing
the extraction of forskolin content from the 27 drying
treatments using least squares approach to solve the
optimization of treatment combinations with the
constraints of slice thickness, drying air temperature,
and feed volume. A linear mathematical model (Eq.11)
was established, and variance analysis was performed
to show the effect of each drying parameters, its
interactions on drying characteristics, and forskolin
content.

.11

Where,
y = Predicted value, %,

S = Slice thickness, mm,

T = Temperature,°C,

F = Feed volume, % and

by b,b,b;b,, b, b, b, . = Average effect; main

effects; two-way; and three-way interactions effects,
respectively.

RESULTS AND DISCUSSION

Effect of Drying Parameters on Moisture Content
and Drying Time

The results indicated that the drying time decreased
with increasing drying temperature, decreasing slice
thickness, and feed volume (Fig. 3). Lowest final
moisture content of 17.9% (d.b.) was observed in

.
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100 -
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5.0 mm slice thickness, while highest final moisture
content of 22.31% (d.b.) was observed in 7.5 mm
slice thickness. For 2.5 mm slice thickness, 330 min
was required for drying 70% feed volume at 45°C,
and 270 min was required for 50% feed volume slices
dried at 65 °C. The maximum and minimum drying
time for 5.0 mm slice thickness was 270 min at 65 °C
and 50% feed volume and 450 min at 45 °C and 70%
feed volume. Similarly, for 7.5 mm slice thickness, the
minimum time taken was 360 min at 65 °C with 50%
feed volume; and the maximum time taken was 480 min
at 45 °C £70% feed volume. The higher air temperature
and small slice thickness had low final (equilibrium)
moisture content and less drying time (Fig.3), while
the higher feed volume had high final (equilibrium)
moisture content and drying time. The drying air
temperature and slice thickness had more influence on
moisture removal than feed volume. This might be due
to increased water evaporation capacity of the air and
higher high thermal diffusion in the slices because of
large temperature gradient created by the high drying
temperature and low thermal resistance caused by less
slice thickness. Similar results were reported for carrot,
ginger rhizome and okra (Reyes ef al., 2002; Hoque et
al.,2013; Muliterno et al., 2017). Xiao et al. (2010) had
reported that drying of carrot slices was significantly
influenced by drying air temperature than air velocity.
Olawale and Omole (2012) had observed that thinnest
sweet potato slices recorded the least final moisture
content and fast-drying rate than the thickest slices.
Reducing thickness of ginseng significantly decreased
the drying time (Xiao et al., 2015).

® 45°C
X 55°C
A 65°C

L 2
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¥
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Fig. 3: Effect of drying air temperatures and time on moisture content of 7.5 mm coleus dried at (a) 50
9C, (b) 60°C, and (c) 70°C drying temperature
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Effect of Drying Parameters on Drying Curve

From Fig. 4, it could be noticed that nearly 60% of
moisture content reduced exponentially before 180
min of drying at all drying air temperatures and feed
volumes. Absence of constant rate drying period was
observed from the curves. This might be because of
prevention of moisture diffusion from sliced coleus
roots by the shrinkage of surface. The internal mass
transfer resistance controls the drying time; higher
internal mass transfer resistance facilitates the constant
rate falling period. The absence of constant rate drying
might be due to quick moisture diffusion mechanism
from the centre to the surface and due to the quick
moisture removal from the skin (Doymaz, 2004;
Kaleemullah and Kailappan, 2005). The falling rate
period dominated the drying operation (Asparagus’
root) due to lesser internal mass transfer resistance
(Kohli et al., 2018). Hoque et al. (2013) reported that

the constant drying rate of whole ginger rhizome
during drying might be due to prevention of moisture
diffusion through the thick skin of the whole ginger
rhizomes; whereas the present study observed the
falling rate drying in sliced samples. This might be due
to higher moisture diffusion because of small diffusion
length.

Effect of Drying Parameters on Effective Moisture
Diffusivity and Activation Energy

Effective moisture diffusivity of moisture in the sliced
coleus roots during drying under various drying
conditions was estimated by regression analysis
between In (MR) and drying time (Fig. 5). Effective
moisture diffusivities of coleus roots during drying
were found in the range of 1.0x10° mm?2.s't0 9.93x107
mm?.s. Effective moisture diffusivity decreased with
increasing slice thickness from 2.5 mm to 7.5 mm and

1.00 %
*45°C
090 |
£ e X55°C
0801 % x o 465°C
o 070 1 Ay
= 060 LI
]
2 R
g 050 - NN
2 *
£ 040 - a X .
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Fig. 4: Effect of drying air temperatures and time on moisture ratio of 7.5 mm coleus
dried at (a) 50 °C, (b) 60 °C, and (c) 70 °C drying temperature
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Fig. 5: Effect of drying air temperatures and time on the moisture content of 7.5 mm
coleus dried at ((a) 50 °C, (b) 60 °C, and (c¢) 70 °C drying temperature
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increased feed volume from 50% to 70 per cent. D
increased with increasing hot air temperature. Similar
results were reported by Abano and Amoah (2015).
The effective moisture diffusivities of Asparagus root
dried at 40 - 70 °C in a fluidized bed dryer was found
in the range of 1.85x10®*m*s'to 3.70 x 10¥m2.s’!
(Kohli et al., 2018). Moisture diffusivity of ginger
treated under high pressure and dried in a cabinet dryer
increased from 2.03x 10-9 m*s™! to 4.87 x 10-9 m*.s™
with increase in drying temperature from 55 °C to 85°C
(George et al., 2018). Further, two cut surfaces with
small diffusion length of sliced roots enabled more
moisture diffusion and moisture removal (Hoque et al.,
2013). High feed volume affects the movement of air,
and thus caused low diffusivity.

Activation energy (E ) was estimated using the plots
establishing a linear relationship between In (D) and
the inverse of absolute drying temperature (Fig. 6).
The activation energy calculated for 50, 60, and 70%

/T

feed volume were 5.39, 15.57, and 10.16 kJ.mol' for
2.5 mm slice thickness; 9.98, 8.99, and 6.20 kJ.mol"!
for 5.0 mm slice thickness; and 12.99, 5.87, and 7.06
kJ.mol"! for 7.5 mm slice thickness. Smaller value
of E, indicates that the movement of moisture within
the drying material is more comfortable, and hence
drying can be conducted with minimum energy (or)
minimum cost. The activation energy of Asparagus root
dried in a fluidized bed dryer and ginseng slices dried
in a laboratory-scale impingement dryer was 21.687
kJ.mol! (Kohli et al., 2018) and 46.64 kJ.mol! (Xiao
et al., 2015), respectively.

