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Abstract

The threading of Turkish or Oriental tobacco leaves is part of the sun drying process prior to cigarette production. In Thailand, tobacco
leaves tend to be threaded manually by farmers, resulting in low production capacity due to insufficient labor being available. Therefore,
the aim of this research is to analyze the tangential velocity of conveyor trays and the number of tobacco leaves pressed into needles,
thereby affecting the working capacity of the machine. The machine comprises three main units. A programmable logic controller
(PLC) is applied to control the machine’s operation. The factors under study include the tangential velocity of conveyor trays
(0.13, 0.15, and 0.18 m/s) and the number of tobacco leaves pressed into needles using either seven or eight trays each time. The results
of multiple-objective optimization for the tobacco threading machine are analyzed using the weighted sum method, revealing a tray
tangential velocity of 0.15 m/s, while the use of eight trays per time produces the maximum capacity of 3,887 leaves per hour. In
addition, analysis of the percentage minimum leaves lost indicates that the tangential velocity of the trays is 0.13 m/s, while pressing
prior to gathering seven trays per time prevents 0.91 and 0.61% of the leaves from falling and tearing, respectively, during the threading
process. Moreover, 1.30 and 2.21% of the leaves experienced falling and tearing, respectively, after the threading process. Furthermore,
the analysis shows that the machine generated twice as much productivity than human labor.
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1. Introduction

Tobacco is one of the most valuable non-food crops. Tobacco leaf is used as an ingredient in cigarettes and cigars. At least 124
countries around the world grow tobacco, about 90% of which have warm climates, with 64.3% of such land being located in Asia [1].
The Tobacco Authority of Thailand, previously known as the Thailand Tobacco Monopoly, reported revenues of $1.66 from cigarette
sales, both domestically and internationally. Moreover, it received a profit of 86 million Thai baht from selling tobacco leaves [2].
According to the data from the Excise Department, Ministry of Finance, around 34,000 households in Thailand farm tobacco as a
career. Oriental tobacco, frequently referred to as “Turkish tobacco”, is widely grown by 14,900 farming families in the northeastern
region of Thailand, earning average incomes of more than $324/rai [3]. Since each variety of tobacco leaf has different amounts of
dominant chemical compounds, the Turkish tobacco leaves have the highest volatile content. The Turkish tobacco leaf needs to be sun-
cured, producing a strong, unique odor, unlike Virginia and Bailey tobacco which need to be smoke-cured in an incubator [4]. The
tobacco leaves must be threaded into strings prior to the sun drying process which normally takes about seven days [5].

The cultivation of tobacco usually takes place after the farmers have harvested their rice. Curing is the process by which the
harvested tobacco leaves are prepared for sale to the market. First, leaves aged 40-60 days are collected from the tobacco trees by
harvesting from the bottom, taking 3-4 leaves at a time. The leaves are then threaded onto a needle measuring 1.5 m in length, which
can accommaodate around 400 leaves per bunch (medium-sized Turkish tobacco leaves). The dried leaves are subsequently moved for
sun drying and later incubated indoors before being packaged. Finally, the products are sold to private companies authorized by the
Thai government as well as government-owned companies [5].

The process of threading tobacco is still conducted manually since there are no tools or machines to aid the process. Since human
labor is required, only around 1,557 leaves may be threaded per hour, which is considered a slow threading rate. Workers usually
become tired during the process or waste time doing other activities rather than focusing on their work. Another obstacle is that the
industry often lacks sufficient manpower, although in the past, a private company attempted to invent a threading machine for tobacco
leaves on a commercial scale. However, the machine was not widely used by farmers due to the difficulties involved in its use, low
capacity, and lack of mobility.

To date, no proper research has been conducted on tobacco leaf threading. Most of the existing research concerns the process after
the leaves have been threaded, for example, the incubation of tobacco leaves [6, 7]. However, a study in 1964 consists merely of an
abstract article on the invention of the stringer machine and the testing of its operation in comparison with threading by hand. The
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results revealed that the machine was approximately 21% more efficient than the manual process while producing similar work quality
[8]. In 2019, research was carried out on the design and devolvement of a tobacco threading machine, with the test results revealing
that the machine could thread 4,570 leaves per hour (nine bunches per hour). According to a review of the previous research, only a
few studies have been conducted in this field. Further improvement is required to the existing research by Sanasutham et al. who
designed and developed a tobacco threading machine that has already been tested in the laboratory [9].

