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Editor’s Note

Naresuan University Engineering Journal (NUEJ) provides a forum for major scientific debates in all
areas of engineering and technology. The journal accepts research articles, review articles and follows a strict
peer review process for each article submitted for consideration to ensure the quality of the publication. The
articles are accepted for publication only after receiving consent from at least two independent reviewers
followed by Editor’s permission. Editor-in-Chief holds the final decision in any case. The editorial board of
the NUEJ has recently reaffirmed their commitment to the following goals:

1. Acquiring papers on the most recent and high-quality engineering research to boost the Journal's
impact factor and reputation.

2. Reducing the time it takes for papers to be published (i.e., the time it takes from the authors'
submission to the final decision).

In this issue, there are total of 15 research articles, two in English and thirteen in Thai. Going forward, only
manuscripts written in English will be considered for publication. This adjustment is intended to boost the
visibility of our Thai authors' intellectual contributions and make them more accessible to a wider audience.

Dr. Phisut Apichayakul
Editor

Naresuan University Engineering Journal
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Heat Treatment Factors Affecting AISI 304 Austenitic Stainless
Steels with Wear-resistant in High Temperature and High acid
Conditions for using in Agricultural Product Processing
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Department of Production Engineering and Management, Faculty of Agricultural Technology and Industrial Technology,
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*Corresponding author e-mail: tannachart.w@pcru.ac.th
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Abstract

This research was aimed to study factors affecting heat treatment of AISI 304 austenitic stainless steel under high
natural acidity and high temperature conditions for using in the agricultural product processing which affect the weight
loss after the experiment. This research applied the 2° factorial design consisting of 3 independent factors, including
temperatures, holding time, and quenching fluids. In each factor, there are two experimental levels: temperature factor
levels at 560 °C and 650 °C, the holding time of 20 and 40 minutes and the quenching fluids: cold water and heat-
treatment oil. The Pin-on-Disc method was applied to determine the weight loss. The experimental conditions in this
study were the temperatures of 70 - 80 °C and natural acidity at pH 3 - 3.5. The study found that all factors statistically
significantly affected the weight loss of the stainless steel and the temperature of 650 °C, the holding time of 40
minutes and cooling in water was the most weight loss resistance. Moreover, there was a interaction of the factors, the
temperatures and holding time, which affect the weight loss, and they were also significantly statistically. A
mathematical model for lost weight estimation from the independent variables was formulated. The results showed that

there was a 95% confidence interval, equivalent to £0.00623 g. of the weight loss value.

Keywords: AISI 304 Stainless Steel, Heat Treatment, Wear Resistant, Factorial Design, Food machinery.

1. INTRODUCTION

Agricultural products are one of important exports of
Thailand and an agricultural industry also contributes to
economic development in provinces all over the country.
Manufacturers add value of agricultural products by
using machinery for processing; therefore, the prices of
the agricultural goods become higher and their quality is
better. Tools and machinery are made of AISI 304
stainless steel for food processing because they do not
rust and endure different conditions. In the food
industry, vegetables and fruits such as pickled ginger,
sour tamarind, passion fruit, and pineapple are involved
in food manufacturing and they are high-acid, causing
rapid wear and corrosion in the machines. In addition,
food processing requires high temperatures which result
in rapid wear and tear. He et al. (2018) and Badischa
et al. (2009) indicated the high temperatures cause a
decrease in wear resistance. When the wear and tear of
machinery occurs, food manufacturers have to cease
food processing such as printing rollers and sealing
packs and this affects food production and wasting both
time and money in maintenance. In fact, manufacturing

vegetables and fruits such as ginger and tamarinds
enable parts of the machine blades have wear and tear.
Tukur et al. (2014) concluded that the quenched AISI
304 austenitic stainless steels are sensitized when
temperatures are between 470-750°C, resulting in
carbide precipitations at grain boundaries and the
hardness of the stainless steel increases, especially
through air cooling, as shown in the researches of MA
et al. (2012) and Khana et al. (2020). The
microstructures of the steel were quenched at the
temperature of 950 °C after holding time of 15 minutes
and there was an increase in quenching cooling rates in
air, water and heat-treatment oil. It was found that there
was a variation in grain size in the cooling rates.
Essoussi et al. (2018) presented a tensile tests were also
performed in the present study and it was found that the
yield stress of the treated samples tended to decrease.
Therefore, the objective of this research was to study
suitable factors of wear resistance of AISI 304 austenitic
stainless steel under high temperature and high-acid
conditions for use in the agricultural product processing.
The study also aimed to determine the most appropriate
experimental factors of wear resistance and practical
applications.

Naresuan University Engineering Journal, Vol .16, No.1, Jan-June 2021, pp.1-6 1
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2. MATERIALS AND METHODS Specimen is y
i . Inside with
The chemical component of AISI 304 element is Acid Conditions : / Dead Weight

0.080 % C, 18-20 % Cr, 8.0-10.5 % Ni, 2.0 % Mn. The
ultimate tensile strength of 505 MPa, yield tensile
strength at 215MPa and elongation at70 %.
Montgomery (2013) suggested that the 2° factorial
design applied in this study has eight different
experimental conditions and testing under each of the
conditions is repeated four times (4 replicates) to
increase the accuracy of observation values and to
reduce experimental errors, as shown in the researches
of Boonjubut and Wantang (2014). The order of
operations in this experiment with the 22 factorial design
is random to prevent nuisance variables from
confounding with every data value and to enable each
value of data independent to each other. The factor
levels ranging from the highest to the lowest are shown
in Table 1. The selection of the factors and levels which
Pre-experimental and literature review. The size of
stainless steel sample used 32 pieces in the experiment.

After heat treatment under specified conditions, the
specimens will be tested for wear by using a Pin-on-Disc
testing machine and immediately measuring the lost
weight. Parameters testing and wear evaluation are
carried in accordance with the requirements of ASTM
International (2014) and ASTM G99-17 (2017). The
Pin-on-Disc testing in performing with control factors
such as temperatures between 70 - 80 °C, acidity of
pickled ginger at pH 3 - 3.5, Petpadap et al. (2018),
Kennedy and Lu (2015) and Olofsson et al. (2018)
designed a rotating disc speed of 900 rpm., and holding
time of 60 minutes and weight of 2,500 g., as shown in
Figure 1. The testing machine is used to find the average
lost weight under each condition in the 2° factorial
experiment.

Table 1 Factor levels in the 2° factorial design experiments

Load Arm

Counter Weight

= 3
Bodaas ot

Figure 1 The Pin-on-Disc testing machine

3. RESULTS AND DISCUSSION

3.1 Result

The specimens were immediately measured for lost
weight with a 0.01 g. digital scale, after being tested
with the Pin-on-Disc. The results obtained from
performing the Pin-on-Disc wear test show the mean
weight lost during the test under different conditions. In
addition, this experiment is run in random order or
randomization. The results show the mean lost weight
values of each test piece in this experiment using the 2*
factorial design as shown in Table 2. The heat-treatment
oil is low viscosity at 870 kg/m® and viscosity 30 mm/s
at 40 °C it suitable for quenching of small pieces where
drag-out has to be reduced.

Analysis of Variance or ANOVA at a significant
level of 5% of hypothesis testing (o = 0.05) is applied in
the 22 factorial experiment design. The results show that
both variables have a linear relationship and the factors
significant influence the weight loss as shown in the
table.

Factors Low':(?%or LeHv?ngsh 0 Symbols
Solution
Temperature (°C) 560 650 A
Holding Time (min) 20 40 B
Heat-
Quenching fluid Cold water | treatment C
oil
Table 2 Result summary of the tests
(B) ©) (A) Solution Temperature (°C)
Holding Quenching
Time fluid 560 650 560 650 560 650 560 650
(min)
20 cold water 0.17¢g 0.16g 0.17g 0.16¢g 0.18¢ 0.16¢g 0.18g 0.17¢g
oil 0.18 ¢ 0.17g 0.18¢g 0.16 g 0.18 ¢ 0.17g 0.19¢g 0.17g
40 cold water 0.17¢g 0.14¢g 0.17g 0.14¢g 0.17¢g 0.15¢ 0.16g 0.16¢g
oil 0.184¢ 0.16 g 0.18¢g 0.15¢g 0.184¢ 0.15¢ 0.18¢g 0.14¢
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According to the results of variance analysis, it can
be concluded that factors A, B, and C have a significant
effect on the weight loss. The P-values are 0.000, 0.000
and 0.004, which are less than a 0.05 significance level
or 95% confidence level. The two-factor interaction AB
significantly and statistically affects the weight (P-Value
< 0.015). The P-Value is greater than 0.05. When
considering Table 3, the factors including temperatures,
holding time and quenching fluids with P-Value greater
than 0.05 have no effect on wear resistance, Jozefa et al.
(2020) concluded that the Pareto chart of standardized
effects of the factors, the influence of the factors and
their interactions can be determined based on this chart,
the most significant influence have the factors,
temperature A, holding time B, cold water C and
interaction between factors of AB as well, as shown in
Figure 2. Moreover, considering the coefficient of
determination, the R-Square is 84.15% and the adjusted
R-Square is 79.53%, which are higher than 75%,
indicating that the equation for computing correlation
has accuracy and provides a good explanation of wear
resistance in this experiment.

Table 3 Analysis of Variance in the 2° factorial experiment

Source | DF Sum Mean F- P-
of Squares | Squares | Value | Value
A 1 0.003003 0.003003 | 82.37 | 0.000
B 1 0.000903 0.000903 | 24.77 | 0.000
C 1 0.000378 0.000378 | 10.37 | 0.004
A*B 1 0.000253 0.000253 6.94 0.015
A*C 1 0.000078 0.000078 2.14 0.156
B*C 1 0.000003 0.000003 0.09 0.772
A*B*C 1 0.000028 0.000028 0.77 0.388
Error 24 0.000875 0.000036
Total 31 0.005522
P emponto leWeight los 4 = 008)
Term A

c Quenching

AB

AC

ABC

0 1 2 3 4 5 6 7 8 9
Standardized Effect

Figure 2 Pareto chart of the standardized effects.

Main Effects Plot in Figure 3 shows the influence of
the three main factors. The graph displays between the
average lost weight, which also represents wear
resistance in different levels of each key factor including
temperatures, holding time and quenching fluids. It

shows that all factors affect the weight loss. The graph
also illustrates that under the conditions of 650 °C
temperature, 40 minutes of holding time, and water as a
cooling fluid, the weight is lost less than the average lost
weight of the specimens.

Main Effects Plot for Weight lost
Fitted Means

(g) Temperature Time Quenching

L]
1S

=
a
-

0165

Mean of Weight lost

e
2

L
155
a 1 z] 1 1 1
Al disglayed term the mode,

Figure 3 Main effects plot for weight lost

The interaction plot shows the relationship between
the average lost weight and factors including
temperatures, holding time, and quenching fluids, as
shown in Figure 4. The result is that there is linear
correlation. According to the plot, there is a linear
correlation between the temperatures and holding time
which affect the weight loss after heat treatment. In
addition, the lost weight after the solution heat treatment
is lower at high temperatures and long holding time,
compared with higher temperatures and shorter holding
time.

Interaction Plot for Weight lost
Fitted Means

o} Tomperature * Timo Time

Time * Quenching

Mean of Weight lost
3
§
8
:

Temperature Time

All digployed terms are in the model

Figure 4 Interaction plot for weight lost

3.2 The Regression Model

In this experiment, a regression equation showing the
relationship between the lost weight values and variables
in a curve manner by considering only the main factors
and cofactors that significantly influence the lost weight
values, as follows equation (1).

y= /éo + ﬁAlxi + ﬁzxz +B3X3 +512X1X2 1)

+ SiaXiXs + BraXoXs + 1% X X
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Where 9 is the fitted values
IBO is the average weight lost of all data
,3 is regression coefficient
X, is the temperature (A)
X, is the holding time (B)
X, is the quenching fluids (C)

From equation (1), a regression equation for
estimating the lost weight values of the main factors and
cofactors that significantly influence the weight loss and
the R? is 84.15%, which are high, indicating that the
linear regression model provides a good explanation of
wear resistance of this experiment, values are as follows:

~

Y =0.1993-0.000028(A) + 0.00325(B)
- 0.0143(C) - 0.000006(AB)

3.3 Confidence Intervals

A 95% confidence interval (oo = 0.05) is computed
from the lost weight values obtained from estimating
values in the regression by using the following equation

).
Y + t,, vavMSE )

The confidence level at 95% (o = 0.05 anda /2 =
0.025) and the Sum of Squares of Error values or MSE
are calculated by the division of Sum of Squares of the
non-significant factors plus MSE and the degree of
freedom. After analyzing the variance of the simulation
model, the MSE value is Y+0.00623 g. Therefore, the
weight loss values estimated from the model have a
confidence interval of 95% or equivalent to + 0.00623 g.
of the estimated values.

3.4 Response optimization

A response optimization plot is a diagram creation of
the response optimization for minimum weight loss. The
multiple response prediction is temperature factor levels
at 650 °C, the holding time of 40 minutes and the cold
water quenching, it is the probability of this prediction is
about 85% to get the lowest value of 0.1475, as shown in
Figure 5. The confidence interval was 0.14127, 0.15373
(95% CI) and prediction interval was 0.13357, 0.16143
(95% PI), when the same experiment was repeated and
averaged, the chances of getting the mean response were
95% in this range.

Optimal Temperat Time Quenchin
. High 650 40 1

D: 08500 & oo 1

Predict Low 560 20 -1

Weight |

Minimum
y = 01475
d = 0.85000

Figure 5 Optimization plot for weight lost

3.5 Contour plot

A contour plot is a diagram creation of the response
surface for easy consideration of the relationship
between the lost weight value and the level of the two
considered factors. The weight loss value is estimated at
each level of factors and the diagram shows the trend of
lost weight values which are changeable at different
levels of factors. In this experiment, there are 3 main
factors, but only two factors are correlated to each other.
Figure 6 shows the relationship of the weight loss values
when the two factors including temperature and holding
time change. As shown in the figure, the response
surface shows 6 levels of lost weight values.

Contour Plot of Weight lost vs Time, Temperature
“ap

35

B

“s50 580 500 §20 540 (e
Temperature

Figure 6 Contour plot of weight lost

3.6 Diagnostic Checking

After the analysis of variance and model is
performed, the model adequacy is checked. Moreover,
errors or residuals in the experiment are checked whether
there is a normal distribution and independence of errors.
According to the normal probability plot, as shown in
Figure 7(a), it shows a normal distribution of residuals of
the results obtained from the experiment conducted with
a normal probability method. The data followed the
straight line and it is approximated that the remaining
values have a normal distribution. Independence of
errors and regression mean is checked by examining a
scatter diagram of Versus Fits, as shown in Figure 7(b).
It is found that there is independence and the remaining
expected values are randomly distributed in both positive
and negative sides, compared with the lost weight
estimates. The histogram plot, as shown in Figure 7(c),
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illustrates that the distribution of residuals has a bell-
shaped curve, indicating a normal distribution of the
data. The Versus Order plot in Figure 7(d) is used to
check residual variance of the data and examine the
relationship between the errors in the experiment. The
errors of the data are randomly distributed and their
patterns are unclear, indicating that the weight loss
values do not depend on the order of trails.