It could be seen from Table 2, maximum forskolin
content was observed in small slice thickness treated
under low temperature. As slice thickness, drying air
temperature, and feed volume increased, the forskolin
content decreased. Maximum of 1.87% forskolin was
quantified in 2.5 mm slice thickness coleus roots dried
at45 °C drying air temperatures with 50% feed volume;

-13.50 T
0.00290 0.0023
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0.00300

-13.70 A

-13.80 A

In(Degr)

-13.90 ~

-14.00 A
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*50%
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Fig. 6: Relationship between In (Deff) and reciprocal of drying air temperatures for
(a) 2.5 mm, (b) 5.0 mm, and (c) 7.5 mm sliced coleus roots

Table 2. Effect of drying parameters on forskolin content of dried coleus

Slice thickness, Temperature, Feed volume, %

mm 'C 50 60 70
45 1.87 1.84 1.82

2.5 55 1.74 1.75 1.77
65 1.27 1.15 1.02

5.0 45 1.75 1.43 1.02
55 0.95 0.92 0.90
65 0.79 0.60 0.49

7.5 45 0.44 0.36 0.26
55 0.33 0.28 0.17
65 0.36 0.21 0.14
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whereas a minimum of 0.33% forskolin was quantified
in 7.5 mm slice thickness dried at 55°C drying air
temperatures with 50% feed volume. It was statistically
ascertained by the negative estimates of slice thickness
[(-) 0.259], drying air temperature [(-) 0.026], and
feed volume [(-) 0.011]. This might be due to the heat
sensitiveness of forskolin content. Large slice thickness
exposed for long drying time deteriorated the forskolin
content in sliced roots. Similar results were reported for
Kothimbda (Vyas, 2014) and for ginseng slices (Xiao
et al., 2015). Harde and Singhal (2012) had reported
that about 0.64 = 0.12% w/w of forskolin was obtained
from the solvent extract of C. forskohlii roots using
HPLC; whereas the values obtained in the present study
was 1.18% w/w. The yield of higher forskolin might
be due variation in drying methods.

Analysis of variance (Table 3) of forskolin content
of dried coleus roots showed that slice thickness and
the temperature had significantly (p<.0001) affected
forskolin content retention during drying, whereas feed
volume affected significantly at 1% (P<0.05). Among
the interactions between different parameters, the

Table 3. Analysis of variance and parameters estimates

effect of slice thickness and temperature on forskolin
content was significant at 5% level (P<0.01). Other
interactions, namely temperature and feed volume,
slice thickness and feed volume, and slice thickness
and temperature and feed volume on forskolin content,
were not significant at 5% level (P<0.05).

The linear mathematical model established to show
each drying parameters and interactions between the
parameters on forskolin content is given in Eq.12.
The coefficient of determination (R?) and the adjusted
coefficient of determination (Adj.R?) of the model
were 0.950 and 0.931, respectively. The scatter plot of
forskolin content predicted versus actual looks good
with even spread of data points around the diagonal
line (Fig.7).

y = 4.338 — 0.259 S — 0.026T — 0.011F + 0.006ST
... (12)

Drying Kinetics of Optimised Treatment Condition

A total of 27 treatments were conducted for drying of
coleus roots to get the maximum amount of forskolin

Source Estimates Sum of DF Mean F-ratio P value
squares Square
Intercept 4.338 9.306 26 0.377 51.610 <.0001
S: Slice thickness, mm (-) 0.259 7.579 2 3.793 294.230 <.0001
T: Drying air temperature, °C (-) 0.026 1.259 2 0.632 48.867 <.0001
F: Feed volume, % (-) 0.011 0.203 2 0.101 7.868 0.0113
S xT 0.006 0.252 4 0.135 9.795 0.0055
SxF (-) 0.001 0.007 4 0.014 0.272 0.608
TxF 0.001 0.003 4 0.014 0.117 0.7363
S XTxF 0.000 0.003 8 0.011 0.124 0.7284
R? 0.950
Adj. R? 0.931
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Fig. 7: Actual versus predicted forskolin content of dried coleus roots
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Table 4. Kinetic model parameters, constants, coefficient of determination and RMSE

I\Sl(l). Model name Model constant parameter R? RMSE
1. Lewis k=0.007 0.983 0.043
2. Exponential model a=1.17;¢=-0.177; k =0.005 0.996 0.022
3. Page model a=1.033;k=0.023; n=0.318 0.984 0.043
4. Henderson and Pabis a=1.033; k=0.007 0.985 0.042
5. Moc.hﬁed Henderson and a =57.92; b =0.272; ¢ =-57.11; k,=0.002; k,=0.022; 0.991 0.035

Pabis Model k,=0.002
6. Two term model a=-36.07;b=37.01; k, =0.011; k, = 0.011 0.987 0.041
7. Midilli model a=0.995; b=0.0003; k=0.076; n = 0.076 0.996 0.022

content. The treatments were optimised based on the
mean square analysis between actual and predicted
forskolin content through statistical model. The drying
kinetics were employed for optimised treatments
only, and results are described here. The absence of
a constant rate drying period was observed from the
drying curves, and thus the models had exponential
components that were fitted to describe the falling rate
period of coleus drying. The models were fitted for
only optimised drying treatment which has maximum
forskolin content.

From Table 4, it could be seen that all empirical
models explained the drying process of sliced coleus
roots within the design space. However, R? values and
RMSE value of both exponential and Midilli model
were best with R? of the models as 0.996 and 0.996,
respectively. Similarly, the RMSE values were 0.021
and 0.222, respectively. Previous studies stated that
the Page model described the drying kinetics of sweet
potato slices dried between 50 °C and 80 °C in a tray
dryer (Olawale and Omole, 2012); ginger dried in a
box-cabinet natural circulation solar dryer (Deshmukh
etal.,2014); diced cassava roots dried in a cabinet dryer
(Kajuna et al., 2001); carrot dried by various methods
as tunnel dryer, vacuum-freeze dryer assisted by
infrared radiation, pulsed fluidized-bed dryer assisted
by microwave radiation, and combinations of these
methods (Reyes et al., 2008) either with or without
infrared radiation; a pulsed fluidized-bed dryer assisted
by microwave radiation; and combinations of these
methods. It was observed that drying the sliced coleus
roots had been thin layer for moisture removal as the
slices inside the drum were mixed by a rotary motion.

CONCLUSIONS

The study concluded that decreasing slice thickness,
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feed volume, and increasing drying air temperature
reduced the drying time. Higher final moisture content
occurred with increasing slice thickness and feed volume
with decreasing drying air temperature. The effective
moisture diffusivities and the activation energy of the
Coleus roots were in the range of 1.00x10¢ - 9.93x1077
mm?.s™, and from 5.39 - 15.57 kJ.mol"!, respectively. A
maximum of 1.87% forskolin was quantified in 2.5 mm
thick slice dried at 45 °C and 50% feed volume; while
the minimum of 0.33% forskolin was quantified in 7.5
mm thick slice dried at 55 °C and 50% feed volume.
Slice thickness and temperature had significantly
(p<.0001) affected forskolin content retention during
drying, whereas feed volume significantly affected at
1% (P<0.05). The exponential and Midilli models are
suitable for explaining the drying characteristics of
sliced coleus root.

REFERENCES

Abano E E; Amoah R S. 2015. Microwave and blanch-
assisted drying of white yam (Dioscorea rotundata).
Food Sci. Nutr., 3, 586-596.