This current research is an extension of that conducted by Senasutham et al. which involved a field test on a threading machine.
After the experiment, the data were analyzed using response surface methodology (RSM), to study the influence of the tangential
velocity of conveyor trays and the number of tobacco leaves pressed into needles, thereby affecting the working capacity of the
machine. Additionally, multi-objective optimization is conducted to find suitable variables for adjusting the threading machine
according to each different performance to match the needs of the farmers and could provide better results than when using human
labor.

2. Materials and methods
2.1 Preparation of materials
2.1.1 Tobacco leaves
For this study, a variety of medium-sized Turkish tobacco leaves were collected from the middle of trunks in Roi Et Province,

Thailand (Figure 1). The moisture content was 86.80% wet basis (wb), with the leaves measuring approximately 73.27 mm in width
and 147.17 mm in length [10].

Figure 1 Turkish tobacco leaves
2.1.2 Components of the testing unit

The examination of the threading machine performance in this work represents an extension of the previous research, when a field
test was conducted. The machine comprises the three main units: conveying, threading, and gathering as illustrated in Figure 2.

Conveying Unit

Gathering Unit

Figure 2 The three main units of the tobacco leaf threading machine.
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The system is controlled by the programmable logic controller (PLC), globally known as the “work horse” of industrial automation,
making it easier to improve the productivity and maintenance of the machine [11]. The PLC uses solenoid valves and pneumatic
actuators, motors, heaters, and buzzers as output devices to drive the industrial process [12]. A control system function automated by
the PLC is used as a cylinder controller for threading and gathering tobacco leaves. The conveyor unit is powered by a 1 hp single
phase electric motor, transmitting power through the shaft which connects with the pinwheel gear of the tobacco tray. A Geneva
mechanism is used as a tool for continuous step movements. A tobacco leaf conveyor containing six trays is used for the test. The
tobacco leaves are then transported to the threading unit. Once in the threading unit, a pneumatic gripper holds the needle at the bottom
of the leaves with cylinders used to press the leaves on to it. To press the leaves to the needle using the cylinder, there is a limit switch
which inputs the signal to the PLC. The limit switch is activated when the edge of the tray touches it. When the leaf count reaches its
limit, the gathering unit begins to gather the leaves from the needle to form a bunch. Figure 3 illustrates the operating steps of the
tobacco leaf threading machine.

Start

l

Place the tobacco leaves on the tray

!

The tobacco leaves are conveyed
(X2=0.130.150.18 m/s)

!

Y

No
Limit switch
> The tobacco leaves are threaded
No The tobacco leaves are gathered and counted

(X1 =7 and 8 trays/time)

!

The leaves are gathered from the needle

l

The leaves are gathered into bunches

|

End of the process

Figure 3 Operating steps of the threading machine.
2.2 Testing and evaluation

The test sample in this study consists of a group of farmers who work in the tobacco industry and have no experience of using a
threading machine. Prior to testing, the farmer must practice placing the leaves onto a tray. The farmer testing the equipment requires
a comprehensive manual to learn how the threading machine works and how to operate it. The variable parameters in this study are the
constant tangential velocity of trays (X2) and the number of times the leaves are threaded prior to gathering (X1). The Xz is set to 0.13,
0.15, and 0.18 m/s by adjusting the tray tangential velocity using an electrical current inverter, while the X1 is set to seven and eight
trays per time. The tests are replicated three times for each condition, with the results then used to calculate the working capacity
(leaves per hour), as shown in Equation (1). The quality of tobacco leaves is subsequently assessed following completion of the
threading process.

Where C: is working capacity (leaves per hour), L is the number of leaves threaded (leaves), and T is the testing time (hour)
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2.3 Analysis of multi-objective optimization
2.3.1 Response surface methodology

The influential factors affecting the capacity of the threading machine and the quality of the threaded leaves are then analyzed.
These factors consist of the number of threads pressed prior to leaf gathering (X1) and the tangential velocity of the trays in the
conveying unit (X2). The data from the test is then collected to analyze the response surface methodology (RSM). The RSM is a
statistical technique for improving the study equation [13-15] with the purpose of optimizing a response [16], as demonstrated by the
following quadratic Equation (2) [17, 18].
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Where Y represents the model response variable, ao is a constant, ai is the linear term coefficient, aii is the quadratic term coefficient,
ajj is the interaction term coefficient, and X; and Xj are the independent variables.