Residual Plots for Weight lost

(a) Normal Probability Plot {b) Versus Fis
3 -
S amp .
% > A
5 i E oams
E & + I F oo
B » & .
1 i aoos
H
i oo+
0010 9005 0O 0005 oo a5 ate 017 e
Residual Fitted Value

(c) Histogram (d) Versus Order

o @

Frequency
"
Residual

anog
. }
B L= T ¥ O
s she! a8 @
e ams - T
| | ' v b
1 -aint v
00la -pOs BODB Q005 00D e ENMRUGERD T NN D
Residual Observation Order

Figure 7 Residual plots for weight lost

o

3.7 Scratches of the specimens

Each piece of the specimens would be oppressively
and then be measured again with a 500x optical
microscope for the size of the indentation. After
analyzing scratches of the specimens, it was found that
the specimens had the highest weight loss at the
temperature of 560 °C, with the holding time of 20
minutes, and through heat-treatment oil cooling. In
Figure 8(a), the specimens had the low weight loss at the
temperature of 650 °C, with the holding time of 40
minutes and through water cooling, as shown in Figure
8(b), consistent with the experimental results.

(@ )

Figure 8 Comparison of scratches of test pieces

4. CONCLUSIONS

The results showed that after precipitation hardening,
all the main factors in the experiment have a significant
effect on weight loss. Almost all the factors, including
temperatures, holding time, and quenching fluids
significantly influenced the weight loss. In addition,
there was also interactions of the two factors and each of
them influenced the weight loss significantly. The
relationship between the lost weight values and the

factors is associated with variations as cofactors. The
mathematical model derived from this experimental
design was used to estimate the lost weight values with
an error not over £0.00623 g. and with a reliability of
95%. The errors or residuals were found to be normally
distributed in accordance with the hypothesis of this
experimental design. Moreover, there were random,
consistent, and equal distributions at each level of the
main factors.

After conducting my research, the results can be
summarized as follows.

1. The results indicated that the better factors
included the temperature of 650 °C, the holding time of
40 minutes, and cooling in the water. These factors
resulted in the lowest weight loss (wear resistance). AlSI
304 austenitic stainless steel undergoing the heat
treatment process which depends on the appropriate
factors can be used to make tools enduring high natural
acidity and high temperature conditions.

2. After the physical analysis of the scratches by
using an optical microscope, wear conditions were
consistent with the experimental results. Different
temperatures, holding time, and cooling fluid affected
the wear resistance.

3. The result indicated that there was greater wear
resistance at high temperature, with long holding time
and cooling in water, compared with low temperatures.

The AISI 304 austenitic stainless steel agricultural
product processing tools in high natural acidity and high
temperature conditions, which causes rapid wear. The
optimum factors of heat treatment were able to improve
the mechanical properties in the internal structure,
increase carbide solubility, increase the durability of
stainless steel and reduced weight loss.

Future directions of research will support the
processing of agricultural products and food machinery.
Because food and agricultural processing machinery are
a convenient tool for commercial production, so that the
Thai food processing and agricultural sector continues to
be recognized as one of the world's leading agricultural
suppliers.
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Abstract

Recently, an Extended Additive Holts-Winter method (EAHW) as a modified version of the well-known Additive
Holt-Winters method (AHW) has been introduced. Many works in the research literature applied such a method to
forecast time-series data, and results indicated that the EAHW provided optimal forecasting accuracy. However, we
have found that there is no work in the literature analyzing the AHW and the EAHW in terms of the mathematical
operations, which refer to the computation time and complexity of the methods. Since the AHW and EAHW can be
implemented on hardware platform for using in many related systems and applications, in this paper, analysis of both
methods from a mathematical and computational perspective is presented, where the mathematical operations of the
EAHW compared with the AHW is provided. We show that the major difference between the EAHW and the AHW is
the calculation of the level of time-series data, while the calculation of the trend and the seasonal factors are the same.
With such a difference, the EAHW provided different possible solutions for forecasting. Also, in the worst case
scenario, the EAHW has more multiplication operations (i.e., operation x) than the case of the AHW method (but it is
not too high); 2N for the AHW and 3N for the EAHW, where N is the number of data samples. By our finding, the
EAHW is one of the appropriate forecasting methods for implementation (i.e., both on computers and embedded
hardware platforms), since it provided good accuracy and computational complexity.

Keywords: Time-series, Forecasting, Holt-Winters, AHW, EAHW, Mathematical operation.

1. INTRODUCTION 2019; Tratar & Srmcnik, 2016; Ventura et al., 2019;
Winters, 1960).

Based on the research literature, recent works based on
the Holt-Winters forecasting were introduced here, and
they are summarized in Table 1. In (Siregar et al., 2017) an
investigation of exponential smoothing methods for
prediction of Indonesia agricultural production was
introduced. Five-year time-series data were used with the
Holt’s linear and the AHW methods. The results showed
that the AHW gave better forecasting accuracy. The
comparison of the AHW and the Box—Jenkins for software
failures prediction was presented in (Yakovyna & Bachkai,
2018). They were selected to estimate the angular software
failures on a weekly basis. The results showed that the
ARIMA performance was almost twice worse than the
AHW. For the work in (Ventura et al., 2019) to estimate
pollution episodes in rural, industrial, and urban areas, the
AHW method and an Artificial Neural Network (ANN)
were applied, using PM2.5 concentration time-series. The
authors reported that, to predict PM2.5 in the industrial
area, the AHW showed the best results as indicated by the
forecasting error, while the ANN was the most suitable
solution for the urban area and the rural area.

In time-series forecasting, exponential forecasting
methods as the well-known techniques are widely used.
The exponential forecasting methods include the simple
exponential smoothing, the Holt’s linear exponential
smoothing (or the double exponential smoothing), and the
Holt-Winters (or the triple exponential smoothing). Here,
the Holt-Winters are appropriately applied for time-series
data that trend and seasonality behaviors are present.
Although the mentioned methods are not new as introduced
in the research literature, they are often used in practice and
several real-word applications as reported in (Booranawong
& Booranawong, 2017; Brown, 1956; Gardner, 1985;
Gelper et al, 2010; Hunter, 1986; Kalekar, 2004,
Montgomery et al., 2008; Suppalakpanya et al., 2019;
Tratar & Srmcnik, 2016; Ventura et al., 2019; Winters,
1960). Here, many studies apply such methods due to their
accuracy, simplicity, low complexity, and efficiency
(Booranawong & Booranawong, 2017; Brown, 1956;
Gardner, 1985; Gelper et al., 2010; Hunter, 1986; Kalekar,
2004; Montgomery et al., 2008; Suppalakpanya et al.,
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The EAHW method was first proposed in (Tratar et al.,
2016). It was the modified version of the AHW method,
where an additional parameter as the smoothing parameter
in the level equation was introduced. The authors
demonstrated that, by the simulation study with business
and economic time series data, the forecasting errors
decreased substantially. The EAHW method produced
more accurate short-term forecasts than the original Holt-
Winters. In (Tratar & Srmcnik, 2016), the performance
comparison of the multiple regression method and the Holt-
Winters method was analyzed. The results revealed that
multiple regression was appropriate for daily and weekly
short-term heat load forecasting, while the EAHW method
showed the best results for both long-term and monthly
short-term heat load forecasting.

In (Tratar & Strménik, 2019), forecasting methods in
engineering were presented, where the forecasting
performances of the AHW and EAHW were analyzed. The
authors showed that the EAHW was the most optimal
forecasting solution for quarterly data, in terms of
forecasting accuracy. In (Suppalakpanya et al., 2019, p. 44-
55), several exponential time-series methods including the
Holt’s linear, the AHW, and the EAHW methods were
used to forecast Thailand oil palm prices, crude palm oil
prices, and crude palm oil production. The authors
demonstrated that the EAHW provided the lowest error
indicated by the Mean Absolute Percentage Error (MAPE).
In (Suppalakpanya et al., 2019, p.13-22), to forecast
Thailand crude palm oil production and prices, an
evaluation of the AHW and the EAHW with different
initial trend values were investigated. The results reported
that the EAHW achieved good accuracy. The results also
revealed that, the forecasting error was significantly
different when the different initial trend values were used.
Finally, in (Suppalakpanya et al., 2019, p.123-139), a study

Table 1 The summary of the related works

of the Holt’s linear, the AHW, and the EAHW for
forecasting Thailand crude palm oil productions was
presented, where the main contribution of such a work was
that different input data (i.e., 3-year data to 12-year data)
were used and tested. The results indicated that both AHW
and EAHW gave the lowest error, when 12-year input data
were applied.

Although the AHW and the EAHW provide
appropriate forecasting accuracy in practice as introduced
in the existing works presented above, an analysis of the
AHW and the EAHW in terms of their mathematical
operations which refer to the computational complexity of
their forecasting algorithms is not investigated. Since the
AHW and EAHW methods can be applied and
implemented on hardware platforms for using in any
related systems, the balance between the forecasting
accuracy and the computation complexity is significantly
required. Thus, in this paper, analysis of the original AHW
and the recently proposed EAHW methods in terms of their
mathematical operations is investigated, and the difference
between the EAHW and the AHW functions is reported.
We also show that, in the worst case scenario, the EAHW
has more multiplication operations than the case of the
traditional method; 2N for the AHW and 3N for the
EAHW, where N is the number of data samples. By our
study, we can conclude that since the EAHW
computational complexity is not much high, the EAHW
method is one of the appropriate methods for time-series
forecasting and implementation on computers and
embedded hardware platforms.

The structure of this paper is as follows. Section 2
introduces the details of the AHW and the EAHW
forecasting methods. Section 3 provides mathematical
analysis and discussion. Finally, we conclude the paper in
Section 4.

Ref. Time-series forecasting methods Application Results (The best accuracy)
(Siregar et al., - Holt’s linear exponential Agricultural production; AHW
2017) smoothing palm oil production in Indonesia
- AHW
(Yakovyna & - AWH Software failures prediction AHW
Bachkai, 2018) - Box-Jenkins method
(Venturaetal., - AWH Air pollution; - AWH Prediction of PM2.5 in the
2019) - Artificial Neural Network (ANN) PM2.5 concentration industrial area
- ANN For urban and rural areas
(Trataretal., - AHW Business and economic time series EAHW
2016) - Multiplicative Holt-Winters
(MHW)
- EAHW
(Tratar & - Multiple regression Heat load forecasting - Multiple regression Daily and
Srmenik, 2016) - Holt-Winters weekly short-term heat load
forecasting
- EAHW Long-term and monthly
short-term heat load forecasting
(Tratar & - AHW Engineering data EAHW
Strm¢nik, 2019) - EAHW
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Table 1 (Cont.)

Ref. Time-series forecasting methods Application Results (The best accuracy)
(Suppalakpanya - Double exponential smoothing - Oil palm price EAHW
etal., 2019, p. 44- - AHW - Crude palm oil price
55) - MHW - Crude palm oil production in
- EAHW Thailand
(Suppalakpanya - AHW - Crude palm oil price EAHW with the optimal initial trend
etal., 2019, p.13- -MHW - Crude palm oil production in value
22) - EAHW Thailand
(Suppalakpanya - Double exponential smoothing - Crude palm oil production in AHW and EAHW with 12-year
etal., 2019, - AHW Thailand input data
p.123-139) - MHW
- EAHW

2. AHW AND EAHW FORECASTING METHOD

Details of the AHW and the EAHW are introduced
here. In time-series data forecasting, the exponential
forecasting methods are widely used. The exponential
methods include the simple exponential smoothing
method, the Holt’s linear method, and the Holt-Winters
methods. Here, the Holt-Winters are suitably applied for
time-series data when trend and seasonality behaviors
(Kalekar, 2004; Montgomery et al., 2008; Holt, 2004) are
presented.

The Holt-Winters incorporate three equations: the
level, the trend, and seasonality, respectively. Generally,
there are two methods of Holt-Winters: the Multiplicative
Holt-Winters (MHW) and the Additive Holt-Winters
(AHW) methods. The MHW is used when the seasonal
variations are changing proportionally to the level of the
data series. For the AHW, it is preferred in the case the
seasonal variations are roughly constant through the data
series.

AHW: The AHW method is described by (1) to (4),
where L; is the estimation of the level of the data series (at

the sample number i), b; is the estimation of the trend, S;
is the estimation of the seasonal factor, X; is the input, n

represents the number of periods in a year (or seasonality
length), « , S , and y refers to the weighting factors

O<a,p,y<1), and Y,,,, is the forecasted value with
M periods ahead.

Li =a(X; =Si_p) + —a)(Liy +bi4)

1)
by = A(L - L)+~ by
)
Si = }/(Xi — Li) + (1_ 7)Si—n
®)
Yi+m = Li + mbi + Sifler
(4)

EAHW: The EAHW was developed by Tratar in the
year 2016 (Tratar & Srmcnik, 2016; Tratar et al., 2016). It
is the revised version of the original AHW, where EAHW
equations are shown in (5) to (8). Here, the only difference
between the EAHW and the original AHW is the equation
(5) and (1) (i.e., the equation for the level). The EAHW
allows to smooth the seasonal factor (i.e., S;_, in (5))

more or less than the AHW, depending on the ¢ value (&
is between 0 and 1).

Li = aXi _$i7m + (1_a)(Lifl + bifl)

®)
b =A(L - L) +@A-B)b,
(6)
Si=r(Xi—L)+@-7)Si_,
(7
Yiem=Li+mb+S; 3.
8

To initialize b; (or the trend value) in (2) and (6) for

both AHW and EAHW, the works in (Kalekar, 2004;
Montgomery et al., 2008; Tratar & Srmcnik, 2016; Tratar
et al., 2016; Holt, 2004) suggested that the equation (9)
including four different options can be used. However, by
the study and test in (Suppalakpanya et al., 2019, p.13-22;
Booranawong & Booranawong, 2019), options 1 and 2
significantly provided good results in terms of the
forecasting error.

0, Option 1

by = Xy =X /(n-1),n=12 Option 2
X, — Xy, Option 3

((Xy =X+ (X3=X5)+(X,—X3))/3,0ption 4

To initialize L; and S; (or the level and the seasonal

factor) for both AHW and EAHW, as suggested by the
pioneer works in (Kalekar, 2004; Montgomery et al., 2008;
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Tratar & Srmcnik, 2016; Tratar et al., 2016; Holt, 2004),
equations (10) and (11) are used, where i =12,3,...12.

Ly =(Xy+ Xy +..+X,)/n
(10)
S =X —L,
(11)

Finally, for «, g, y,and ¢ as the weighting factors,

their optimal values are automatically determined during
the process by minimizing the forecasting error (e.g.
MAPE, Mean Square Error (MSE), and Mean Absolute
Error (MAE)) (Booranawong & Booranawong, 2017;
Tratar & Srmcnik, 2016; Suppalakpanya et al., 2019;
Suppalakpanya et al., 2019; Suppalakpanya et al., 2019,
Booranawong & Booranawong, 2017). We note that
summary of the AHW and the EAHW are also provided in
Table 2.

3. MATHEMATICAL ANALYSIS AND DISCUSSION

Analysis and discussion of the AHW and the EAHW
mathematical operations is presented in this section. As
mentioned in Section 2 before, the only difference between
the AHW and the EAHW methods is the estimation of the

Table 2 Summary of the AHW and the EAHW

level in (1) and (5). The EAHW allows to smooth the
seasonal factor or S;_,, more or less than the traditional
AHW, depending on & , which is between 0 and 1.