Akpinar E; Midilli A; Bicer Y. 2003. Single layer
drying behaviour of potato slices in a convective
cyclone dryer and mathematical modeling. Energy
Convers. Manage., 44, 1689-1705.

Allen D O; Ahmed B; Naseer K. 1986. Relationships
between cyclic AMP levels and lipolysis in fat cells
after isoproterenol and forskolin stimulation. J.
Pharmacol. Exp. Ther., 238, 659-664.

Arun K A; Alam M S; Angam Raleng; Yadav Y K.
2019. Drying kinetics of onion (Allium cepa L.) slices
using low-humidity air assisted hybrid solar dryer. J.
Agric. Eng., 58(3), 262-273.

Badmaev V; Majeed M; Conte A A; Parker J E.



V. Chandrasekar, V. Eyarkai Nambi and S. Shahir

JAE : 59 (1)

2002. Diterpene forskohli (Coleus forskohlii Benth.):
A possible new compound for reduction of body weight
by increasing lean body mass. NutraCos, 1, 6-7.

Dadali G; Apar D K; Ozbek B. 2007. Estimation of
effective moisture diffusivity of okra for microwave
drying. Drying Technol., 25, 1445-1450.

Deshmukh A W; Varma M N; Yoo C K; Wasewar
K L. 2014. Investigation of solar drying of ginger
(Zingiber officinale ): Emprical modelling, drying
characteristics, and quality study. Chin. J. Eng., Article
ID 305823. 1-7.

Dincer I; Dost S. 1995. An analytical model for
moisture diffusion in solid objects during drying.
Drying Technol., 13, 425-435.

Doymaz 1. 2004. Convective air drying characteristics
of thin layer carrots. J. Food Eng., 61(3), 359-364.

George J M; Sowbhagya H B; Rastogi N K. 2018.
Effect of high pressure pretreatment on drying kinetics
and oleoresin extraction from ginger. Drying Technol.,
36, 1107-1116.

Harde S M; Singhal R S. 2012. Extraction of
forskolin from Coleus forskohlii roots using three phase
partitioning. Sep. Purif. Technol., 96, 20-25.

Hoque M; Bala B; Hossain M; Uddin M B. 2013.
Drying kinetics of ginger rhizome (Zingiber officinale).
Bangladesh J. Agric. Res., 38, 301-319.

Horwitz W; Latimer G. 2005. AOAC-Association
of Official Analytical Chemists. Off. Methods Anal.
AOAC Int., 18th Ed., Gaithersburg, Maryland, USA,
45, 75-76.

Henderson S M; Pabis S. 1961. Grain drying theory:
Temperature effect on drying coefficient. J. Agric. Eng.
Res., 6(3), 169-174.

Kajuna S; Silayo V C K; Mkenda A; Makungu P J
J. 2001. Thin-layer drying of diced cassava roots. Afr.
J. Sci. Technol., 2(2), 94-100.

Kaleemullah S; Kailappan R. 2005. Drying kinetics
ofred chillies in a rotary dryer. Biosyst. Eng., 92, 15-23.

Kohli D; Shahi N C; Kumar A. 2018. Drying kinetics
and activation energy of asparagus root (asparagus
racemosus wild.) for different methods of drying. Curr.
Res. Nutr. Food Sci. J., 6, 191-202.

95

Lewis W K. 1921. The rate of drying of solid
materials. Indus. Eng. Chem., 13, 427-432.

Lopez A; Iguaz A; Esnoz A; Virseda P. 2000. Thin-
layer drying behaviour of vegetable wastes from
wholesale market. Drying Technol., 18, 995-1006.

Muliterno M M; Rodrigues D; de Lima F S; Ida E
I; Kurozawa L E. 2017. Conversion/degradation of
isoflavones and color alterations during the drying of
okara. LWT - Food Sci. Technol., 75, 512-519.

Mujumdar A S. 2004. Dryers for Particulate Solids,
Slurries and Sheet-Form Materials. In: Mujumdar,
A S (Ed.), Guide to Industrial Drying: Principles,
Equipment and New Developments, Three S. Colors,
Mumbai, 37-77.

Olawale A S; Omole S O. 2012. Thin layer drying
models for sweet potato in tray dryer. Agric. Eng. Int.
CIGR J., 14, 131-137.

Page G E. 1949. Factors influencing the maximum rates
of air-drying shelled corn in thin layers. Unpublished
M.Sc. Thesis, Purdue University, West Lafayette,
Indiana, ProQuest Dissertations Publishing, 1300089.

Reyes A; Alvarez P I; Marquardt F H. 2002. Drying
of carrots in a fluidized bed. I. Effects of drying
conditions and modelling. Drying Technol., 20, 1463-
1483.

Reyes A; Vega R; Bustos R; Araneda C. 2008.
Effect of processing conditions on drying kinetics and
particle microstructure of carrot. Drying Technol., 26,
1272-1285.

Sahin U; Oztiirk H K. 2018. Comparison between
artificial neural network model and mathematical
models for drying kinetics of osmotically dehydrated
and fresh figs under open sun drying. J. Food Process
Eng., 41(5), 1-14.

Sasaki K; Udagawa A; Ishimaru H; Hayashi T;
Alfermann A W; Nakanishi F; Shimomura K. 1998.
High forskolin production in hairy roots of coleus
forskohlii. Plant Cell Rep., 17, 457-459.

Seamon K B; Padgett W; Daly J W. 1981. Forskolin:
Unique diterpene activator of adenylate cyclase in
membranes and in intact cells. Proc. Natl. Acad. Sci.
U.S. A, 78, 3363-3367.



January-March, 2022

Effect of Drying Parameters on Drying Characteristics and Forskolin Content of Rotary Dried Coleus

Vyas D M G D. 2014. Studies on effect of slice
thickness and temperature on drying kinetics of
kothimbda (Cucumis Callosus) and its storage. J. Food
Process. Technol., 06.

Wang Z; Sun J; Chen F; Liao X; Hu X. 2007.
Mathematical modelling on thin layer microwave
drying of apple pomace with and without hot air pre-
drying. J. Food Eng., 80, 536-544.

96

Xiao H W; Gao Z J; Lin H; Yang W X. 2010. Air
impingement drying characteristics and quality of
carrot cubes. J. Food Process. Eng., 33, 899-918.