2.3.2 Weighted sum approach

Since this research has multiple objectives, the multi-objective optimization problem (MOOP) method is applied, consisting of
special numerical techniques such as the weighted sum presented in Equation (3). The weighted sum method is commonly used for
multi-objective optimization [19-21]. It varies the weights to achieve the multi objectives and combines them into a single optimal set
[22].
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The objective functions considered in this study are the capacity of the machine (f1), percentage of the falling leaves during the
process (f2), percentage of leaves tearing during the process (fs), percentage of the fallen leaves after threading (f4), and percentage of
leaves tearing after threading (fs). Using dimensionless variation factors, the weighted sum is measured according to the formula in
Equation (5):

1 f 3 f f
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This research consists of three case studies and uses the weighted sum method (Table 1). Firstly, case “A” involving optimization,
focuses on the capacity of the threading machine. Case “B” focuses on the percentage of leaves lost during the threading operation.
Finally, case “C” focuses on the percentage of leaves torn, both during and after the threading process. The objective of the study is to
ascertain the optimal values of the factors affecting the desire of the tester to use the machine.

Table 1 Conditions for optimization

Case Weighted sum
f1 f2 f3 fa fs
A 0.80 0.05 0.05 0.05 0.05
B 0 0.25 0.25 0.25 0.25
C 0 0 0.50 0 0.50

3. Results and discussion
3.1 Testing the tobacco leaves processed by the threading machine
3.1.1 Operational capacity

According to Table 2, the tangential velocity of the trays is 0.15 m/s when pressing the leaves at the rate of eight trays per time.
The highest capacity is 3,887 leaves per hour while the tangential velocity of the trays is 0.18 m/s when pressing seven trays per time.
The lowest capacity achieved is 2,712 leaves per hour.

The results show that when the tangential velocity of the trays increases from 0.13 to 0.15 m/s, the capacity of the machine increases
to produce seven and eight trays of pressed leaves per time, respectively. This result is consistent with the performance evaluation of
a multi-tuber peeling machine, in that an increase in the tray speed leads to greater capacity [23]. However, when the tangential velocity
of the trays in the conveying unit increases to 0.18 m/s, pressing seven and eight trays per time, the machine’s capacity decreases. This
is because the conveying of the trays affects the place where the tester can put the leaves, making it difficult to get them on the tray in
time. This is consistent with the findings of other researchers, who revealed that when using different feed rates at higher speeds, the
operator is unable to feed the material at a faster speed while remaining within the limits of human working conditions [24, 25].
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Table 2 Threading tobacco leaves with the threading machine
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Threading press count

Tangential velocity of the trays

Capacity

(trays per time) (mfs) (leaves per hour) (bunches per hour)
0.13 3091 6.18
7 0.15 3780 7.56
0.18 2712 5.42
0.13 3823 7.65
8 0.15 3887 7.77
0.18 3454 6.91

Note: Six conditions were tested, each replicated three times.

3.1.2 Quality of the thread

When the tangential velocity of the trays is raised from 0.13 to 0.18 m/s, respectively, the percentage of lost leaves increases, as
shown in Figures 4 and 5. This is due to the tester placing the leaves on the tray too quickly. Sometimes, the tester places the leaves in
the wrong position or stacks them too high, resulting in many leaves falling off the trays during the conveying, threading, and gathering
processes. This finding aligns with the existing research on cassava peeling and shelling and peanut machines, in that an increase in

machine speed leads to high losses [26, 27].
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3.2 Result of multi-objective optimization

The influential factors affecting the capacity and quality of the tobacco leaves produced by the threading machine are analyzed.
The relationship between these factors and the dependent variables is examined using the RSM: capacity and quality of the tobacco
leaves produced by the threading machine following a quadratic equation associated with the experimental design. According to
Equations (6)-(10), an R-squared indicator with a high value means that the quadratic equation is suitable for applying to the dataset
[28].

f, = -1141.448 - 4241 484X + 250080.868X, + 298.844X_ -875949.999X, +1864.684X X, ®)
(R® = 0.8828)
f, = -1.437-5.240X, +13.152X,, +1.861X: +3280.000X -120.473X, X, @)
(R® =0.9908)
f, =-0.528-1.932X, +33.670X_+0.579X; +846.666X; - 35.631X, X, ®)
(R® =0.9998)
f, =3.148 +11.684X, - 641.845X,, - 1.062X; +1386.666X., +31.210X, X, ©)
(R® = 0.9995)
f =2189+8130X -444203X_-0.666X. +1101.666X" +15.131X X_ (10)
(R® =0.9152)

These equations are then used to create a surface plot for analyzing the influential factors affecting the capacity and quality of the
tobacco leaves produced by the threading machine. Figure 6 shows the surface plots of responses and the predicted capacity values
(f1), plotted as functions for counting the trays before gathering (X1) and their tangential velocity (X2). According to the surface plot
shown in Figure. 6, the capacity (f1) tends to increase according to the number of trays prior to gathering (X1). Based on the tangential
velocity of the trays (X2), the response reached the maximum level of actual velocity at about 0.15 m/s. These results indicate that
capacity is affected by speed. This is consistent with other research findings, in that increased peripheral and rotational speed leads to
greater efficiency [29, 30]. However, the capacity tends to decrease when the tangential velocity is too high [31] due to the tester being
unable to place the leaves on the tray in time.

f1(x1, x2)

Figure 6 Surface plot for capacity (f1) as a function of X1 versus Xa.