From (5), there are four cases of the & weighting value
including, 6 #a, 6=a, §=1,and § =0, respectively,
as shown in Table 3. If 6=« , the EAHW allows to
smooth S;_,, more or less than (i.e, a<d ,and a>7J)
the AHW. If § =« , the EAHW method then reduces to
the traditional AHW method (i.e., equation (1)). If 6 =1,
a occurs only at the input X; and not at the seasonal

component S;_.,. Therefore, when aX,>S;,_, (the

average in its seasonality is lower than the smoothed value)
the level increases in comparison with the level in the
earlier period. The opposite adjustment occurs when
aX; <S;_,. Finally, if =0, the seasonal component

S;_m is not considered.

Methods Level, trend, and seasonal components Initial values Forecast value
AHW 1 = (X = Sj_m) + - a)(Li_g +bi_1) 0
Xn=X)/(n=-1),n=12
b = AL~ L)+ Q- Ay by = (X = X0/ -1)
Xy =Xy
Si=y(X;i-L)+@A-7)Siq (X2 =Xp)+ (X3 = Xp) +(Xq—X3))/3 Yim=L+mb +S 1.,

EAHW 1 =aX; —&i_p +1-a)(Lig +big)
b = B(Li - Lig)+ A=Ay

Si=r(Xi—L)+@-7)Si_y

Ly = (X + Xo+...+ X,)/n

Si = X; —L,

Table 3 The ¢ value of the EAHW method

Cases Li

Note

S#a L =oXj —&j_n+1-a)(ly_g +b_g) EAHW

b=a L =aX; =& m+1-a)(ljy+by)
=a(X;=Si_n)+@-a)(Li1+b_1)

The EAHW reduces to the AHW.

5=1 L =aX; = Si_m + L-a)(Lig +bi_1)

lei > Si,m and aXi < Si,m

The smoothed value is higher or lower than the average in its seasonality.
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Table 3 (Cont.)

Cases Li

Note

6=0 L| :aXi +(1—0!)(Li,l+bi,l)

The seasonal component S;_y, is not considered.

Table 4 The computational cost in terms of the mathematical operation

Methods Mathematical operation

+ _ X
AHW
L = a(X; =Si_m) +A-a)(Li1 +bi1) 2 2 2
EAHW
d#a; Lj=aXi =& n+1-a)(li1+biy) 2 2 8
S=a; L =alXj-Si_n)+@0-a)li_4+b_q) 2 2 2
5=1; L =aX{-Si_m+1-a)(lj_1+bi4) 2 2 2
§=0; L =aX;+{-a)(Liy+biy) 2 1 2

Table 4 shows the AHW and EAHW computational
cost, where the number of mathematical operations;
summations (+), subtractions (-), and multiplications (x)
required by each forecasting method are listed in the
table. The result demonstrates that the AHW and the
EAHW use the same computational cost, when 6=«
and 8 =1. In these cases, both methods require each
mathematical operation of 2N, where N is the number
of data samples. For the case 8=a«a, the EAHW
requires more x operations than the AHW method; 2N
for the AHW and 3N for the EAHW, as illustrated by
an example in Figure 1 (where n=1 to 10,000).
However, for the case & # « as seen in Figure 1, the cost
difference is not much. Finally, for the case 6 =0, the
EAHW uses — and x operations lower than the case of
the AHW; 2N for the AHW and IN for the EAHW.

The results provided in this section can be useful for
consideration in terms of the hardware implementation
(i.e., for both on computers and embedded hardware
platforms). As summarized in Table 4, it indicates that
the EAHW is also the appropriate forecasting method
for implementation, since it provides good forecasting

accuracy as tested and reported by several works in the
research literature, and its computational complexity is
not high in the worst case scenario (i.e., 6 =« ).

4, CONCLUSIONS

In this paper, analysis of the original AHW and the
EAHW forecasting methods in terms of the mathematical
and computational perspective is presented, and the
mathematical operations of the EAHW compared with the
AHW is provided. We show that the major difference
between these methods is the estimation of the level of the
time-series data, while the estimation of the trend and
seasonal factor is not different. According to this, the
EAHW method provided different possible solutions for
forecasting. The EAHW requires more multiplication
operations than the case of the AHW method in the worst
case scenario, but it is not too high. By our investigation,
the EAHW method is one of the appropriate methods for
the time-series forecasting, since it can satisfy both the
forecasting accuracy and the computational complexity.
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Figure 1 Illustration of the number of multiplication operations required by the AHW and the EAHW when §=a
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Abstract

This research is the study and development of a highly accurate pill detection system for an automatic medicine
dispenser. We chose eight different types of pills, which varied in both shape and size for our experiment. The study
determined various parameters that affected the systems performance, which included the friction coefficient
between the pill and the developed system, the appropriate inclination of the slope for pill dispensing, the test of
the infrared sensor signal, and the overall efficiency evaluation of the developed system. The results showed that
the friction coefficients between the pill samples and the developed system, were approximately 0.47 to 0.70, and
the most suitable inclination angle for dispensing the pills, was 35 degrees. The combination of the slope plate with
a vibrating motor exhibited the most efficient way for dispensing the pills. The infrared sensor signal detection level
was set at 50% of the normal signal amplitude, to achieve a high accuracy detection system. The overall efficiency

evaluation of the pill detection system, demonstrated a 100% accuracy of all the tested samples. In conclusion, our
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developed pill detection system demonstrated high accuracy results, which can be further implemented for

automated pill dispensers.

Keywords: Pill detection system, Automatic medicine dispenser, Infrared sensor
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Abstract

This paper presents the acquisition system that is able to classify hand gestures using electromyography
(EMG) signals from a MYO armband and/or the finger positions using a 5DT data glove. Both devices make the
EMG recording system easier because the hand gesture is identified automatically by the data captured from the
5DT data glove. The recorded EMG data can be analyzed using classification techniques, including Support
Vector Machine (SVM), Linear Discriminant Analysis (LDA), and Artificial neural network (ANN), for creating the
hand gesture prediction model. The proposed system can classify three gestures, including rest hand, close
hand, and open hand. The recorded data using the MYO armband, the 5DT data glove, and the ANN technique
provide maximum accuracy of 95.95% with +1.13 SD while the captured data using the MYO solely with ANN
deliver maximum accuracy of 97.37% with +2.83 SD. Due to overlap variance, both performances are not
significantly different. The distance-based method is also used for analyzing the system. The time consumption

to record the relevant information using the MYO armband and the 5DT data glove is approximately 5 minutes.
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However, the recorded system using the MYO armband solely takes around 12 minutes due to manual data

registration process. Subsequently, the time consumptions of these two systems show that the data recording

system based on both devices is 2.4 times faster than that of using the MYO armband only.

Keywords: Electromyography Classification, Support Vector Machine (SVM), Linear Discriminant Analysis (LDA),
and Artificial neural network (ANN), a MYO armband, a 5DT data glove

1. uni

é’ﬁgzy’n:ulw%méﬁmﬁa (Electromyography, EMG) gn
thinldegnaunsvangludagtuiielfluausing q 1wu ms
FUNYIIN198e (Barrios, 2010; Gauthaam, & Kumar,
2011) wavn13nsrninmnuinUnivesnduiiefionily
e Judu dyaralinduieauisalduanua
nsesnwsstandruiienisnieniwedreiudiiiule
venaniidaanadiingaiedaludyy it
Ansindgafigalusrsnieilefisufudyyiadug wu
Fyaralaiianaues dygralniiila Fesuiily
Usegnaldiugunsaling o 1w nMsauauilevugud n1s
AruAuA18 80Ul n1sldniugfugunsaltidanis
Asunmd Judu aues idudsramuarnduidody
iodeiildedndr awnsaadredyyialniiuazds
dyaaliiidegnnssduseaaioenlumudulszam

'
=

Fadggraulwidinduiile (Raez et al, 2006) 1Ty

o

dyaraduilame@insunndidngninluimssiuasy

o o

U a

FhedeAanssuiintuludulssamndesinnduiodd
Auadeiunsasenaulniiile uailnauuwanaiety
Faurnvesarruared@ndlnda wazauinnl1ud
Fuanalnihndanidesideuseindlwitifiedsiftas
Tad LLazmm?{mauauaqa@uﬂhﬂﬁﬁﬁul,%i‘m
E;Uﬂszﬁﬁi%’imé’zyzgmlﬂ/\lﬂwﬂé'mm'faﬂﬁzﬂaulﬂﬁw 2
¥iln Ao 1) Msudyaruniedianinsagnliilugunsal
e‘i’mi”‘ui’mé?z:gzmmiw%mﬂﬁmﬂé’mLﬁaﬁmmmi’miﬁmﬂ
wianelusazuenianis Tagdruannmsinuenianises
grihanlfidesanlaidusunsiedgnasiaindayanalli
wavanunsaldldde way 2) 19vsvenedyyia Wesain
Fyradninduifeiidaudisinddesundwiila
Fodldreasvenedyyin 2INAISNUNILITIUNTIUT
Aeadas swumsﬁ%mﬂé’iyiymlw%ﬂﬁmnfa"l,é’gﬂ
ﬁwuw%utﬁa’lﬂuﬂﬁmmuai’mmﬁam (Hakonen et al.,
2015; Oskoei, & Hu, 2007) wan1s3auundgyeyrasluiin
nanileftiidesnin (Castellini et al, 2004) iiosandl
flowieaniios 25 Wesusildnuldasaviuanduaud

v

Hn1sldeudanidivgvianun Jiang et al., 2012; Wright
et al, 1995) K1y diwiliiveriisedaunsgning
msnaasanudoulvlugauafuaznismaassmuiild
234 (Castellini et al., 2004; Jiang et al., 2012) uazdail
amndu q AdinadeUszAndninvesnisdinun
Fugralidinduie Wy nsndeulnivesuauy
(Fougner et al., 2011) A3IUAAIALARDUYD IR LIS
318nTn3a (Young et al, 2012) wazn15eonwsfibinAsi
3ENIAINTIUA99 (Al-Timemy et al., 2016) HANTENU
yosnsiedouiuaufidunisanveidmasioussansam
yasnssuundaaadiininguie Wniselalisues
JaA2"31L34 (Accelerometer) n373dUNTSIARDUATINAY
ﬁumﬁﬂﬁzyiyﬂmlvm’méﬁmﬁa (Fougner et al., 2011)
Weldiasunissuundyaalwiinduidesons
WA uTivesLvuatefwnYe demalinisdufinnis
indeuiivesuvugnihunlfiflemunyszansnmuesnis
ﬂ"ﬁLLuﬂﬁ’myaunmlw%ﬂé’mﬁa (Agamemnon et al., 2019;
Jianwei et al,, 2014)
lunsasnansenuveansiesidninge ssrUsenau
9 1093LEnTNTA (WM, ANUARINLARBUTBIRIULY,
FIUIUTDINIINITTUA Y QU0 LAZITZHETUIITENI
didntnse) gnihanvageuduiu lunsAnwszezriiaves
Biantnsa 2 - 4 lwuRues Lagn1sedianinseiinane
m*mLLia‘uaﬁzyzgﬂmiw%ﬂﬁmLﬁaaﬂﬂaﬁﬁaﬁwﬁ@
uam]'1ﬂﬁmiwﬁzyzmmlWﬂmﬁmﬁaﬁﬁmwwmLLﬂuqﬂ
(High-density EMG, HD-EMG) 7i191usaufudunauis
LAY YU Spatial correlation (Stango et al., 2015) tag
Common spatial patterns (Pan et al., 2015) Ta5uLaus
WiouFuugsmnumuiuvesnsiiuteyaidoulals
WUy ﬂﬂiﬁWLLUﬂﬁmmﬂm1Wﬂﬁﬂ51MLﬁf@qni%bﬁla
Uszifiunansenuvesussiiasuulasdoninuuiugl
%aamifﬁ”]Lmﬂé’agmymivmfmé’ﬂmﬁa NINAFDINNYUE
wunuuialy Useneuludae time domain features,
autoregressive coefficients # 39 wavelet transform-
based features gniunlfifudnvazisuiiierilinng

Naresuan University Engineering Journal, Vol.16, No.Z, Jan-June 2021, pp.28-38 29



NUEJ

Naresuan University
Engineering Journal

Sruwundyradninld ety doswindy gyl
néilefiaududounarlilannsedunldldlnenss ms
Sufindyaradnfiindranielnedaldazidunisduiin
dygyraulniliesegufien 9199zindaiinnaiala
desanlianusaszyimisiiovazduinlg vilvdesi
nsnaaedlninindnsiudsuniasiinieseninemis
Juiindeyeyed v‘iﬂﬁmiﬂuﬁﬂﬁﬁa;&ﬂ%na’lLﬁwﬁuuamﬁu
msrlunsnmaaeutoyauazyszanana uananiides
vihnnsdufindeyaudazvinusnoenainfudeindudes
91 EAMUTINIYNITVOIR U TR AN Ind]
lanainanuianainlugndeyalauazldinalunis
susmdeyaiionuiy andgmimaiindnuiaue
Aideuldfnyiuuinisdunisimuirssuuduiin
Fyradiiindaiewvuitenidaymsnaniasede
nsusiufussniaduresaowiafe Wuwesin
Fuanaliinduideuaniduresinrimaesile
svuumstuiindaanadlaingaierildsunswamn
Tuunarwilldgunsal 2 ¥dia Ao Yasnuau MYO (Myo
Gesture Control Armband, 2018) Lﬁuqﬂﬂiiﬁﬁm%msﬁ
sLumifJ’uﬁﬂé'zyzymlw%ﬂﬁmLﬁammwuuazqnﬁa%aﬂa
5 DT (Data Gloves 50T, 2018) 1ugunsaliiléifudeya
ihile deyavimnsiioangafioasdreriilinssuaunis
Andludoyadituuazanszesinanlunisinuyesszuy
Tnelduasnusu MYO wazqeiedeyadouiu Snviedai
minaaesiuiinlaglidoyaanvasnuuu MYO Lilgaat

N

Signals

— Ly

50T data glove ] 4\

Finger joint

processing angle

~

T e —————————_—_ e

-

' W i

processing
|

=

MY armiband
EMG =ignal
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Swundyaraliindundouarnnsldinanlunistuin
‘ﬁa;gaﬁgqaaq‘qmimEJI%LmﬁﬂmiﬁhLLuﬂé’zyzym 3 3% ¢l
Support Vector Machine (SVM) (Cortes, & Vapnik,
1995), Linear Discriminant Analysis (LDA) (Zhang et al.,
2012) uwag Artificial Neural Network (ANN) (Capa et al,,
2014) Tun1siFeuLiiouUss@nsaImn19vineu wagiin
nsiSguiiisuysednsaimaesssevueangudayalu
Feature Space wagdwinisilTeuiisuailunistuiin
Toyadneig