Xiao HW; Bai J W; Xie L; Sun D W; Gao Z J. 2015.
Thin-layer air impingement drying enhances drying
rate of American ginseng (Panax quinquefolium L.)
slices with quality attributes considered. Food Bioprod.
Process., 94, 581-591.



http://isae.in/journal-of-agricultural-engineering-JAE T ot ™
gricultural
Engineéring

Journal of Agricultural Engineering

Vol. 59 (1): January-March, 2022

doi: 10.52151/jae2022591.1768

Prioritization of Sub-watersheds of Kosi River Basin Using Morphometric
Analysis and Geospatial Tools

Sourab Singh', Vaibhav E. Gosavi’’, Sandipan Mukherjee’ and Kireet Kumar*

"Former Senior Research Fellow, 2*Scientist- C, 3Scientisth, 4Scientisth, G. B. Pant National Institute of Himalayan
Environment, Kosi-Katarmal, Almora, Uttarakhand, 263643, India. *Corresponding author email address: vaibhavgosavi8@
gmail.com

Article Info ABSTRACT

This study aimed to use remote sensing (RS) and geographic information system (GIS)
geospatial tools for morphometric investigation of a mid-Himalayan Kosi river basin in
Uttarakhand, India. The sub- watersheds (SWs) were identified and prioritized into high,
medium, and low level of priority based on the compound factor analysis for conservation
of natural resources in the watershed, leading to sustainable watershed management.
Total of 10 morphological parameters related to drainage network, basin geometry, and
drainage texture were used for compound factor analysis. The drainage network of the
river basin was dendritic in nature and exhibited homogeneity in texture and lack
of structural control that helped in analysing terrain parameters as drainage density,
infiltration capacity, runoff, bedrock nature, which control underground water movement.
The stream-order estimated using the digital elevation model (DEM) having 12.5 m x
12.5 m spatial resolution ranged from first to seventh order streams. During prioritization
of sub-watersheds using compound factor values, higher priority was assigned to sub-
watersheds which yielded lowest compound factor and vice-versa. Sub-watersheds SW5
to SW7 covering an area of 396.18 km” were noted to have highest priorities for soil
erosion conservation measures; SW2, SW3 and SW8 had medium priorities; and SW1,
SWO, and SW4 were assessed with lowest priorities. It is anticipated that the prioritization
of sub-watersheds would be useful to planners, decision makers, and relevant stakeholders
for implementation of soil and water conservation interventions for sustainable natural
resources management within watershed.
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Morphometric investigation or analysis is the
quantitative assessment used to collect the information
of different terrain properties as slope, relief, altitude,
drainage network of a geographical area (Chandniha
and Kansal, 2017; Singh et al., 2021) and is helpful
to understand the influence of fluvial morphometry on
the natural resources of the watershed (Pendke et al.,
2018). Subsequently, morphometric techniques could
be used to extract information on various secondary
terrain parameters as drainage network orientation,
stage of erosion, geographic layers, hydrological
characteristics of a watershed or basin (Sreedevi et
al., 2013). Morphometric analysis supplemented by
detail drainage network analysis conjointly used for

analysing the dynamicity of a geographical area
(Withanage et al., 2015; Prakash et al., 2016a, 2016b;
Singh et al., 2019) and provides a comprehensive
view of the hydrologic behaviour of the watershed
(Singh et al., 2021). Consequently, morphometric
assessment is significant in understanding the geologic
structure of watershed or river basin and useful for
identifying the surface and sub-surface processes that
are effective within the watershed area (Magesh et al.,
2011; Gosavi et al., 2018). Morphometric drainage
network assessment of a watershed is further beneficial
for demarcating the suitable areas for water harvesting
structures and soil-water conservation interventions
leading to better management of watershed (Pankaj
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and Kumar, 2009; Chandrashekar et al., 2015; Gosavi
et al., 2018). However, due to significant variation
in the hydro-meteorological and hydrogeological
conditions across the planet, morphometric parameters
vary significantly from one basin to other (Samal
et al., 2015). Therefore, basin or watershed- scale
assessment of morphometric characteristics is required
to understand the connection between hydrological and
geo-morphological parameters (Nag and Chakraborty,
2003).

Basin morphometry has four broad distinctive aspects
as drainage network, basin geometry, drainage texture,
and relief. Each broad aspect has many different derived
morphometric parameters (Nag and Chakraborty, 2003;
Magesh et al., 2012). These parameters are calculated
using the digital elevation model (DEM) data acquired
from remote sensing (RS), and processed using the
geographic information system (GIS) (Pankaj and
Kumar, 2009; Thomas et al., 2010; Pate and Dholakia,
2010). Basin morphometric characteristics obtained
using these procedures are fairly accurate and are
becoming standard for planning natural resources
conservation measures, mainly soil-water conservation
activities for watershed management. Moreover, this
is an effective approach in integrating the spatial
data to develop beneficial outputs such as different
thematic layers for variables related to pollution
risk, land cover monitoring and for possible numerical
modelling of water resources (Gupta and Srivastava,
2010; Srivastava et al., 2012a; Srivastava et al., 2012b).
As use of geospatial tools such as RS and GIS for
morphometric analyses is amenable to quick evaluation
of drainage and hydrological characteristics, products
or inferences from GIS aided morphometric analyses
are rapidly becoming handy tool in decision making
for framing acceptable measures in water scarce basins
or watersheds (Srivastava et al., 2011; Magesh et al.,
2011; Srivastava ef al., 2012a).

Although the Himalayas have more than 33,000 km” of
glaciated basins that store approximately 12,000 km®
of fresh water (Hua et al., 2009) through more than
9000 glaciers (Raina and Srivastava, 2008), densely
populated mid-Himalayan basins are extremely
dependent on numerous springs, streams and seepages
for fresh water (Kumar et al., 2019). Moreover,
such springs and streams are known to be lifelines
of some of the major rivers that support the unique
bio-diversities, agricultural practises, and day- to-day
water demand of millions of people. However, such
stream and spring-fed rivers across the north- western
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Indian Himalayan regions are increasingly reported to
be experiencing decline in annual discharges due to
many socio-economic and climate induced impacts.
Moreover, extreme rainfall induced events of flash
flood are increasing in western and central part of
the Himalaya (Kumar et al., 2018) which trigger soil
erosion in the watershed. Subsequently, there is a need
to frame basin-specific adaptations plan and mitigation
policies through targeted watershed conservation and
management activities. Morphometric investigation
of watershed using geospatial tool could prioritize
sub-watersheds within a watershed wherein suitable
soil and water conservation measures or groundwater
development activities such as water harvesting or
recharge structure could be proposed (Nooka et al.,
2005) or soil and water conservation activities could
be carried out depending upon situation and need. Such
prioritization of sub- watersheds or micro-catchments
are primarily linked with erodibility criteria and could
lead to focused efforts on groundwater recharge and
drainage development activities such as positioning
water harvesting structures that leads to soil and water
conservation as well (Patel ef al., 2011; Patel et al.,
2012; Sushanth and Bhardwaj 2019; Singh et al., 2021;
Mali et al., 2021).

Therefore, the present study aimed to prioritize sub-
watersheds for conservation of natural resources, and
their efficient management through morphometric
investigation using RS and GIS for a mid-Himalayan
densely populated basin (Kosi river basin of Kumaun
region) that covers broadly Almora and Nainital
districts of Uttarakhand, India, and reported to be
experiencing high water scarcity (Kumar et al., 2019).

MATERIALS AND METHODS

Study Area

The study was conducted in Centre for Land and
Water Resources Management (CLWRM) of G. B.
Pant National Institute of Himalayan Environment
(GBP-NIHE) located at Kosi-Katarmal, Almora,
in Uttarakhand state. The study was carried out for
the Kosi River basin of Uttarakhand, India, situated
between 29°230° N and 29°520 N latitudes and
79°0500 E and 79°51 00 E longitude (Fig. 1). The
Kosi basin covers an area of 1863 km®. In the upstream
section, i.e. upper Kosi watershed, river originate
in Rudradhari hills and flows from North to South
direction. As it flows further downwards, it flows from
East to West direction in the middle section of the
watershed, incising the bedrocks and forming broad
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valleys, straight as well as unpaired terraces (Fig. 1).