The surface plots showing the percentage of falling and torn leaves during the process are shown in Figure 7a and 7b. The trays
were counted prior to gathering (X1) with their tangential velocity (X2) increasing to a high level, causing a rise in the percentage of
leaves falling or tearing during the process. A surface plot showing the percentage of fallen and torn leaves after threading is presented
in Figure 7c and 7d. The tray count before gathering (X1) had less impact on the percentage of fallen and torn leaves after threading.
However, when the tangential velocity of the trays (X2) increases to a high level, the percentage of fallen and torn leaves after threading
tends to increase. This is consistent with the research of Adeshina Fadeyibi et al., who claimed that increasing the tangential velocity
results in a higher percentage loss [ 32]. Since the conveying of the trays affects the place where the tester can put the leaves, they are
unable to get the leaves on the tray in time.
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Figure 7 Surface plots showing the percentage of leaves falling (f2) and tearing (f3), during the process, and leaves falling (fs) and
tearing (fs) after threading as a function of X1 versus Xo.

The results of surface analysis reveal that the dependent variables are influenced by the initial variables. However, during operation,
it is necessary to consider both the capacity and quality produced by the machine. Therefore, by using the weighted sum approach,
suitable values for all five variables (F) are obtained. Table 3 demonstrates how the most suitable values can be obtained under multiple
conditions using the weighted sum approach. The variables are divided into three cases according to their level of importance.

Table 3 Results of multiple-objective optimization

Case Weighted sum Factor value
f1 f2 fs fa fs X1 X2
A 0.8 0.05 0.05 0.05 0.05 8 0.15
B 0 0.25 0.25 0.25 0.25 7 0.13
C 0 0 0.50 0 0.50 7 0.14

The weighted sum for the factors in case A, focusing on the capacity of the machine is shown in Figure 8 (a). The optimum tray
count values prior to gathering (X1) and the tangential velocity of the trays (X2) as X1 is equal to eight trays per time while Xz is equal
to 0.15 m/s. Therefore, when a user needs to achieve high capacity with a threading machine, conditions of case A must be considered.

The weighted sum for the factors shown in case B, focusing on leaf quality during and after the threading process, is shown in
Figure 8(b). The optimum tray count values prior to gathering (X1) and the tangential velocity of the trays (X2) are X1 equal to seven
trays per time while Xz is equal to 0.13 m/s Therefore, when the user requires the lowest percentage of fallen and torn leaves during
and after the process while somewhat ignoring the capacity of the machine, the optimum factors of case B must be considered.

Figure 8(c) shows the weighted sum for the factors in case C, focusing on the leaf quality and the percentage of torn leaves during
and after the threading process. The optimum tray count value of the trays prior to gathering (X1) and the tangential velocity of the
trays (X2) as X1 are equal to seven trays per time while Xz is equal to 0.14 m/s. As a result, when the user requires the lowest percentage
of torn leaves during and after the process without paying attention to the capacity of the machine and number of fallen leaves, the

optimum factors of case C must be considered.
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4. Conclusions

The weighted sum analysis method for multi-objective optimization of the threading machine reveals that the percentage loss is
not significant since farmers tend to focus on capacity. Therefore, it can be concluded that the tangential velocity of the trays is 0.15
m/s while pressing prior to gathering eight trays at a time gives a maximum capacity of 3887 leaves/hour. Tobacco leaf loss from
tearing and falling during the process equated to 7.49 and 2.45%, respectively, while 1.04 and 1.1% of leaves were lost from tearing
and falling after threading, respectively. The analysis revealed the minimum percentage loss for tangential velocity of 0.13 m/s, with a
pressing capacity prior to gathering seven trays per time of 3,091 leaves per hour. Tobacco leaf loss from tearing and falling during the
process equated to 0.91 and 0.61%, respectively, while 1.30 and 1.21% of leaves were lost from tearing and falling, respectively. When
comparing the operating results between the threading machine and human labor, the former was found to be approximately twice
more efficient than the latter.
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