2. mMsnawszuutuindyialuiandnaiiasaunu
feliedayadmiudndvimevasiia

Astufindygranind i ewuuialuldidfie s
Fyaraluiiinganie 9193 bAnaluduiinteyald
nanfivwduly uagiirnududeulunsidau duhuile
amﬂzwﬁma’nmu%%’aﬁ%aﬁﬁumiswﬁ’uﬁﬂé’z:gﬁgwm
nlihndsnelngldgunsnifianin e qefledeya 50T
inlanunsassyvimidieldegnednluli@ dewavinlvd
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;:JL%’szyiuﬂﬁLﬁUﬁmzym ssuuvuiindggralnia
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\ EMG Raw data
Raw EMG | N o M-l“"lf)—\',-ﬂ.r%\_-.l.--.a\--'f-' ppiah
from 1
8-channel e e e T
MYO Prachctad data
armband

Scatter plot
-
of training
data

The second companent of features

Glove Thumb finger

Glove Index finger

Data from
5DT data
glove

Glove Middle finger

Glove Ring fingar

Glove Little finger

3UN 2 vihedldnuvesszuutuiindyaaliiindaiie

ssum‘imuﬂé’mzymiw%ﬂﬁmLﬁa%uammwuu
URERRAEARLY m“mamgﬂﬁ 2 %nuam%a;ﬂaﬁﬁuﬂu
seninnstufinuarseninmsinseideya lneiideya
Fyanalliinguders 8 desduyan %’a;gavhmaf:aﬁa
91ngaile uazTuinavesteyaiililunisilnaouszuunns
Suundyanaliindaiessnfuimeiivudinly s
Fruresnissundyaraliiindudonsnidu 3

v
[ N

Jupay A N1stufnteya Msinseuteya Wagn1sIuuN

o

Fanalringmie
2.1 msvuiindaya

2.1.1 dyqadninganile

Uasnuau MYO fauansluguil 3 Usznaulusie 8
Yosdyyn AIUERTIN1TTNAI9819 200 Hz Uasnuauu
MYO %Qﬂ'g’]qﬁuuﬂmaLLﬁuuﬁmamwﬁ’aﬂaﬂﬂismm 3
LYURLINT LﬁaqmﬂLflua;mﬁmmzaﬂumsi’mé’ayzymlﬂﬂ’]
n&uile Foed ey 1uveIUaanuIUIZgNINIUULA
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ﬂéjﬁulﬁa Extensor carpi radialis longus and brevis, Extensor
digit minimi, Extensor carpi ulnaris, Brachioradialis,
Flexor carpi radialis, Pa-lmaris longus, Flexor carpi
ulnaris L ¥ Pronator teres (Wright et al., 1995; Fougner
et al., 2011, Agamemnon et al., 2019; Nguyen, 2018)
AINAIRUALYDIF Y10l 1-8 ﬁagﬂﬁl 4

sUf
Y

3 YJaonuvu MYO (Karen et al., 2018)

31



NUEJ

Naresuan University
Engineering Journal

[ erachioradialis

D Extensor carpi radialis
longus and brevis

[] Extensor digitorum

—i3

3

] extensor digit minimi
- Extensor carpi ulnaris

. Anconeus

[ Flexor carpi ulnaris
[l Palmaris longus

[l Flexor carpi radialis
[[] Pronator teres

gﬂﬁ 4 sian&snifo (Nguyen, 2018)

X

5U#l 5 qafle 50T (Data Gloves 50T, 2018)

2.1.2 Yimevesile

Joyadnihiflefinsiaduliangadle 50T Awwandlugy
a P o Y | v ' &
1 5 Aaw8nI1N139nAI9819 200 Hz Yayaviinisiegn
Fuun 3 114 Ao Alle wulle waziinie Aansluguy
6 waNINUTWENWINANTENUINNA1SAFeUl NIV DU
wyunedggalnihndsiioiiodnassannzudsusu 9
p19vzdmaliminAuanaalunsTLundy el

AALETENINGNI99N9IUR39 (Gu et al,, 2018) AalLana
Tusun 7

3UN 7 yveawvuildlunsindeunseninmstuiindeya

2.2 mansgudaya

2.2.1 dyaadlinganile

MA193AT I TYATUINAIINY 100 Toyauazdl
drwrudouiuvedaya 50 wWesidudgniwildlunisuus
%aagaﬁi’mrmmnﬂaammu MYO 971u2U 8 Yasdnysy el
Foyafiiudunduaggniuldlunisdum 5 Snvme
LWUNI9281 (Phinyomark et al., 2012) Usgnounay
ﬁuaﬁaé{’ugﬁﬂi (Mean Absolute Value, MAY), A113
WU5U52u (Variance, VAR), 59n7l@090a9Aadsfddes
(Root Mean Square, RMS), mmm?ﬂﬁu (Waveform
Length, WL) LLaxmmmehwaw-iuaﬁaé’uysai
(Difference of Mean Absolute Value, DMAV) A1u&1aU
faaunnsii (1) - (5) Tag N Aesuauteya wag x, fe
maaé’zyzgmiﬂﬁmﬁwmﬁaéﬁuﬁi WATNAIIINATUIN
dnuazidunds aildazgninluatradunnmesiie
lUlddudeyavidvesiandizuuuuvesdayaiailin
ndundlaiievinmsfindunasyhuievimeesieluzuuuy
Auiinly
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1 N
WL = —Z [xi:1 — %l @)
N i i+1 i

DMAV; = MAV; — MAV,_, ®)

2.2.2 iMM9vediia

Aadenisadeuiiduiinsosiilidadovesioya
Famils (Steven, 2003) gnléidusnsesdygnsuniu
yosteyariniiflodensiaduldaingsiie 50T wieing
AnsndeyaruinaIieny 100 Yeyaneuiudeyadiv
Fou 50 Wosldudlaed Teya 5 yausngnimadsiy
waziilogailovhmstiufindeyaviimadlewiumiinang doya
virmdlunthenadifiswauundignazgnlnnlidives
foyauanauiity 1 wardoyadnaingnldlunistudin
Foyavivmadle e lUldlunsandrguuvuiieelthiiy
fdedslunmsansdnvardyaaliihnd e

2.3 msuszdunaininyasdoya

nsUsediuanmgnitlunsineiussansamees
oya (Keinosuke, 1990) tleduduindoyaildamnsa
Wldlalaase msussiliuaunmdeyauseneuludie 2 35
il

2.3.1 msuszidiuanuvuuiuvasdoya
mMsUssdiuanunukinvesdayainliannnisnszate i
veetaya In1shATeildnainalewuy 1wy n1san
FIUIUAN YU SLAULUU PCA (Tipping, & Bishop, 1999)
unsusziudeyavesruvuuiulaenisulasdoya
3INUNTNTEAMIVRITRYR UATNITARTINIUAN YUY
LAUWLUU Feature Selection t¥u Mutual Information
(MI) (Al-Ani, & Deriche, 2002) Wun1simsiginang
Aeatesszninadnuaziay 2 ¥l uaz ANOVA F-value
Dunsianmsnszanedeyavesdnuasinu 1Uudu Feature
Selection lumaiinnisandnwauziauldvunvay
n¥antuteyailiazgniuundelulneldinaianis
TUNAYQYIULUU SVM WU LDA Lagtuu ANN

2.3.2. Fn5UTHAUAITTEINIG

srggnTEnIndnuusaugnliluussununin gn
ANV NAI8AISATUIULUY Euclidean Distance
fuandluaunisit (10) 3nsdlisndugeddinadianis
Juundyyralunsinsegideya dlesnlaiduiunns
Suundyanamarlisndudosimsuusla 4 38msily
VSNFIUNNTATUIMTEYENNTENINANYUL LAY AIAUATT
7i (6) el X;, X; €X vo1 [X| svpzmefiduaalldTuiu
Soulussi

d(X;,X;) =0 ®)
d(X, X)) =0,if X;=X; @
d(X, X)) = d(X;,X;) @®

d(X, X;) < d(X,X;), d(X;, X;)w

d fafszegneseninleys, X Asluvisndyndeya, i Ao
WOIVBIUNING, j ADVANUDIUUVIINGUAE W ADLIARBTAN
thwiin n33nszeEN19 Euclidean Metric Wunsdiunm
fugrumssnuszssmadiodisusumasunuuuiy
(de S3, 2012) Tae|lx; — x|, AosEO¥N19 Euclidean, x;m
Aatayaluund i Lagyan m uazx;,, veyaluunl j uay
nan m

[l — x|, = 1o

2.3.2.1. msUszliunsvivdouiuvesdoya

Brshemeiteyaiiogseusvesdnunsiauty 4 ay
gnindrunldlunisduiuiuiideuiveesdoya
(Overlapping Region, @,,) (Konig et al., 1998) e
venszerMaladsszuieteyasengu nefiussansnm
geganuneaubiinisvivdeuiuvesdeyarienaguiu
puftugruveenguteya k-Nearest Neighbors (k-NN)
(Roberto et al., 2010) AilaurFnsruqu k é’al,ﬁuﬂfcjm
Fenfusionmn (o; = ;) viosouimesdnvugisudulsl
fdoyalungudu (v; = o) fuandluzudl 8 Auniiud
Viudeulanuannis (11)

°
B acessan
// [ ] \\\\
/,’ ) ) N o
/Wi F N
/ i+ (7)i \
-] " e ‘\
\
i = /
_ Wi = j
|\ Wi = ; = e
\ dNNik 4 °
] \\ ,’I
\ — . -~
S Wi = Wj m Classl
el o o e Class2

U7 8 mMsUssiiunsdeuriuiuvesdeys
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ov Z ZZL 1qNN +Zl 17 (11)
T L =14 T
_ aNN;
n; aNn, (12)
n: w; = (I)]
aNN; —{ oo (13)

e N Feduiuandnluyadoys, N, Aoduiuaudnly
wiazngy, L Aednwiunqudeys, | AeA1AUT0IANNTNYDS
naudeya k-NN Serdaust 189 k, ¢ Aodduresnguiien
Faug 1 89 Lj @ é’ﬁwaqam%ﬂiul,wiasﬂajuﬁmﬁqLm' 1
04 N, wag w AslAmesLUNNguTeya
2.3.2.2. msUszdiunnudauiuvasdaya

fruszasdnsUssdunauuuiifunisussdunisdaiu
‘Uaﬂmju‘ﬁa;ﬂa (Nonparametric Compactness Measure,
qc) (Konig, 2000) Usgnaunie Araudautulungy
Weafu waznisuendvesteyarsnguiananslusud 9
Uszannmyadeyadiiaranusaniulunguiioady
(Intra-Class gc_inera) qaLﬁmﬂﬁmﬁaﬁaaﬂaLmzamﬁumnuaz
lifldwiudeutudoyanguau Arnusauvudnnals
AUANNTT (14) drudszdnarnvesAInIsuendlives
Joyasanau (nter-Class gc_ ) %Lﬁméﬁwﬁaﬂfjm%ayja
wendfiuegredaiay lagarnisuendivestoyaniangy
Awndldnuauns (15) mmﬂazﬁm’%mwﬁu’aaaqﬁmqwz
wansliiuindeyaiinisuennguiuegisdnaunasinig

dauwuunelunguegnwin

Intrn=Class distance

JUN 9 MsUsziiuAnudauiuiurestaya

qC—-intra =
(14)
LZN (N _l)z z 6((1)“(1)])6((1)“(1)6)‘1”
i=1 j=i+1
=
qC—inter = mz Z (1 —8(0),:,(1)1')) di,j (15)
i=1 j=i+1
N-1 N
- Z Z 1= 6wy, wy)dy, (16)
i=1 j=i+1
1: w; = w;
O(w;,wj) = { j an
( i 1) 0: w; # wj

2.4 msdwmunarygraldniindsuils
SnuazaufadusIuIg 40 A1 (8 Yeud
AnuyuyiAuABYoIdy Y IM) gNAILINAINTDY 1@141‘1/\11711
addelundazuiiindinses mnﬁu%mﬂq
NITUIUNITANAN LAY AIBATIA Feature Selection
(FS) 32108U73% Mutual Information (MI) ¥irn15UseLiiu
Usz@ndamaessnisinnun lmadan153untyy
Support Vector Machine (SVM) (Cortes, & Vapnik,
1995), Radial Basis Function (RBF) Kernel, Penalty
Parameter C = 1 lag Gamma = 0.025 uaﬂﬁlﬂﬂﬁiﬁfl)
wmadanisswundagiainiindadewuu Linear
Discriminant Analysis (LDA) (Zhang et al., 2012) #3835
Singular Value Decomposition @ ¢ Artificial Neural
Network (ANN) (Capa et al., 2014) wuvu Multi-Layer
Perceptron i3 uLfisuusza@nsainnissuun
Fyaraliind e AnENYAUEIaY ANN Aidanld
UsENaummie YUInBUNNIIAWEsIINAY 35 31U Hidden
layer iU 100 wax 80 lunsalyadeyauuuiasnuyy
MYO agaified uazyadoyauaanuyu MYO uazgaile
50T muddiu Suaumseuang 300 seudeszdeu
33n15138uFUUU Quasi-Newton flsddutenvinmuuy
Logistic sigmoid function YUIALRIINALIALABSINIAY
anuauduIuiinefivinissun lassadiaadetiy

U x 5

Usgannieuiimnvuuandlugun 10

Input = 35
Hidden layers 180 and 100}

O
*&0
o‘ ‘ "~*

Quput =3

Activation function:

Logistic sigmoid function

3U# 10 Tassasrsluusiaztuvosnisdaueniuy ANN

2.5 mMspavpulleyueus
maé’wa‘maamsﬁmLLaﬂé’agapmlw%ﬂé'mLﬁagﬂﬁmﬂ%
muguiiesiusud Inglunuideidnistsadndannnisda
wondayaalnihndudeluléiferunuiienususd AR10
Feanansandoudile 10 psendasy uazanansnoonimng
fgniiudinliiguvindnile videviwuile leshemsdsnssiiu
Msdeansuuu TCP/IP madnsannnnssiuundayeyiadlagi
n&niloluusazsounisUssnanaazgmitluldlunisds
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Wyl MYO uazdeyaaingsile 50T
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4. Wan1INAang

Pnmsnmaeafudyaaliinnduitioiieaisluma
dmsunisinuunvimnadislasldaunsaivasnuau MYO
wazn1sldausuiuseninsgunsaivasnuan MYO fugs
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Feature Space Aifign fauandlugud 13 Weoifisuiunis
Usziliunigszezdayaly Feature Space ¥8310ya
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MAFpliTingUsrasAlunisiawenisussyndIsandeentuuuInsTINAuIsMnyanulunisusuusnssuiums
nanvuusyfudauidiuianiegusuwiomis Tnsnuidetduandiiuiinisssandndnnisuaznszuinn1seenwuuny
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LuIRAYDeIsARITIDNUUUTLART LY 4 Tunsufie nisfuatardrsalasnisTusndeya nisiaudile
ﬂfcjm{]mmaﬁaﬁﬁﬁﬁﬁm (Discover) nMsfviuansouvesilaym (Define) nMsthiauauuImnefiadsassé (Develop) uay
MSNAEDUIENSHULUUYS oNAR eI EuLUL (Deliver) nadndveuddot annsaanainisuanuuyyivsausiaain
Fu 1.83 uilsiotu wnde 1.22 wifidetu Anfunarildlunissdnanas 33.42% anvesduadldUszanm 4% wasflds
fauaRrogUnsniuagIBnsinulmilufuarufionels arwaznan wararudaondglunisieudiniuan 40.47%

\u 95.24% wenvnuuduiiauedefaiidfgylunsihizhndesnwuuluussyndldnssuiunmsndndnie
AdARY: IBAATDBNKUY, N1TDBNKUVUINTG, NMIUTUUTINTEUIUNITHER, NTAUKAKER

Abstract

The research has its aim to illustrate how to effectively improve granola bar production process by
implementing of Service Design Thinking and Work Study. The research has been conducted at one of the
community enterprises in Thailand. The Service Design Thinking principle and processes have been applied
starting from Discover, Define, Develop, and Deliver respectively. The result revealed that the integration of
Service Design Thinking and Work Study has reduced granola bar production time from 1.83 minutes per piece
to 1.22 minutes per piece, which contributed to 33.42% of production time reduction. Not only the Service
Design Thinking and Work Study helped reducing the production time, but it was also decreasing the waste
approximately to 4% . In addition to that the study investigated the attitudes of users towards the new work
process and tool. It is evident that attitudes in terms of satisfaction, convenience, and safety have been
significantly increased from 40.47% to 95.24%. The implications for practice from conducting this research were

also thoughtfully provided.