Kosi River is a 7" order channel and has produced an
actively eroded landscape with bedrock incision evident
at several locations. Originating from Dharpanidhar,
Rudradhari hills in Bageshwar district of Uttarakhand,
India, Kosi River confluences with Ramganga River in
Uttar Pradesh state, India. The annual discharge of the
Kosi River varies between 0.8 — 790.0 m’ s'l, whereas
the average annual rainfall over the basin is around
1200 mm, and monsoon contributes around 740 mm
rainfall (Mukherjee ef al., 2015a, 2015b, 2018). The
average numbers of heavy rainy days (daily rainfall
> 35.5 mm) over the watershed is around 2.48 per
monsoon season as in the case of Uttarakhand state
(Mukherjee, 2021). The region is also expected to
receive higher summer monsoon rainfall and lower
winter-season wet days by the end of this century
under the Representative Concentration Pathway

79°12'0"E

(RCP) based projected climate change scenarios of
RCP4.5 and RCP8.5 (Mukherjee et al., 2019; Ballav
etal.,2021).

The basin is unique as it represents a protected national
park, a central Himalayan River that is not glacier-fed,
and mid-Himalayan peaks with two major towns having
high population density. The watershed consists of two
major districts of Uttarakhand, Almora and Nainital,
two major urban areas Almora district Headquarter and
Ramnagar, and a part of the Corbett National Park.
The general forest cover of the Kosi watershed is
more than 50 per cent. Water from the Kosi River
is mainly used for domestic consumption, fishing, and
agriculture. The Kosi watershed is vulnerable in terms
of fresh water availability, and Takula and Ramgarh
administrative blocks of Almora and Nainital district
are facing high scarcity of potable water (Kumar et
al., 2019).
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Fig. 1: Study area map of Kosi basin
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Data Used and Methodology

The Kosi basin boundary shape file was prepared
using the Survey of India topographical maps of scale
1:50,000. The shape file was used to generate the
drainage network developed using ALOS PALSAR
(ALOS - Advanced Land Observing Satellite, PALSAR
- Phased Array type L-band Synthetic Aperture Radar)
(https://search.asf.alaska.edu/#/) digital elevation
model (DEM) having a spatial resolution of 12.5 m x
12.5 m. Subsequently, two procedures were adopted,
(1) complete analyses of 10 morphometric parameters,
and (ii) prioritization of sub-watersheds using selected
morphometric parameters. The general flow chart of
methodological processes is provided in Fig. 2. The
morphometric investigation involved development of
watershed boundary, computation of slope and aspect,
analysis of drainage network, estimation of watershed
geometry, and drainage texture using Arc-GIS (v 10.4),
and following the approach of Strahler (1957). A total
of 10 morphometric parameters covering the aspects of
drainage network, drainage texture, basin geometry,

| ALOS PALSAR DEM (12.5 x 12.5 m resolution) |
: Analysing Morph ric Parameters }_

|

BASIN GEOMETRY

| DRAINAGE NETWORK | DRAINAGE TEXTURE ANALYSIS |

!

!

Stream Order (So)
Stream Length (Lu)
Stream Number (Nu)
Bifurcation Ratio (Rb)

Average Bifurcation Ra-
tio (Rbm)

Basin Length (Lb)
Basin Area (A)

Perimeter (P)

Relative Perimeter (Pr)
Form Factor Ratio (Ff)
Shape Factor Ratio (Sf)

Drait Texture (Dt)

Compactness Coefficient
(Cc)

Circulatory Ratio (Rc)

Elongation Ratio (Re)

Morphometric analy-
sis of Kosi sub-
watersheds

!

Drainage Density (Dd)
Stream Frequency

Length of Overland Flow
(Le)

[ Generating Compound factor for Sub-

watersheds

)

| PRIORITIZATION OF SUB-WATERSHEDS |

Fig. 2: Methodology for prioritization of sub-
watersheds using morphometric parameters

and relief, were estimated using formulations as
provided in Table 1. Although total of 34 morphometric
parameters for the Kosi basin was estimated, 10
morphometric parameters used for estimation of
compound factor and prioritization of sub-watersheds
into high, medium and low level of priority for natural
resources management are presented and discussed
considering the limitation of manuscript length.

The analysis of morphometric parameters was carried
out for nine sub-watersheds (SW1 to SW9) within
the basin (Fig. 3 and Fig. 4). The sub-watershed
demarcation was based on 6™ order stream pour point
of each outlet to the main stream and superimposing
this network on the ALOS PALSAR digital elevation
model (Balasubramanian ez al., 2017). The 6™ order
stream was chosen to select workable numbers of
sub- watersheds for further analysis as identification
of 5™ and 7™ order stream pour point of each outlet
to the main stream and superimposing this network to
DEM resulted either very large or very small numbers
of sub-watersheds. Subsequent to the estimation of
morphometric parameters, the sub-watersheds were
prioritized through a compound score and successive
ranking criteria. The linear and shape parameters used
to compute compound score were bifurcation ratio (Rb),
drainage density (Dd), stream frequency (Sf), length of
overland flow (Lg), drainage texture (Dt), circulatory
ratio (Rc), form factor (Ff), shape factor ratio (Rs),
elongation ratio (Re), and compactness coefficient (Cc);
wherein, Dd, Sf, Dt, and Lg are linear in nature and
directly associated with the erodibility factor, and shape
factors such as Ff, Rs, Re, Cc, and Rc are inversely
related to the erodibility factor (Balasubramanian
et al., 2017). These ten morphometric parameters
representing three aspects, namely drainage network,
drainage texture, and basin geometry represent erosion
risk, and are traditionally used for sub-watershed
prioritisation (Biswas et al., 1999). As the linear
and shape parameters are directly and inversely
proportional to the erodibility factor, respectively, the
final compound factor was estimated using individual
scores of linear and shape parameters. Prioritization
of sub-watersheds were carried by assigning ranks or
ranking to individual parameters. For linear parameters,
highest value of linear parameter was assigned highest
rank, i.e. rank 1; while in case of shape parameter,
lowest value of shape parameter was assigned highest
rank, i.e., rank 1. Finally, the compound factor was
calculated by summing the ranks of both linear and
shape parameters and dividing by total number of
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Table 1. Formula used for computing various morphometric parameters

Morphometric aspect Parameter Formula Reference
Drainage network Stream order (So) Hierarchical rank Strahler (1964)
Stream length (Lu), km Lu=L+L+..+L Strahler (1964)
Stream number (Nu) Nu=N+N,+..+N Strahler (1964)
Bifurcation ratio (Rb) Rb = Nu/Nu+1 Schumm(1956)
Where, Rb = Bifurcation ratio
Nu = Total number of stream segment of order ‘u’
Nu+1 = Number of stream segment of next higher
order
Basin geometry Basin length (L)), km GIS analysis Schumm(1956)
Basin area (4), km? GIS analysis Schumm(1956)
Basin perimeter (P), km GIS analysis Schumm(1956)
Form factor ratio (Ff) Ff=A/Lb? Horton (1945)
Where, 4 = Basin area
Lb?> = Square of basin length
Shape factor ratio (Rs) Rs = Lb*/A Horton (1945)
Where, Lb? = Square of basin length
A = Basin area
Drainage texture (Dt) Dt = Nu/P Horton (1945)
Nu = Number of streams, P = basin perimeter
Compactness coefficient (Cc) ~ Cc = 0.2821*P/A% Horton (1945)
Where, A = Area of basin (km?)
P = Perimeter of the basin (km)
Circulatory ratio (Rc) Re = 4*n*A/P? Miller (1953)

Drainage texture

Elongation ratio (Re)

Drainage density (Dd), km.km?

Stream frequency (Sf) (Number.

km?)

Length of overland flow (Lg),
km

Where, Rc= Circulatory ratio, & = “Pi” value that
is 3.14,4 = Area of the basin (km?),P = Perimeter
(km)

Re = (2/Lb)*(A/m )*3

Where, Lb = Length of basin (km)

A = Area of the basin (km?)

Schumn (1956)

Dd = Lu/A Horton (1945)
Where, Lu = Total stream length of all order
A = Area of the basin

Horton (1945)

Sf = Nu/A

Nu = Total number of streams of all orders
A = Area of the basin (km?)

Lg=0.5/Dd

Where, Dd = Drainage density

Horton (1945)

parameters (Biswas et al., 1999; Patel et al., 2012;
Balasubramanian et al., 2017).

To prioritize sub-watersheds, linear and shape
parameters were normalized using the expression as
follows:

X-Xmin
X. X —X ..(1)
Where,
X; = Normalized data,
X = Actual value of a parameter to be normalized,

Xuin = Minimum value of the parameter, and
Xypax = Maximum value of the parameter.
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The compound factor (CF) was then determined by
using the expression as follows:

(D)+(1/9)

CF= Number of parameters - (2)
Where,
L = Normalized linear parameters, and

S = Normalized shape parameters.

Values of CF were used to prioritize ranks of sub-
watersheds. Lower CF value of a sub-watershed indicates
higher degrees of erosion, and hence requires higher
priority for its management. The lowest CF value was
assigned as the highest priority (priority rank 1); next
higher value was assigned the second priority and so on.
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RESULTS AND DISCUSSION

Results are presented in two sections, (i) details of
morphometric analysis in all sub-watersheds, and (ii)
prioritization of nine sub-watersheds is elucidated with
results for compound factor analysis.

Detail Morphometric Characteristics of Kosi Basin

Detail morphometric characteristics of the basin are
claborated with respect to three broad distinctive
aspects of drainage network, basin geometry, and
drainage texture.

Drainage network

Drainage network represents the relationship of basin
channel characteristics and the stream flow. Hence,
parameters within the drainage network aspect of
a watershed are significant in quantifying different
hydrological processes that reflect the natural evolution
of the basin. Linear parameters of the Kosi watershed
were strongly associated with the clearly defined
path called channels of the stream network. The
topographical characteristics of the stream patterns

79"1?‘0"E 79"2l0‘0"E

of the river stream network or drainage network were
investigated. The drainage network characteristics of
the Kosi basin are given below.

Stream order (So)

Identifying the stream order is one of the primary
processes in drainage morphometric analysis of any
basin. The Kosi basin area represented a maximum of
7t order stream with dendritic to sub-dendritic pattern
(Fig. 5). Out of 9 sub-watersheds, 7 sub-watersheds
represented 7" order streams (SW1-5, SW8-9), and 2
sub-watershed represented 6 order streams (SW6-7).
A total of 67,497 streams were identified in the study
area. Out of 67,497 streams, 52,353 were 1% order,
11,879 were 2™ order, 2,570 were 3" order, 548 were
4% order, 112 were 5t order, 28 were 6™ order, and 7
were 7™ order streams (Fig. 5). Generally, the lowest
stream order had maximum number of streams, and
the higher stream order had less number of streams;
whereas highest stream order had only one stream.
It could be noted from Fig. 5 that the highest stream
segments were in SW9 (12,868) and the lowest stream
segments were in SW6 (3,434).
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Fig. 5: Stream order map of Kosi basin
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Stream length (Lu)

The total length of stream of an order was calculated
by adding each stream length for the given order. There
was a total of 12,015.87 km length of stream network,
as extracted from ALOS PALSAR DEM data, for Kosi
basin, out of which 6,781.52 km (56.44%) was first
order streams, 2,588.55 km (21.54%), 1,312.99 km
(10.93%), 702.12 km (5.84%), 345.99 km (2.88%),
162.98 km (1.36%), and 121.72 km (1.01%) were
20 to 71 order streams, respectively. The length of
15 and 2™ order streams covered nearly 78% of the
total Lu. Sub-watershed wise analysis of Lu showed
that SW9 had maximum stream length of 2,403 km,
followed by SW8, SW1, SW2, SW4, SW7, SW3,
SW5, and SW6. Moreover, watersheds numbers 1-4,
7-8, and 9 had stream lengths more than 1,000 km.
This significant variation of Lu across sub-watersheds
indicated a distinctive property of the drainage network
and a change in topographic elevation and slope of
the Kosi-basin. Stream length and stream number
were further used to calculate values of bifurcation
ratio, drainage texture, drainage density, and stream
frequency.

Bifurcation ratio (Rb) and average bifurcation ratio
(Rbm)

Computed Rb values of the Kosi river basin with
sub-watersheds are presented in Table 2. The mean
bifurcation ratios (Rbm) of the sub-watersheds were
4.63,4.40,4.12, 4.28, 4.10, 4.85, 4.67,4.47, and 4.66
for SW 1-9, respectively. All sub-watersheds had Rbm
more than 4 indicating the elongated shape of the basin
(Khare et al., 2014), the control of geological structure
over the area, and less permeable rocks with high slope
(Pareta and Pareta, 2011). Higher values of Rb and
Rbm were also indicators of early hydrograph peaks
with a potential for flash flood during storm events.

Maximum Rbm of 4.85 was noted for SW6 amongst
all the sub-watersheds, indicating early hydrograph
peak (i.e. smaller basin lag time) associated with strong
structural control on the drainage development. The
minimum Rbm (4.10) was observed for SW5 (Table 2),
indicating a delayed hydrograph peak with relatively
less flash flood risk.

Basin Geometry of Kosi River

The hydrology of any watershed is connected with the
watershed geometric parameter, particularly through
area-length relationship which reflects peak discharge
behaviour or distribution along the flow path of the
river channels. Understanding the relationship and
quantification of different geometric parameters as
investigated in present study varied between sub-
watersheds, and helps in analysing the effect of
these geometric parameters on peak discharge of the
watershed and subsequent hydrological behaviour of
the watershed.