Keywords: Service Design Thinking, Service Design, Production Improvement, Productivity Improvement
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3. A5lun1suszandld
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ANAUNITAILNTEUINAITVEITAANISOBALULUSANST
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N1581393 (Discover) N1sAnuansouuaslaymi (Define)
s IR P R L AR e (Develop) kagN1INAADY
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35n159uwuU (Deliver) Tafisnvasidunnanalydl

Customer Actions

Line of Interaction

Frontstage
Actions ‘ ‘

Backstage ‘
Actions

Support

Processes

JUT 2 feghesfiniideruinisiiwansfisdiuainuth anvds Wuvesnsiiufduius duvesnmsueaiuld uasiduvesnsiiujduiusniely

3.1 msAuAduaza17I9laenITTIUTINTOYA NITIIAIIN
ihlangudlmnemSegiiesds (Discover)

Tudunouiiusznoulufonisdananssuiunisia
nsdunvalidsdndudiieddes nsiamunfiuiiden
vinafiedlanguiiiduladiuds uazidlanmsm
YOITHUUUIMvLR

3.1.1 MIAUNANTEYIUNITVINIU

Tuneuilanzfifeldvsraruiuiamasgusy
nsdifnuaramth velwiamAvguruseyfulazdanand
avan edhdunm wazdufindeyasing 9 Ffertostos
fuseagiBenresyAna an1un1sel nszuiunis Jaymn
wazguassavasntsdfuausludunisndnuasnis
Tu3nIs
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3.1.2 msaunIvalidaan

TudunouvosnisduniwaliBednaroinisile
Contextual Interview fuau1¥nludaniayuyy
nsdifnw Iivinsdunvaiussiiuiifuguassavesns
FURAZAIUFBIN15V9ENTN daufifiddiunis
Funwaifferewanuun msldanuiiasdunisdunival
fuelidnwazneneamsasliggndunivalaiunsa
seAniessnuasUszaunisalaing q Iilaed1e (Stickdorn
& Schneider, 2011)

3.1.3 TupaunIsIAIU T e luse UUUS IS

TunoullldinToslafiunideauinig (Service
Blueprint) Tun1svianudlafanssufiiieadesiuszuy
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U3MsTavn G?uwiﬁamssmaagﬂﬁwmauaﬂ (Customer
Action) ﬁaﬂiimaﬁamﬁaﬂqmuﬁy’amﬂwﬁh (Frontstage)
wagaINna9(Backstage) WagnanssuNdIuaTUAYY
(Support Process)
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(Work Study) BuanttuRUYBINTEUIUNNTHART LA
Funaludoduan 3.1 wariarsaudstunowdy
29AUTENBUNULDE YI1N159UIAT TAT2EENIe Ussidiu
$031115019%191U 1aniie AMNUALIAIUINTFIUNT
11911 hagai1ukuinssuIunsinareIn1snan Uy
Saufiwdauria ielilunsimuaveuwavesymuaznis

o o

MvuAIngUIzaAraenIsany)
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Foan1sfiutiase Gﬁazﬂad’suﬁ%gﬂﬁﬂﬂLLUmLfJumm
Foenefiuiiads uazihfeyamaniluidudeyandives
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Uszaun1saln1sinvuntesnin 1 U 9142 2 AU Lag
nauTNIdeduIu 3 Au saustedy 7 au daduluay
Mé’ﬂmﬁﬁyugmﬁflﬁaﬂmnﬁaaﬂLLUUU%msﬁL%&Jmf'] 3
YU IUAL (Collaboration) (Stickdorn et al., 2018)

dlolduuaRafinnnnnisszaanswds mssndunis
Tugraanevestuneuilie nsadduwuuegiedie uay
nsnadeulef %mmﬁwﬁvﬁﬁmmuLLmﬁmﬁugmmaa
nsoonLULUSMITiAsTauAananndat uusii 9
LLazLﬁaiﬁmmﬁmwamﬁuﬁmmgﬂ (Fail Fast, Fail
Cheap) tfuLe4 (Stickdorn & Schneider, 2011; Stickdorn
et al,, 2018)

3.4 NSNNEOVIENTIAULUUNI ONARAUYIAULUY (Deliver)

TudunauveinisnaaeuNanA s duuuy (Deliver)
wiuinisesnuuunagnsilunaasuazsygndlisani
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Lazdanadnsvesnisitgunsalilieonuuulu lag
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faguuun1suseidiusening 1 aguuy (ﬁaaﬁqm) e 7
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Uszldiu

4. WavensUszEnaly

nMsssnuRamsiiunutrnenulladunoures
3YUIUNTIsARTUNTTERNLUULUSNNT Rausdunounis
Auadlagd1sIalagn1sTIuTINdeya n1sianudila
nauimunevderiiieates (Discover) msfmuansey
289811 (Define) N158LAUBLUINITAS 198556
(Develop) LAz NIINAABDUITNITAULUUNTONANA U
Fuuuu (Deliver) Iseasidondetaluil

4.1 4a9InNTUReY Discover
INANTFUARNTTUIUNITHIU NITFUA1WAILTIAN

WAENI5YINANUN AR USEUUUSATAERUNTBIUS AT
@1un505789uRabasasalull

4.1.1 HA9INNITAUNANTEUIUNITYINIU
lunsdanNANIZUIUNITINIUNUIINTEUIUNITUOS
spuuUinis Wnisdanalasaueditesiui 2 au
éhmm%%mw‘f’mwﬂamaﬁamﬁwmuumﬁ WU
nsgUUNTYIIUEUFUT (1) mﬁuﬁﬂ%’mﬂqﬂﬁﬂ (2)
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(5) miLm%'aui’mqaumuﬁmﬁnﬁﬁmum ndurfuueund
ABMNOUWIY analuesisuliatazifinuzainefiuniud
oUWt uagnswieutnmedlsdluedivenlagninitin
Isfuefiivaudilumnuanauur uddniunven el
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Ns8AaUURL (8) n1sutuda (9) nMsruruandudu
(10) MIUTTRRIUVBLULLR (12) N15UTTVTAUYID NG
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4.1.2 8a9INN 133N T9AITIEN
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4.1.3 g msuneun imtlalussuursms
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MeusniifanssunisdauasSuaudwindu drufanssy
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4.2 Nmmifumau Define

‘vrmﬁmimﬁagaiu%umaumaamaa%wﬁmm%m
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(1) MssIuthitaasiued Lﬂusﬂgumauﬁ'ml,iﬂsummsﬂ;ﬂ
gus Tnowiiawasiueisulidrfulunsenyisalnly

Naresuan University Engineering Journal, Vol.16, No.Z, Jan-June 2021, pp.39-52 45



NUEJ

Naresuan University
Engineering Journal

syiuiinzaulidaami (2) mswauthilauaziuedri
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Abstract
Recently, the resources for asphalt pavement construction have been decreased. Therefore, the asphalt hot-
mix recycling was developed by using the recycled or reclaim asphalt pavement (RAP) as the asphalt concrete

aggregates. The literature reviews indicate that the recent researches focused on the performances and strength
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of asphalt hot-mix recycling, however, there are a few numbers of researches focusing on the safety issues of
these materials. Accordingly, this research aims to evaluate the skid resistance of asphalt hot-mix recycling with
different amount of RAP in the mixtures. Three types of asphalt concrete were designed according to the
Marshall method; (1) the asphalt concrete with 50% of RAP, (2) the asphalt concrete with 100% of RAP, and
(3) the asphalt concrete with no RAP. The asphalt binder grade AC60-70 was used as the supplementary binder
for every asphalt concrete mixture in this research. The skid resistance of three asphalt mixtures were measured
by British Pendulum Tester and Dynamic Friction Tester. The three-wheel polishing device was applied in order
to simulate the long-term deterioration for each type of the mixtures. The strength test show that, as increasing
amount of RAP, more stability of asphalt concrete mixture, however, less flow of the mixed materials.
Moreover, the results show that asphalt concrete with no RAP product the skid resistance value greater than this
value of asphalt concrete with 50% and 100% of RAP. This research reveals that the skid resistance of asphalt

concrete is relate to the results of Los Angeles Abrasion test, but not for the Polished Stone Value (PSV) test.
Keywords: Skid Resistance, Reclaim Asphalt Pavement, Road Safety, Hot-Mix Asphalt

mMsfnuanesiuluidesnauant uaznsoonuuy
drunauvestanimiaduiifanuuandieiy lunis
ponuuutaniamalvidaulasafedy Sanuduius
Tasasafuanudsamunieaaruduniunsauloaves

1. uni

Tudagtulasstneauumyssinalnedusunaiudy
W ORBUAUDINIIAIUSLUUANUIAY T95088y 90
Wuiiinaeaiadreunis Tuvasieiduusuiunisld

Nuiiiutuetvialiiamiadonanmnieldfuainy
\dene danasianulasnde (Safety) lwudszd@nsnin
ATldNanas ARuEEANIUKIoALRAvRIRINI9ly
Weane o13nelviiingURvguuvissnuuIadesgou s
wiavhnsneadsauulng Sdawalinineinssssuana
ﬁﬁag'ashﬁﬁ@amﬁaam 91nn15ANBIUITesialy
Uszineuaga1aussnd wuanlaniiniaau (Reclaim
Asphalt Pavement, RAP) ﬁiﬁammwm%ﬁ’mwﬁ%ﬂu
5ﬂVINLﬁ@ﬂﬁﬂ’]ﬂ’liﬂﬁ’]ﬂﬁUNﬂ%ﬁuaﬁﬁ/ﬂﬂmﬂﬁ
NITevee Hu et al. (2012) louindaniamadu (RAP)
yndudlrunanlufiiniweaiiadneunsn wagnaaou
Uszansninnisldarunuindeldusunauimiaia
TUUSILIN T UL RNANALEIUNIUN TSR 8940
LAAuFIUNIunsdeniedetanainuiy was
Ustvsnmmsiauiiouginiezanas ddidnuuzade
FUISeaes Izaks et al. (2015) WioldUsinaRmnadiuiy
mﬂﬁudqmaiﬁmmméfmmilﬁmiaﬂé’aqaﬂﬂ'nﬁﬂﬁfamﬁ'a
WiguAuRImLeaianAaunInunf LAAIUAIUNIUAINY
dranas waziileifuneailaddmudlniifleusuuss
auandtifandouusrauluiimafuazdreiiinaing
NUNU LAYAIUNIUAINALAR tngauidediudiniey
Anwrni1en1uUseansainnisidany (Performance)
yosweailasrouniniifdiunauvesimiaiy wazlina

‘ﬁumﬂ (Austroads, 2011; American Society for Testing
and Materials, 201 1; Chulalongkom University Transportation
Institute, 2013; Chulalongkorn University Transportation
Institute, 2015) ¢ewngil AnauTRuATABAULAY
Asfumunisaulaavesiunis Juluiadedfy
UszmsniafiduadulmAnanuvasaselunsldsaldou
Winay wazmsanululssiuideldfiunndn Tneany
agneBsludsznelng
AidedsluuiAndnuilusiuainuuaendy (Safety)
vos¥agiliiRanslagtintanianiani (RAP) u iy
AIUNAN LATDINWUUAIUNANAIETBUSUTAANULIRTEIY
nsunaans Wetfunuamislunisfauiuinsgiunig
penLUURIMsUBsUsEmAlngluowAn

2. F/AiuuIe
2.1 TumaunI ANy

AN5ANEIATIT FTUMBUNITALTUINIY LA ULNUNS
WM fegun 1

2.2 Sagildluanive
2.2.1 TanRIMaLFia (RAP)

TagiufuliiiunszuIun1sfinwenauIndIuIu
1 wnas a1geimenaunisynaen 4-5 U aduian

Naresuan University Engineering Journal, Vol.16, No./, Jan - June 2021, pp.53-63 54



NUEJ

Naresuan University

Engineering Journal
Awmunzandmsviindvanldiduiaguiasiudmsv
YAmelni wasfinuand@liidulunuuinsgiuves e
NIUNNNEWN V8.4, 410/2562 -RAP 1 v

- upafaffuug

- Specific Gravity
(AT 60°T0) ' aravity

- Particle shape testing

- Los angles abrasion value
- Ageregate impact value
- Aggregate crushing value

- Polishing Stone Value

*—1

DRNLUUARTIE AU ¥

TaniBunduraa - Mix Design (09 RAP)

- Mix Desigr b RAF)

= Mix Desian {100% RAF)

Y

ARIMNALAL (RAP)

3U17i 2

h J

FuLsUFIBL IR 50 x 50 % 5 cm

2.2.2 Fanaasallnal (Virgin Aggregates)
Fanuasaundildluanuideduiuyu (Limestone)

Lﬁaamﬂ‘Lum':?ﬂ'aa"if'mmwww?nmﬁuﬁﬁi{fﬁugu way “'“"l"f“:”“”
funadawdnfiosliAundeiildlunisadrenuu Fs¥aguna ‘ I Y
Fufivandsfiusou (Hot Bin) §1u7u 1 wnasanlsaly o ——

fugassn Tmiaaladie sis 4 defin Usenoudae Bin Ao | | SRy

fifvun NAMS (Nominal Aggregate Maximum Size) | l T
YU 3/4 47 (Bin 4) vurn 1/2 37 (Bin 3) 1u1n 3/8 i P |

(Bin 2) uagiiudu (Bin 1) Januiasiulndianuaudioy i
AATFIUYDINTUNVANT V.-, 408/2532 ot Rsoest unserpia iAo

UM 1 unudsdupaunisaniuau

gﬂﬁ 3 Fauiasaulu (Virgin Aggregates)

2.2.3 uoailad@uus (Asphalt cement)
LeaNaRTUUALENTA 60-70 AUTBMAUAVBINTUNIG
na139 va.- n. 401/2531 “Specification for Asphalt

Cement”

Naresuan University Engineering Journal, Vol.16, No./, Jan - June 2021, pp.53-63 55



NUEJ

Naresuan University
Engineering Journal
2.3 msmaaeuluiesdjuing

AsimuadauUsdindunisinuiluauided
Usznauniy AakUsn1u (Independent variable) o
FAnuduniunsalaa (Skid resistance) Ssiuagiu
fLUsAU (Dependent variable) wa1edauus 817y
1) YSunaudaniianiais (RAP) 2) anauURveuiasiu
3) 91gsldanu 4) Snwmeiui uag 5) aninuanden
W danwilen-uis dudsesidou Ui Largan1a
sy

widmSUnsAnEndmuadudsiu vommn ¢ fauus
dosniluduusiianunsanaaeuasmeanldlusening
nseenuLuUdILNaNLeailadneunIn SeUsEnoudae
1) YSunauTaniamady (N1seenuwuudiunauveLaailan
AOUNINTA 3 gasdlunay) 2) AuanURuenasy d1msu
Uszdiuaamnudununisiuloa anunsanildainnis
Nagaey Polishing Stone Value g Los Angles Abrasion
Fadunismadeuiindndedneasiuinveswiasi
fdsunaslunevdnsdad 3) mwmq%szmaaﬁuﬁa
am15au1lAInA1TA@aU Sand Patch Method (SPM)
waz 4) 91gnsidnuresianiomi

2.3.1 MsvoniuUgATAIUNALYaLaaTladaaunn

dmdunisesnuuudiunaueaiiasaeundafifusm
Aaduiludiunauioun wavueailadaoundndi
drunanvesianiininandiuiuievas 50 9199
mmgmﬂimmwmqﬁ va.-4. 410/2542

LLaxmiaaﬂLL‘U‘Uﬂ'auwauLLaaﬁaﬁﬂauﬂ%ﬁWﬁ’aqma
sl fudrunaustonun 91984ANUUINTFIUNTUN
aadl via.-u. 408/2532 Tagimundnsidunanvesian
17852 du 50:20:15:15 (5owarvpeiiu Bin 1: Bin 2: Bin
3: Bin 4)

funounisoenuuvdIunay uansluLaula3snns
9ONULUUAIUNE é’agﬂﬁ il

DONWUUER T 1A TUHRN

muTEniuad
|

¥ ¥ ¥
Hot-#ix Asphalt Hot-Mix Recycling Hot-Mix Recycling
(RAP 0%} (RAP 50%) (RAP 100%)
Fw 3 feen o 3 feene J1u 3 fMaen

| 1 |

¥ +
Asphalt Cement Ageregates
Terwdau 170 °C Toirsmuiou 180 °C
| |
v
e a
ranli iy
malu 60 i
P .
VA THETURDR
mEATauATAIILTAd
{é]aw:gi'.- 170 °C)
|

nAADUANANURALEN G 1A vinaguANANTRAEING

(Density, Air voids, Voids in (Stability and Flow)

mineral aggregate, Voids

filled with bitumen)

FUN 4 unudsISnsesnuuudILNaLl

2.3.2 M53180@NNNTIIU LagNISNAABUAIAIY
Frumunisauloa vesweailagnounin

luauideidndunisnaasuneaiadnounin
Feuszneuluse 3 gradiunau e 1) ueadladaeuning
Tehunaurasianiimuinlsunesas 50 2) ueailad
Aoundafiivusuaimainfudiunauionun way
3) uealarrouniniliTanuiarlmiidudunauioe

1. MIATEUAIDE N

1) W38uTANNIaTIN LaTkRANAATLUUANILENT
dunau lngldianuiasiu 5 Alansusie 1 feee

2) ihiagnasandimeuiionnd 180 ssrivaifes
Wuna 4 alus wazlirudouneailaddumudigumad
170 s waldea

3) waNdtunaulid1iy wazd1diinneu
figaungll 170 ssrniwaBoaduna 4 $lus

) wisuuuunaod muTuniuiiediavuin
50 x 50 ©U1 5 LwURLAS Wdrunauasluluuiasiinig
UATAFIELASOIRUAULUULAUAIYN (Walk- behind
Compactor)

5) fashetslifunan 24 dlus wazthosnanuuy
Va0
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JUN 5 winiegweailadnaunin

2. Myraesanwnsldnuneailadnounindienias
159n159Ad (Three-Wheel Polishing Device: TWPD)

dmsunddeisniunisiiassanmimaeailas
paundafidunsidnulasldiadesinisdnd (TWPD)
Fail§199997u39891n 909 National Center for Asphalt
Technology (NCAT) uvisusinaansgoLusni lagyin
miﬁﬂquaﬂﬁumsz;lf,gLﬁammmﬁmmumié‘ﬂaa
(Skid Resistance) vasuaailadaounin TnsldnIosiows
Asiad (TWPD) Fundesdiausznaulusiaderuin 8 x 3
i1 $1uau 3 delnsdots 3 Bnfnogfuusiuaiunyy
(Circular Iron Plates) %uwmé’mimﬂusjﬂmﬂ 11-3/16 i
AIUANMELBLMDS Iny Omega Digital Counter {Wudiiy
FIUIUTOUFL AN LAZITTWINAITVIAFDUILIADIANINH
auuuuen (Vollor & Hanson, 2016)

Ul 6 1383 Three-Wheel Polishing Device (TWPD)

Tnen1ss1asaninnisidaugisaiensinistnd

fiuneuntssluanusasolu

1) wisuusuiegausailaiaeuniniioussquin
38391599 d (TWPD)

2) é]gqmﬁwmusaumimwﬂaamﬁm%a&ujﬁ 100 58U
foudl

3) [ UaLAdeasan1sTnanseuseA1siuiuseunisin
1ae9198991n91U398999 NCAT (0, 5,000, 10,000,
15,000, 25,000, 50,000 wag 100,000 58U)

Naresuan University Engineering Journal, Vol.16, No.Z, Jan - June

FUN 7 MInadeunItadieiaTas TWPD

3. N1SMAdEUALNUILAAE (Mean Texture Depth,
MTD) vo sl ufinuoailadaounindae3s Sand Patch
Method (SPM) Lﬁammmﬂm?uisﬁumﬁuﬂa

Wunisialawe1deids Volumetric-Based %#30n1570
BaUsunsgazilunisindnwar fulla Macro-Texture
1A8N1INAABUBNBINIUINTFIU ASTM E 965 %38 1SO
10844

1) W38un518 (Ottawa) FINTIVAIINNUILUY
(Density) wazumiin (Weight) (nasuuupudLeailad
pounImndenselrusidusurenan

2) "’amumLé’umu@uémaqwiwﬁﬁwmsm?awum
fodraueailadnouniandeuianiuil (Area)

3) ATlEINNITNAFEULIFUINIAITULREY
vesiuRaueailadnounin (Texter depth)

AUEME ALHUAITNAFDU MTD NBUAITNAFDUAN
audununsauloave et LeailagaounIan
1PeNARDUNDY LATAIUNAINITINABIENINAT YUY

3Ufl 8 msvadou MTD #e35 Sand Patch Method (SPM)

4. MsnadpuAIANFuuANsaUlnavdenIAIY
\deanu (Skid Resistance)

1) nagouAIANAIuNIuN1saulaadieiIesile
MA@ U British Pendulum Tester (BPT) 8148414
UM ASTM E303

® \r3psilovaaoy

a. British Pendulum Tester (BPT) Taaldusiugnq
wmaaugﬂﬁwﬁwﬁuﬁwmm 25 x 76 M1 6 Nadiuns da
AnfuuKuegilites

b. 13esingamail dwsuingagiifanthioeig
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JUN 9 nManadeumAuAunIuNITaUlaadeesedle BPT oy
nmsdaesanmnsidau

® nedey

a. UsznauyninRaados wazUSuseaugumeansy
$useeiu wiounaaIesilonndasy BPT vuukuf0E1
G0N

b. srnguslnsmsudesuugniumiosiuuufdi
\ugusmegaisumiaauaud

Y o a

c. InsverRsyninermaasuuuiignduiuiani
fegrdlilasvey 12.5 wuiuns Tngaumgil wiewaluse
ilfBenieiadedns uazenamadey

d. Vdssurugndumisdlunuinmiensuiluansuy
wihdslunTesmagou BPT vindnitu 5 ads Tufinug

e. lonaaeuladaudlivauiaiomaaaudndu uag
TRTARNTE

MBI, NAFBULKUAIBELBaTTaARBUNTANDY Way

NHINITINADIANINAT bTAU

UM 10 nsnageuAIAuduniunisaulaadieinieiie BPT
Mendsmsdnassaninnsldnu

2) agesuAANFununsaulaadieiaiesile
MA@oU Dynamic Friction tester (DFT) §1989M101195511
ASTM E1911

® |a3esilovaaey

a. FIUVYULarIUnYY (Fly wheel) Hvunaidusiiu
Audnans 350 fadwms \WeudAnAu Spring Balance

b. WKW (Rubber slider) 3 WHURABEUUITUNLY Y
svpvaviiy uiazududutmiTnainatesinas 11.8
el

c. fuhides (Water Supply) ﬁasjqandwm%amaau
0.6 LUAT

d. iiesingaumnd dwiuingugifianiidieds

® NNAEBU

a. 1NUA30IMAADU DFT asUulHuf0e19 niou
Lﬁ?iawiam%iaamaauﬁ%ﬂauﬁamaiﬁatﬁu%’a;ﬂamaau

b. Wewrias DFT nieumasidsssewinmagouite
a¥eduiidy

c. w3eavzyinismyulaeisouninuiiagegad 80
Alawns/dlus Inpazuanwmasniidunsimanuduiug
syminaAnduUseansanudeaniunazausi Rlawns
Aadalug)

RULLIG NAFDULNUMBELENadABUNTANDY LAY

- 9

PHINNTINADIANINAT bTAU

i

U7 11 n1svegeuAtAudunIunisaulaadieiniedie DFT
Mendan1siaesaninnisldnu

Fi bore w00 it
009 07 00 5Bt T
V
AbeFn

WET Ml Startspeed o
e
P

o S0 €608 01

JUN 12 naneaeuAuuunsaulaadisiesesiie DFT

233 mimaauqmauﬂ’aﬁ’aqmamuLﬁaﬂimﬁuﬁhmm
Frumunisadloa

1. Polishing Stone Value Test (PSV) 8148 90111191557U
NSVAERUYDY B.S. 812 (1967) dmsunuidelaninunda
wU36u (Dependent variable) lawn ﬁuuﬁﬁa@maim
(Micro-Texture) 21U 3014 (Independent variable)
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¥un Snsn1sanasosnnudumunsauloaludosy
fuusaauau (Control Variable) laud $1uiusaun1stngd
lunmmaaeyiieg e TanuIas Iy
1) \e3esiiovaasy
a. wiesdlonsdnd (Accelerated Polishing Machine)
b. British Pendulum Tester (BPT) Taaldunueg
nadeUsUAvABNTRSAYUIA 3.1 N 0.6 lwuRlns Sadn
fuukuegilidsuazisugdoionglesnit 6 e way
finauautAsned 1

A5199 1 AaNdReT Resilience % wag Hardness, IRH degree
Fuunsmgaumngil (BS 812-114:1989)

founil (Beaaben)
AR _
0 10 20 30 40
Hesilience
D dz-47 | s5-62 | 61-68 | 64-71 | 6873
Hardness, E5 4 5
IRH degree

2) ASLASEUAIDENS

a. FRgNRUNIUAZIATY 9.52 Tadiunsg. (BS) A19UU
AYWNSY 7.94 fadiuns Megreiudninseu lduuy e
iuld

b. tshegaiundnsliazenn ezl

c. wisuuuuvde (Mold) néouvminsiu

d. Beudiafuaslunuuraes 311U 4 WuUviae

e. TsonsoaziBonnusosseninadingiu uavdathle
neden msnavaniaSurun 1.2 Saduns

£ sdedreyuniiednsidau 11 Tasdmdniioyu
neuden TRt lmseu

g. Undegnaiivaslunuy 24 $alusngueneinilen

h. oAfeE19eaNaNNLUY wazyildugtn 7-14 Su
Tneaiifetias

35U 13 shegrsdmiunismaaeu PSV

Naresuan University Engineering Journal, Vol.16, No.Z, Jan - June

3) msdaunusegeesesdn (Accelerated
Polishing Machine)

a. Yisegraundasedduidemsn waziiuinios
fndudaudy 3 Fluswsndnsonsmeu Udosnamenu
Faednan 20-35 n3udeundl uazUdestanuindiinet
FruUASamAdaY

b. viganIes wazdndunstausiu 3 Falusdndens
avidun Wedndunisinaiadoudeslraniniiag
Av0IAUNUAIDENS LazvhAUEzEIAATEITn

3U# 14 vihnstndiegnemelaiesdn

4) nmedeumanads PSV lngldia3os BPT

a. Usuindesiiolasyfuseiuihilsiueies

b. veaswniaan q lghidudatusesadudos
a0

c. eusudaudesudadaiifiegrataidu (C -
clamp)

d. deunvuunididuiasmoegiaduszes 7.6 + 0.1
LHURALLAT

e. saiusuiogudnauudosuuunisliuy
UNNFUNEFI981981UAT PSV 21ALKNUAYT

f. grumildainmsnaaes 5 ase TuiinAdiguls
PSV laduvaeiiogsiuusaziruazaiunsamwanlaann
Aol 3 admdanazen PSV asanunazldainnis
Waaninega ¢ uudnasamils

Uil 15 naaeu PSV Tnuldieies BPT
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N1591A1 PSV 985891 2 ASe Ao naassdeudn
Fegremaedestnidenit a1 PSV neutnuie PSV (BEF)
LasNARemAIaIndameLAs e Sand1 A PSV naen
w3e PSV (AFT) A1 PsV fishluldiussuiisunndnuas
YDIRUAIY 9 ADA PSV NAITANTD PSV (AFT) A1 PSA
(BEF) azannnanen PSV (AFT) waaly

3. WNan1Ina§aau

3.1 HANTSINAOURAIALTR IAIATIY
ﬁm%’mm?%’ﬂﬁuaﬂmﬂwmaammauﬂ’aﬁugmmm
AANIATINYDITAALIATINHINIUAL (RAP) LAz TaRuIR
saulnal (Virgin Aggregates) udaduldiinnsnadeu
auandAtaguianuiiedszifiuaiiuaiuisalunis
Frununisauloandenudeaniu 1nran1snaaey
Los Angeles Abrasion (LA) WARIHARIAISIT 2 wazua
ASNAEDY Polishing Stone Value (PSV) WARITINTT 3

A19199 2 HanedeuAnaNTRTUgINYRITANNIATI

Aggregates
e i UIRTF
fEUEIUS Fine Coarse
RAP
Dust | 3/8" | 1/2" | 3/4"
Specific Gravity 265 267 267 268 266
Absorption (%6) 1.42 .60 0.50 048 0.24

Flakiness Index
F.5 20.0 56.3 q2.4
(%)

; x = 30
Elongation
40,5 20.0 29.9 9.5
Inclex (%)
Abrasion (%) 24.4 29.6 < a0

A19199 3 HanegeuAnaNTRAuANIFIANIWTRITAIIATIY

Jaquaa PSV PSV ARV

394 (Before) | (After) | (After - Before)
Hot Bin 58.3 29.9 284

RAP 63.7 393 244

dmsuTagunasmimadiiulidinisdnnsedosas
29.6 Fsunnnirfanuiasanlv uaznismagey Polishing
Stone Value laggnsinisanas (neun1s¥n - ndan1sdn)
vesTamnaruiomainazdaidesniifaguaasosivsl