Length of basin (Lb)

One of the important linear features of a watershed is
the length of basin (Lb), which according to Schumm
(1956) is the longest measurement of the basin or
watershed parallel to the principal drainage line.

The basin length of SW1-9 was computed to be 39.02
km, 34.94 km, 29.36 km, 26.72 km, 25.71 km, 16.43
km, 28.43 km, 29.97 km, and 56.23 km, respectively.
Therefore, SW9 had the longest basin length;
whereas SW6 had the smallest basin length among all
the nine sub-watersheds.

Basin area (4) and perimeter (P)

Basin area (A4) and perimeter (P) signify the
contributing area that determines the volume of water
generated by rainfall events.

Table 2. Morphometric parameters of Kosi sub-watersheds

Sub- Average Drainage Drainage Length of Stream Form Shape Compactness Circulatory Elongation
watershed Bifurcation density texture Overland frequency factor factor coefficient ratio ratio
(SW) ratio (Dd), (DY) Flow (Lg), S, ratio ratio (Co) (Rc) (Re)
(Rbm) km.km? km Numberkm? (Ff) (Rs)
SW1 4.63 5.78 109.28 0.086 34.42 0.180 5.52 1.47 0.459 0.480
SW2 4.40 5.84 101.59 0.085 34.08 0.199 5.01 1.47 0.459 0.503
SW3 4.12 6.08 86.54 0.082 33.19 0.200 4.99 1.42 0.494 0.504
Sw4 4.28 8.12 128.23 0.061 51.36 0213 4.67 1.39 0.512 0.521
SW5 4.10 6.23 69.91 0.080 34.12 0213 4.68 1.63 0.374 0.521
SW6 4.85 6.61 71.43 0.075 35.68 0.356 2.80 1.38 0.523 0.673
SW7 4.67 6.68 74.78 0.074 35.89 0.196  5.08 1.70 0.342 0.500
SW8 4.47 6.79 89.44 0.073 36.76 0.282 3.53 1.84 0.292 0.600
SW9 4.66 6.51 131.53 0.076 34.86 0.116 8.56 1.43 0.484 0.385
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The basin area for sub-watersheds varied from 96.22
km® (SW6) to 369.07 km® (SW9); whereas, the
perimeter (P) varied from 48.07 km (SW6) to 104.40
km (SW8). The values of Lb, A and P were further used
to calculate the relief ratio, form factor, shape factor,
and elongation ratio of the watershed, respectively,
using the formulae of Horton (1932, 1945) and Schumm
(1956).

Form factor (FY)

Ff represents the shape of the watershed, where Ff>
0.79 indicates a perfectly circular basin (Gajbhiye
et al., 2014). Lesser the value of Ff, more the basin
would be elongated, and vice versa. A basin with high
Ff1is categorized having peak flow of shorter duration,
whereas an elongated basin with low Ff could be
categorized with lower peak flow with longer duration.

In the present study, minimum and maximum Ff
were obtained for SW9 (=0.116) and SW6 (=0.356),
respectively. Ff values of Kosi watershed inferred that
all sub-watersheds within the Kosi basin were elongated
in shape having flatter peak-flows with longer durations.
Subsequently, flatter peak-flows with longer duration
experiences with no rapid peak discharge at the outlet
of the watershed creating enough potential for flood
management activities in terms of handling amount
of discharge (i.e. lower peak flows) and duration of
discharge (i.e. longer duration) in elongated Kosi
River basin than those of the circular basins of
Himalaya.

Shape factor ratio (Rs)

Rs gives an impression about the circular character of
the watershed; where greater circular character results
in the rapid response of the basin after a storm event.

In the present study area, Rs was minimum for SW6
(= 2.80) and maximum for SW9 (= 8.56). Therefore,
it could be inferred that the SW6 had the longest basin
lag time, and SW9 had the shortest lag time.

Drainage texture (Dr)

Drainage texture (Df) reflects the basic lithology,
infiltration capacity, and relief of the topography. It is
defined as the total number of stream segments of all
orders per unit basin perimeter (Horton, 1945). The
classification of D¢ was given by Smith (1950) where
Dt values within 4 to 10 represent medium, 10 to 15
represent fine, and greater than 15 represents ultra-fine
texture.
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Since all nine sub-watersheds of this study area had Dt
greater than 69.91 (Table 2), it was concluded that the
entire Kosi basin had ultra-fine drainage texture. This
implied the dominance of impermeable soft rock with
low resistance against erosion, and thus it has more
risk of soil erosion.

Compactness Coefficient (Cc)

Cc is calculated as a ratio of basin perimeter divided
by the circumference of the circle of the area of a
particular sub-watershed (Balasubramanian et al.,
2017). Generally, a circular basin has the shortest time
of concentration before peak flow.

The values of Cc for all the sub-watersheds of this study
were 1.47,1.47,1.42,1.39, 1.63, 1.38, 1.70, 1.84, and
1.43, respectively for SW1 to SW9. Consequently, SW§
had the greatest deviation from the circular pattern,
and on the basis of Cc values alone, SW8 have the
longest Tc, i.e. time of concentration before peak
flow. Similarly, SW6 had the lowest deviation from the
circular nature amongst all the sub- watersheds, and
should have the shortest time of concentration before
peak flow. Cc values of this study indicated that all
the sub-watersheds belonged to low to high elongated
watersheds yielding comparatively greater time of
concentration before the onset of peak flow.

Circularity ratio (Rc)

Circularity ratio (Rc) is the ratio of basin or
watershed area to the area of a circle having the
equal perimeter as that of the basin (Miller, 1953;
Strahler, 1964). It is mainly controlled by geological
structure, lithological character, relief, slope, climate
variability, stream frequency, stream length, and
landuse and land cover change (LULC) within the basin
area (Patel and Srivastava, 2013; Pendke et al., 2018;
Singh et al., 2020). Rc varies between 0 and 1, where
zero represent line and one or unity represents circle
(Bali et al., 2012). The sub-watersheds with Rc less
than 0.5 will have an elongated basin, while Rc greater
than 0.5 will be more of a circular shape indicative
of a structurally controlled basin (Balasubramanian
et al.,2017).

For Kosi sub-watersheds, the Rc values were 0.459,
0.459, 0.494, 0.512, 0.374, 0.523, 0.342, 0.292, and
0.484 for SW1 to SW9, respectively. Therefore, Rc
values indicated that SW1-3, SW5, SW7-9 were
mostly elongated in shape; and SW4 and SW6 were
mostly circular in shape. Moreover, lower Rc values
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could be linked to slower discharges from respective
sub-watersheds.

Elongation ratio (Re)

Elongation ratio (Re) is computed as the ratio of
diameter of a circle having same area as that of the
basin to the maximum basin length (Schumm, 1956).
The basin can be categorized according to Re, i.e.,
circular (Re = 0.9-0.10), oval (Re = 0.8-0.9), less
elongated (Re = 0.7-0.8), elongated (Re = 0.5-0.7),
and more elongated (Re< 0.5).