3.2 HANT500NUUVA IKFULOTTAGADUN T

mngﬂﬁ' 15 JunsmuanavuinaazwedianuIasi
AendsnanaunuigasdiunauLoaiiadnounini 3
gnsdrunaiurusnaEd e wagiilusenuuy
woailadmounIneleTBusuyad

|SIEVE ANALYSIS - COMBINA'I'!ONI

== RAP (9%
RAP 50%
..... RAF 100%5

Y Passing

0075 o0& 1 2 475 a5 125 19 Mesh {mm)

JUN 15 1U1PABLYDNATINNYNAINEL

dethumagouguanTAiiaiung wazauaudd
\Banavesniuvad MnHanadeULANIIn1IT 4 Fady
Anadsanaufousiosne nudidefiuuuatanima
i (RAP) ludrunauveueadiadnounintu dewalvian
wdesnisty woatadeoundafiiivinafmadudy
dhunauiomniulirgagnegi 4,027 Lbs. uazwoailas
AounSnfifluSinaimaiusesay 50 lridinslvasian
o 12.1 (0.01 in) fauandluguil 15 LLGiQG]iﬁ’JuNﬁiJﬁgﬂ 3
NN TR LAY NATFIUN TN A wiouthludu
wHusegdmTuTIasan nnIsidu waznaasy
mrusuvunsaulaalagaznanidluidodaly
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715197 4 NavAAIUNITERNWUULEETHaRABUNSA

= RAP 0 50 100

o

= HB 1 50 35 0

o

o HE 2 20 5 0

g HE 3 15 5 0

x 5 na.a. 8-,

= HB 4 15 0

408 410

Asphalt Cernent (%) 5.00 4.80 5.40 - -
Density (gm./ml) 2400 | 2.360 | 2390 - b
Air Void (%) 33 50 3.1 3.5 | 3-6
VA (%) 140 | 151 | 145 14 14
VFB (%) 764 | 658 | 783 - -
Stability (Ibs) 2699 | 2,779 | 4027 | 1800 | 1,500
Flow (0.01”) 152 | 21| 126 | 8-16 | 5-156

STABILITY AND FLOW TEST

4500 S0 = 420.4 18
152 4027
A000 D =03 1 14
=42 121
3500 s 1z
‘I_';: o (268 s0 =095
£ 3000 2699 SO = 30.2 2779 5o = 2147 10 £
- 2500 kS
g ® 3
g 2000 8
£ 3
L 1m0 ©E
1000 ¢
500 2
. o
RAF 0 RAP 50 RAP 100

[CStability === Flow

JUN 16 nansnageulatiesnIn uaznisinaveneailadneunin

3.3 08015015 NATOUAIAIINAIUNIUATITAULDaRIN I
woaaspaunsn

3.3.1 nansMadeUANAILAIuTNUn1saUloa

I1ANANIINAGEUAIALFIUNIUAISAUlaaR Y
\n309ilo BPT waz DFT wesiianiaueaiiadaoundne
3 gnsdunay §Ivelasnndunsusuuilinduduiainiu
Feoantuaina (Intermational Friction Index: IFI) Fa1du
Bnsinaausiuniunisaulaaveanissionagdeu
ANANULEEANIULUUAT 9 wazdiA1u1USuRAALS7
Tunisauloafinanuid 60 Alawnsdedlug weldiia
ALFenAdosTusTIIILASaslonsads (Wilson ,2006)
Imaﬁ%umauﬁmamgﬂﬁ 17

Adjustment
SRV, DFTzo —
to FE0 pursue to IFI

Testing form
Sand Patch

'

Sp=a+ilbxT)

SRV3s testing form

British Pendulum | «f— | DFT at 20 km/hr a=-11.6
3t 35°C b= 1136
FRS pach
FR60 = FRS x e

v

Pararmeter A B
BPT 0.056 0.008 P FR&0 = A +(Bx FR 60)
DFT 0.081 0.732

3U# 17 Funpun1smdnnudviaudeamuaina (IF)
(@n1TuN3UUES NaINTAINMINENde, 2013)

910 JUA 18 uay JUTA 19 10unsuszninedn
Fulsgansanudoanuiiviudanusalunisauloa
finu§ 60 Alawwmssedalus (FI60) Audiuruseunns
Tavoundeaile BPT way DFT aud iy efinisldeu
Winuntu weailadaeunindilétanuiasiulmidy
dunauimuaaziiadulszansanudonniu (FI60)
unninueafiadneuninfiidrunanvesTaniamiaiy
USinnfesar 50 uazwoailadnounindisiuiuiuiams
Wadudunauimuadaanudsaniusian

Lag A15199 5 uanafiadiAduvuilade (MTD)
vosuoailadnouninis 3 gradiunaudonnaoudaeis
Sand Patch Method (SPM) nieun1sdnaesaninnishdanu
(Initial) wazn18ndIN1591889@01NN15M 91U (Final)
wuiueailadaeuninilifaguaasulusiiludunay
Fanuadannniweailadaeuniniiidunanvesian
RamnafnuTuiesay 50 uazueailadnouniniil
Uinafmadsdudunasiomadeniign

ATLANWUETDAT M 1 (IFI60, BPT,,) Audnuavsaunistn

w ¢
-~ \
. n
4 ] == AP {0
2 n
& L R Al
5 LR e

v o

UM 18 n91muananuduiussening p (FI60, BPT1o) Auduiu
J9UN3TA
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AYNANNUGTEWIN p (IFI60, DFT,,) fMudtuusaunisia

— AP T%

\ RA&P 50%:

i (IFI60, DFT )

\ =ik RAP 10074

MNumber of Cycles

JUN 19 nsmluanamuduiussevning p (FI60, DFTz) fuduiu
9UNTTA

A15197 5 ArAuuRaY (MTD) vasiiuiiueaiadaaunsn

Mean Texture Depth (MTD)
Type
Initial Final
RAP 0% 0.870 0.473
RAP 50% 0.682 0.424
RAP 100% 0.660 0.361

4. 2AUIIY WATIATICHNANISNAGDU

910113199 6 1un1sIsuiisunanimaaoy
AaNURTANNIaT AaNTANSUYad karANATUNIY
nsdulonvosneaiiadaouninie 3 gnsdiunay
Usgnause 1) ueailadneuninfiddunavesianiaonis
AuUSnafesay 50 2) ueailadneunInifiusinauiomng
Wandudiunanianun uag 3) woailadaeuninilitan
swarulhdudrunauiiovmn
a9eil 6 WisuITisunan s unuanTRTasaTIN AuANTR

115¥a8 AMUAIUNIUNITAULAE LazANNLREY
HuiveLealadAauNIA 3 gnTdIuHaN

Aggregates Marshall Skid
Type properties properties MTD
Resistance
Abrasion | PSV | Stability | Flow
RAP 0 % N b4 X v N @
RAP 50% N/A N/ v Vv v @
RAP 100% X v vV X x @

mnawn v #fiaa, + Uunany, P wittan @ winan, @ Uunans, G drfian

4.1 NSNAAUAAIINTR TANNIATIN

91NA15197 6 Lansd wanIsaaoutanulaTlvl
1¥A1n158n50 LAA (Abrasion) A1ni1Tanuiasauain
Hanmiainn ﬁwm'1EJ5ﬁaqmaiaﬂmjﬁuﬁmmmumu
RensAnuseRnItnaTIIINTIALM LagtiloUsiiiuna

nageufusanusunsauloadieufuninuisnsves
IFl wudrRanasiifiunasiulwdifudiuusenouiinay
Fuvunisaulaaganitfaguasuioniani il
A0AARBINUNANISNAADU Abrasion WAMININAUNY
ANIAdaU Polishing Stone Value (PSV) “Uaﬁﬁﬂmaim
Famadmuindian Apsv sndnTaguaasulval $ldiu
IRTWINAIMBATAUNUNIUFBNISTAFFININIA
sllugl wadleuszifiunaneaeuiisufiuainnudiuniy
msaulaadiousuusniisnsves IF nuiwanisvagou
laivaveniamnuduiusiuan APSv

4.2 HaMTNIIVAFOUAIMINE UM IS Ul0aYeITIN e

woaltasmaunsna 3 arunas

'31J‘1’7i 18 LLamﬁwmm@fmmumﬁuima (Skid Resistance
Value, SRV) mﬂmi%@aavﬁ’wm%‘m British Pendulum
Tester (BPT) wag gﬂﬁ 19 LLamammmé‘humumﬁﬂﬂa
IINAITNAFOURILLATES Dynamic Friction tester (DFT)
Weliaszianumunzaulunisdeadisauuneailadn
apunIn i dulUnuLIn T ILYeIN TN FananT
WIgueun1u3sn15999 IFl (International Friction
Index) TANAuIEBnNIUTT AL s aNn L BT U
1) woatladmauninillivanuiasnludifudiunasiomn
2) woailadneuniniifldrunauvesiagimauiuyiuia
fovay 50 uaz 3) weailanmaundnfiausuafiamaiy
udmauiaan feftagulilumaad 6

PNRANISNAFOUNUI Wiaiusnsdrumiasiuima
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Abstract
In 2017, Thailand’s electronic waste production reached 0.4 million which included refrigerator waste.

Refrigerators that are no longer required are sorted and separated to recycle valued parts, while over 20,000 m?
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of rigid polyurethane (PU) insulating foam is discarded in community dumping sites or illegally burned. This
research aimed to add value to the PU foam waste by adopting it as an air purifier. Thus, we designed and
constructed a prototype of a portable air purifier embedding a filter to trap PM,5 made from PU foam. Our
designed 36x36x78-cm? air purifier was made from aluminum and covered with galvanized iron flat sheet. It was
equipped with a 220-W centrifugal fan and griller tower to distribute dirty air evenly. An air filter cartridge was a
31x5x44-cm? aluminum frame filling with three individual PU foam shapes, including stripe, cubic and ball. We
evaluated the air purifier performance, in terms of a clean air delivery rate (CADR) for removal of PM,s. Test
particles were generated by burning an incense stick in an 8-m? test chamber to achieve an initial concentration
of 250 pg/m® CADRs were determined by fitting 1.5-h concentration profiles to mass balance models, using
nonlinear regression. At the end of testing, the PM, s concentrations were as low as 3-43 pg/m?>. The CADRs for
the stripe, cubic and ball shapes were 14.3, 18.6 and 21.3 m>/h, respectively. The ball-shape filter exhibited the
similar CADR to the 35-Watt HEPA commercial air purifier. An additional prefilter sheet helped to increase the
CADRs for all PU foam filter shapes by 50-90%. The production cost is 5,000 baht. It is noteworthy that the

expired PU foam air filter can be ultimately used as an aggregate for ligshtweight concrete.

Keywords: PU foam, Air purifier, CADR, PM, 5
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unAnge

AT UsrasdiielnsginanssnuresUiinumseaosiunnediofidureautinanauasenisnnuomeod
\WasHaL LLasﬁL‘i’]mmaLﬁaﬁmmwaaLua%maﬂumu%’aﬁlﬂul,wiumzLﬁaﬂmqgﬁu lunsudanediuesuauaniunisnay
dunansing 1 TngldiaTesdninuuuindeng wartusufuwitunuiosilnglfiniosdniou Fmarnnsiasgin
wsUsEliidiuin msiuansnassiunwedefiauusunm 0-30 Wesiduslasimin fnanszynuagiidedfg (P<0.05)
sormLdasIRs Awegdansis Amnuengean ALl uagAnsgufveamediuesray eiRuasnaeiiug
wodlefidududiunaniutu dswalirmogdanisia Aanuuds Anisgapdedmdn wasAnsguiemediuesuan
ity uddeundausais AanueieageaanduiidanasnuUiinumseasiiusweiefiau vuzfaiusmudied
nediesnandnnogdanisis Aarmuds warAnsguiiganimanainnedlfianaslsd uenainiwudied wodles
nanTiFuasaasiuanoiefidu 10 Wediudlantmin faudhinenauasnanenmininssdowsyiuresuidh A

Addiny: wedlillanaalsd, aneSiunnediefiay, nsziletnayiy, mlnseiads, n1seniou

Abstract

This research aimed to analyze the effect of chlorinated polyethylene contents on mechanical and physical
properties of polymer blends. The goal of this research is to develop the polymer blends as rubber floor tile. In
producing the polymer blends, a twin-screw extruder was used to blend mixture. The polymer blend pellets were
then molded in a compression molding machine as sample panels. From results of experiment, analysis of
variance (ANOVA) indicated that the addition of chlorinated polyethylene in range of 0-30 percentage by weight
(wt%) significantly (P-value < 0.05) affected tensile strength, tensile modulus, maximum strain, hardness and
residual indentation of the polymer blends. The increasing addition of the chlorinated polyethylene resulted an
increase of tensile modulus, hardness, weight loss, residual indentation but a decrease of the tensile strength,
maximum strain of the polymer blends. Likewise, the polymer blends gave clearly higher tensile modulus,
hardness and residual indentation than polyvinyl chloride. Furthermore, the polymer blending with chlorinated

polyethylene 10 wt% revealed better mechanical and physical properties than rubber floor tile of company A.