The Re values of Kosi sub-watersheds were found to
be 0.480, 0.503, 0.504, 0.521, 0.521, 0.673, 0.500,
0.600, and 0.385 for SW1 to SW9, respectively.
Therefore, it was concluded that SW2 to SW8 were
elongated, and SW1 and SW9 were more elongated.
The Re values of Kosi sub-watersheds were noted
to corroborate well with the estimation of previous
parameters (i.e., Ff'and Re) where the elongated shapes
of sub-watersheds were reflected.

Drainage Texture of Kosi Basin

Drainage texture reflects the lithology of the basin
through which drainage pattern of river basin, including

79°00"E 79°10'0"E 79°20'0"E
I I I

infiltration capacity and relief of the topography, can
be studied. Drainage texture analysis helps in erosion
risk-assessment of a river basin.

Drainage density (Dd)

Drainage density is a measurement of the sum of the
channel lengths per unit area, and reveals the number
of channels in a watershed. Highly permeable earth
surface and dense vegetation area of low relief exhibits
low Dd; whereas, impermeable subsurface having
sparse vegetation area and high relief exhibits higher
Dd (Suresh, 2007, Balasubramanian et al., 2017).
Smith (1950) had classified Dd as: extremely low
(0-1), low (1-2), moderate (2—4), moderately high
(4-6), and high (> 6).

The Dd values of SW1-9 within Kosi basin were
computed as 5.78, 5.84, 6.08, 8.12, 6.22, 6.61, 6.68,
6.79, and 6.51 km.km?, respectively (Table 2, Fig.
6). Among the 9 sub-watersheds, SW1 and SW2 had
moderately high Dd, and rest of the sub-watersheds
had high drainage density indicating the weak or
impermeable sub-surface material, sparse vegetation
in watershed area, and mountainous relief (Bali et al.,
2012).
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Fig. 6: Drainage density map of Kosi basin
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Stream frequency (Sf)

Stream frequency (Sf) denotes the total number of
streams of all orders per unit watershed area (Horton
1932). Sf primarily depends on lithology of the basin
and reveals the texture of the drainage network
(Balasubramanian et al., 2017).

Sf values for sub-watersheds within Kosi basin were
found to vary between 33.19 km™2 (SW3) and 51.36
km2 (SW4) (Table 2). The observed Sf values of Kosi
basin indicated positive correlation with the Dd of
all the sub-watersheds, suggesting increase in stream
numbers with respect to increase in value of drainage
density.

Length of overland flow (Lg)

The Lg is inversely related to the average channel
slope, and can be considered as an indicator for channel
erosion (Patel et al., 2012).

The Lg values were found to vary between 0.086 km
and 0.061 km for SW1-9 (Table 2). The Lg values
reflected that all sub-watersheds of Kosi basin exhibit
channel erosion.

Prioritization of Sub-watersheds
Compound factor (CF)

The drainage pattern presented for Kosi basin
highlighted the geospatial relationships among the river,
streams, and rock resistance, slope, structural control
as well as the geological status of the basin. Using the
morphometric investigation, the prioritization of Kosi
sub-watersheds was carried out. Table 2 represents the
values of 10 parameters (5 linear, 5 shape parameters)
that were selected for prioritization analysis. Linear
parameters included average bifurcation ratio (Rbm),

drainage density (Dd), drainage texture (Df), length
of overland flow (Lg), stream frequency (Sf). The
shape parameters were circularity ratio (Rc), form
factor (Ff), elongation ratio (Re), shape factor ratio
(Rs), and compactness coefficient (Cc). Compound
factor was calculated for all sub-watersheds of the
Kosi River basin. Generally, lower the CF value of a
sub-watershed, higher is the degrees of erosion.

Table 3 and Fig. 7 represents the final score and ranking
of the nine sub-watersheds of the Kosi basin. In Kosi
River basin, CF value for SW5 was lowest (12.63)
and assigned prioritized rank 1; whereas, CF value
for SW9 was highest (20.38) and was assigned lowest
priority rank 9. It could be noted from Table 3 that SW5
to SW7 had lower CF value (12.63 to 13.48), indicating
higher erosion risk, and had the higher priority with
ranks of 1-3. These three sub-watersheds (SW5 to SW7)
encompasses 21.26% of total Kosi basin area. Similarly,
SW3, SW8, and SW2 with CF values 14.24, 14.73,
15.84, respectively, had medium priorities with ranks
4 to 6 and encompassing 35.94% of total Kosi basin
area. The sub-watershed SW1, SW9, and SW4 with
higher CF values (16.76- 20.38) had lower priorities
with ranks 7 to 9 encompassing 42.8% of total Kosi
basin area. Lower values of CF denote the possible soil
erosion in particular watersheds and vice versa. SW5,
SW6, and SW7 were considered as a high priority sub-
watersheds based on lower CF values, which signify the
highly erosion intensive nature of the sub-watersheds,
where it is necessary to implement soil conservation
measures on priority to prevent soil erosion.

CONCLUSIONS

The present study used GIS techniques for morphometric
analysis, and the prioritization of 9 sub- watersheds

Table 3. Calculation of compound factor and prioritization ranks

Linear factor

Shape factor

Compound Prioritized Interpretation

Sub- Dd Dt Rb Lg Sf Ff Rs Re Ce  Re factor ranks
watershed (CF)

SWI 00521 1 00416 0 03144 0 1 00562 02416 0.0522  16.76 7 Low
SW2 00567 1 00425 0 03349 0 1 00632 02642 0.0540  15.84 6 Medium
SW3 00694 1 00467 0 03829 0 1 00635 02547 0.0614  14.24 4 Medium
SW4 00629 1 00329 0 04002 0 1 00691 02641 0.0671  20.38 9 Low
SW5 00881 1 00576 0 04875 0 1 00690 03172 0.0360  12.63 1 High
SW6  0.0916 1 00669 0 04990 0 1 0.1297 0.4190 0.0683  12.68 2 High
SW7 00884 1 00615 0 04794 0 1 00622 03079 0.0299  13.48 3 High
SW8 00752 1 00492 0 04105 0 1 00979 04797 0.0031  14.73 5 Medium
SWO 00489 1 00349 0 02646 0 1 00319 0.1556 0.0436  19.71 8 Low
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Fig. 7: Prioritization of sub-watersheds of the Kosi basin

in Kosi River basin was further carried out using
compound factor concept. Sub-watersheds SWS5,
SW6, and SW7 were under high priority category that
encompasses a total area of 396.18 kmz; SW3, SWS,
and SW2 were under medium priority category with
total area of 669.75 kmz; and SW1, SW9, and SW4
with total area of 796.67 km” were in low priority
category for appropriate conservation measures. The
results indicated that the sub-watersheds SW5-7 are
prone to soil erosion and need appropriate soil and
water conservation measures. Targeting areas having
stream of stream orders 1 to 3 for construction of
check dams, improving vegetative cover within sub-
watersheds SW 5-7 could be one way to address the
problem soil erosion and simultaneously recharge the
groundwater. Prioritization of sub-watershed could
be used for planning location-specific bio-engineering
measures that can help in conservation and management
natural resources at sub-watershed levels in Kosi River
basin.
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