Keywords: Polyvinyl Chloride, Chlorinated Polyethylene, Rubber Floor Tile, Statistical Analysis, Hot Compression
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nszLﬁyaqmqgﬁyuLﬂumﬁmﬁm%mﬁqﬁag”luLquaﬂLSﬂmi
Yudrnsudandnsuansivslefududulssnou auud
Az dguung Wotudl 12 wwisu 2550 91feEee wun
nrensirndndinsledulasielvduazndn Sauaiid
drulsznovvesusledulasielvaianiznsdl waving
wAndusiifidiulsznevvesuslefiulasislndiliingdu
dundeldudndusdunaunuld (Thai Health on the
Road to, 2013)

Tmﬂ"ﬂﬂﬂixLﬁawwgﬁuﬁﬂmwawﬁummﬂWmaaﬂ

Y
'
= o

nauduLsloAunazansdu q FRnuazilanlAulos

a '

nszileg1ayiu Ao dAudanguneaunds uazilisg

nilalusgninandudadunseilesersroudiags vinla

anunsaantenialunisaudunieazqaauliduedid

YULREINUAILT0TOITULSINTE NN RUNMT NN 9 19

\Wueenad (Wood Grain Rubber Tiles, 2020) aghslsAnu
LuaamﬂmvLummaﬂwuumumamaqLL{Lsmu ylidana
NIENUABAVNINAULAY Aawndeu fMiuifiensvaues
uiﬂmwaqsguauLwaqﬁumwwmawﬂmmuawgwam
ﬂisL“ﬁmmaUﬁu neaurgIdedelaiiuuifniaun
ﬂssLﬁaqmagﬁumﬂwaﬁL@Ja%wamwdwqwaﬁbﬁaﬂadié
LazEIAADSIUANDALD Y

nwodlaflanaslsa (Polyvinyl Chloride; PVC) 1Ty
wanafnaiawmeslunaradnfidnsnamdususuanssos
Tnnededidy Wewinansethluldusylevdidlugu
nead1s gunsallni vasldlutnu auussyine wazau
Frunensnssy sudu (Page et al., 2007; Kongthan,
2015) BnvallautAnlaniude 1l la nudoasieiiuas
n15dng wazilafalnausasulalaies (K
2015) anaudivinuseaisiadl n15?ng wavaunsaaulil
Ihiee vilduadeiidenldnaradnnedlianaslsdiu

ongthan,

drunaundn Weswnnszlasensyiudundadasindnld

yYluthu deillemadudadiuansiadl nsding vionsiinly
NANUTaUG Sniamanadnwedlhilanaslsaildidune
alhfanaslsdreuundfifirnubangugs weliinsudes
snsfleumienasdusmialussnindiduda
ARDSLUANDALEYIAU (Chlorinated Polyethylene;
CPE) WuansTifdrunanvesnasIul3una 30-42 wWesius
Tneniviin @t nldusulssandfnisnssunn (Vama et al,
1999; Deanin & Chuang, 1987) aasnaradnwedltaila
AaolsAuuulde (Vrandecic et al., 2004) TuvaigiReniu
woRwosviadiautinisadosmisanuiougs Fumu

n1sanulv Auniuansiedl warnunean wenAlean
§ﬂﬁgaé’aﬁauﬁ’ﬁwwﬂaﬁ§§ﬂﬁw (Bhagabati et al., 2015)
Yonand Wu et al. (2008) wudaedn msiisansnassiun
WodteNAuAINIT0UTUUTIAIIUAIUNIULTINTEWNN
wuulewen (Izod) vesurlunsulndalaegrsdivsdifsy
Yuzieatuanuniinvesuluneulndnanas Wedivans
Aao3luanedlefisulludiunay fatuaiuaunsanis
nsyvILMIEInsaUsuUTlalaensnatsAaesiuened
tofiauiludrunay wenanndl Vrandecic et al. (2004)
wuashaesuanedlefiduiinasenisannisidenanin
vpanedliflanaslsn andeRfinaveIEITAasIUAND]
wiiau vlruiseiliinisihansrassiuanedtofiauunly
\udunaw WeuuunaudRvemarainnedliianas
ladlifaniAfmnzansenislindndunsndoswenayitu
pgelsimuneunisiasaassiuanedienaululy
JudunaulunedlhianaslsdilelilauTanivunsause
maﬁﬂtﬂ%mﬁmﬂimﬁmmqgﬁu fiausnduetededide
AnwisofiensunansenuvesUSinaasaassiuanedie
AAURDAUUANINALALNIINIYATNYDINDALUDS N AL
anvinenanauiteiaziduuszlsvdedrauinde
qmammiumamﬂimﬁy@a&mgﬁu

2. BMIANLUNUIY
2.1 Sagildlunsity
Sagildtauinszdoswnsfiusznaudae narafn
wedlafamaslsnnouu1in tnsm SFM3300 wanlae
Teknor Apex Asia Pacific (Singapore) Wag@1IAadILUA
Wodlofiau (Chlorinated Polyethylene) tnsa 135A W&
1w Xineyang Shihua (China) wenanniifinisiinszides

grayundmingludondivd 91 2 USen dewandlu
JUN 1 swlSeuiievandiiuianilannauideiiae

iy

3UT 1 nszilosensyiiures (n) USE A uag (v) USEM B
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2.2 n5TugUisB e
Umanainnedliianaslsdnauivansnassiunnedie
faunugesiitmua fuandunsad 1 lnemsivgwa
Uszanad 3 il ileliianiAanisnszanediuseninetan
viaes MntuirTanfdunmanaudosildlueiosdaia
wuuLndeae (3u CTE-D25L40 uS¥w 1a3gyvimil d11m
aynsUsINs Usewalng) Adnnsauauaamgiiogludas
165-190 peFigaidod wazauLTmMyuIaunie) Ao 60
seudowit ndmntundunediueiioonanieosdn
3nludadudn (Pellets) Fauandlugud 2
Tusumeuseluidanediwe suanldlutuguifuusiu

Funuiegalagldinsasdnsou Faunstuguasriing

guwiifiniauiigamall 190 ssrwailea ntutfiane

Aasnanldlunifuinazdnnl8usIau 500 Uaunmo
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AADILUANDALDNAU
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innweduesnay

W59 1000 Uousdonis1ein Wuan 10 unit uazile
Asuafifvue dudfiniuasududunusiodidldly
idesdafuiithivyuion wasdnfeussiu 1000 voud
Aon131987 wuiuduan 10 widl tlessuisaudeu
ponIINUHUTUUF 881 é’aLLamﬂugﬂﬁ 2 wd9niu
neRLHUTUMUBEanI L RN uas FaeT oy
FUNUNARBUAUIIATTIUNI SRR 9 FiplU

A13799 1 gasdiunauvesnediueKay

Code PVC (wt%) CPE (Wt%)
P100 100 -
P90C10 90 10
P80C20 80 20
P70C30 70 30

wnewme: PVC fio wedlallanaslsd, CPE fio ansmaesiunnediofidu uay wtd%
e wWoesudlagrwiin

nsshTeutugy .
WHUTUUF 0819 UHUTUY
9814

JUN 2 n3suIBnsTuUuiLTuIuTeg N dwe inaussnimwedhilianaelsduaz aresiunnediofiau

2.3 MTUATIIN NS
NaNTENUVRIUIUIUEITAADSIUANDALB A URDENUR

NNALATNNNYAINYBINDALLBSHANALTUNITIATIEN

N19@RALAEN15ILATIEUAIINLUTUTIU (Analysis of

a6

Variance; ANOVA) wagn15iUSeutig utdedaunid

I's

(Tukey’s Multiple Comparison Test) Felun1sinsei

N19@RAUANTUNITNTEAUAULTBITY 95 LUastdud
(0.=0.05)

2.4 nsviaaauauanNna
ANSNARBUNISAY (Tensile Test) kagn1sNAADUAINY
< I3 Ao a
U9 (Hardness Test) tUUNISNAABUNAINLUUNITHIU
UMY ASTM D638 (ASTM , 2014) wwag ASTM D2240
(ASTM , 2015) @NU@16U bUNISNABUNITAY LITUI1UY

nedeulszani 4 Inetununedeuiivuin 115 Jadwns
x 19 fadiuns x 1.3 Gadiuns uazanuiiilide de 5
fadwunsdoud lnsldinosnaasuaniiniena
aiunUszasA (3u NRI-TS500-50 USEN uSuns duang
Wil 91iin aynsusins Usemelne) dwsunisnaaeu
Auuds Furumagouiivung 30 Tadwns x 30 fadues
x 1.3 fadluns warTna uudenig Durometer WUU
Shore D Scale (31 GS-702G U8 Teclock Corporation
§1ffn Nagano, Japan) luni1snageuaudinisnans 2
Usziam sdunisiiganaiivies 25 ssawaldea uay
NARDILUUAL 5 M08 YBIUARLENINITNAGDY
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N1SNAEBUNITANNTD (Abrasion Test) veaian
FLIUNTTAUUINTFIY ASTM D3389 (ASTM , 2016) Ex
ddunisnaasulnequiiadesdeinemians
wnAnendeasvaruaiuns lagldia3os Taber Abrasion
(TABER Industries, USA) Tunsnadeudunuiidnvadu
uuUsnauPfvuaduhuaudnats 105 fadluns waz
filunismageu 1000 50U (Cycle) Tniifauimiin
um 500 N3 naluaznagey Fardildannisaaeu
Gh) mmingl,ﬁmfmﬁﬂ (Weight Loss)

2.5 msvaaeuanyanNnIen I

n1snAdaun155uLse LWunisufdRnuuinsgiu
ASTM F970 (ASTM , 2017) Imaﬁw%umummaawmm 30
TaaLunT x 30 Taaluns x 1.3 dadiuns JaAumnun
Sudu ntaldiminusina 250 Jeudsenisisia nn
vugusunegeutduian 24 $alue ieasuszeznai
fuun Yaeelitusuauiudunat 24 $21ue uazia
AUnUIE18nATe AU UMIAINTYUR YOI Y
Fusrusiegns delunsmnanunseyinfigumgiivies 25
DA waLTed

3. Wan15998 wazn1sanUsiena

NuITeMImuINsEilot ey iuIInnediuefnay
sennanedlianaslsauazraosiunnedeiaulaxaann
ASNAFDVBINUIY AaralUil

3.1 MTUATIXVHANNFDH
HANTIATIENNERR LKA TENUYRIUTUIUA1IAGD
Swanefilenduseaudinienauazn1an1en nvesned
oAy uanafan:edl 2 dewudn nnmsieszinny
wlsUsIu USunuaisaaesiunnefieiduluyie 10-30
Wosiiuslnethmin finansevuedhadivodifey (P<0.05)
AonNautinIInNakasneNIEnINAe AAULIMIIAT A1
UBYAANITAY ANAIIULATEAGIER AIAIIUUTL UAZAINIT
yui Yaawediuesnay uonniluansnedl 2 Sl
A2831 A1 Coefficient of Determination (R?) 983A214
wTaus9Rs wandan1sie AATEAgEn wazAUTS TA7
oglutas 92.3 Wesidud 1 95.6 Wefldud Tumnemy
1 arwfuuUsianiiAnuainnismnassiilaiananse
aSuneldfiifios 4.6 wWesidud 7.7 1Wosidud 4.8
wWosidud uay 4.4 wWesidud aud1du egrelsfiniu Tu
andAnsyusiiien 7 Aeuthedionifies 63.1 Wosidus du

e Uszanas 36.1 wWesidud (Juanuiuudsi
llafinasnanUsinaansnassiunnoaloiau

dotinseilaglinmaiuisuiiivuideiouyid uandly
wiudn Tudwegdanishs nsifnaisaaesiunnediofiau
Wudunaulunedhilaraslsnuiuna 10 Usunu 20 uay
U3 30 wedidudlaethmiin Wenuepdanisisgend,
wodlflanaslsdiilifvarsaasiunnediofidusgied
WodAey (@=0.05) agslsiniu nsiinansransiunned
eiaududiunanusing 10 wWeiidudlaethnin e
wagaanIsAeunIINIsiinatsaasiunnedioniy
USinas 20 Wesiudlaeimiin sgslaiiioddy uasns
Wina1saaeSiuanedtenauiudiunanyusuim 30
Woesidudlneniin Weuegdanmsfsgeniinsiuans
Aaesiuanedionaudsuna 20 Wosi§udlasinin
(fndnws B) agnelitisdAgy (=0.05)

a a < a
A19199 2 Han1sIATIEANNwUsUTIUluNanSEnUTRIUSINMENS
AaesluANeARaUARENURNIINALAZNIINIEATNYBS

NoRLUD WAL
CPE (wt%) P- R?
Property
0 10 20 30 value | (%)
TS 13.4 11.0 8.8 8.1 0.000* | 95.4
(MPa) A B C C
™ 22.5 59.2 70.9 | 121.2 | 0.000* | 92.3
(MPa) A B B C
Strain 372 270 234 173 | 0.000* | 95.2
(%) A B C D
Hardness 51.4 54.8 56.5 58.1 | 0.000*% | 95.6
(Shore D) A B C D
Residual 0.015 | 0.025 | 0.034 | 0.047 | 0.038* | 63.1
(mm) A AB AB B

WuBIw: CPE fio a1srandiunneiafiay uaz wto e wWosidudlasiviin
Turauziaeanu * wunels YSurmaisaassiuanedieofidulinansznuegisd
Wedigytsesutediay 0.05 (P < 0.05) uagluudavauiiadifsnusimiioudu
(A-D) mnedla Hmuumnarsegnslaifideddny (01=0.05)

3.2 qUUANTTANYDINDALLD THEY
NANSENUUSUIUETARESIUANDALDNIAUADAIADL
WL IRUAZANNDASAN1IRIVRINDALLOTNAN WeaRIRagy
7 3 uaz 4 audiu Tnenudn MsBvasAaesUANDaLe
faududiunaufiatulugng 10-30 Wesiudlnetmin
danaliiinAuudasatanasuUSuuENsAasIUANe
Aefiauiiiududiunan Wesnasnasdiuanediefidu
lfansanaudfuideforfuiunealhdanaslss (Wu
et al., 2004; Maksimov et al., 2004) inlwUszansnn
AsaenenuLsin1elulaT@s eI nedlasHANANAY WA
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Abstract

Many countries, nowadays, had established industrial estates with an aim to operate industrial activities and
support the growing industrial sector. In addition, an increasing trend of new industrial estates is arising to support
economics and business expansion. However, studies that focus on factory location for industrial estates are
scarce. In addition, existing studies only cover the cost criterion. In this study, we propose the Mixed-Integer Linear
Programming ( MILP) model to determine the location of factory plants in an industrial estate with
a focus on the risk-cost criterion. The model classifies two types of industrial plants, which are hazardous-material
factory and general-type factory. In order to incorporate the safety factor, the model considers the risk and severity
in an emergency case simulated using the Areal Locations of Hazardous Atmospheres (ALOHA) program. The
simulation results are used as input for the developed MILP model. The results with the minimum risk cost at
47,970,000 Baht show that location of most industrial plants are located at the outer area of the industrial estate.
These locations are scatteringly located around the boarder of industrial estate, given a consideration of the high-
risk areas in an emergency situation. Although there are a few areas of high risk chosen for plant assignments,
these areas are relatively small in size, allowing minimal impact. The integrated mathematical and simulation
model in this research can be further used as a tool to support design decisions for other industrial locational

studies.

Keywords: Industrial Plant Location, Optimization Model, ALOHA Simulation, Industrial Estate, Risk-Cost Criterion
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2019; Ransikarbum, 2020)
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Anwndusuunid sl s dwdanune (Single objective
optimization model) Aofinnsaniladeduarudsnin
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JolddeyaseduarudssosusiasNufiveaninuds
Fumeusialy ifumsthdeyadiléann ALOHA wunuely
LUUTIAeIMIAIAAIANS MILP fistaund unag i
Useyndldluanuidedmsunisdndulanisesnwuy
Funsfinaveslsanugnamnssuluniinugnavings
Taglunisfnuniazimuanuuiaswdsndinaansiid
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T5991ugnaInnssu srudsbanaasuiiuuudiassly
Anszsiilgmeuisiidaedssnugaamnsa lunsd
W omnszezveinIsfnd slunsdllifauguydedas
(Wattanasaeng & Ransikarbum, 2020)

viall munsianeanis@nuivsznauludae
Hengulnnine (Objective Function) @un15UasninmIg <)
(Constraints) #2uU57 19 un15dad ula (Decision
Variables) saufiannsfiinesfitisites (Parameters) @
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3.1 auudgluaruise

o yamanudemeiiiatunmagndu 1Wunis
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3.2 Notations

130 (Set)

G o fufinia (Grid) wesdaugnannssud
nsdnw Tnsudseandudnuaeaisne waneie K
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P'° o Uszianveslsanugnamnssuiald lsdl
aswilidanududunsie € P

W1913ma3 (Parameters)
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dy Ao szogmemuununy Y vesmsnlneEudui
sunthilaugaamnssuauis k", k e G
r, o szduATIE vevasiiuf ud as uil ludax
gaavnssulaglinaainlusunsy ALOHA, k € G

¢ Ao FuyuvedlasugAAMNTINANLTLIATDIHLT
fidnda, k e G

dre Ao svpginaonfigadiniunisnelaaeu
gaamnssuffianudusunseiulssnugraivnssy

Y H X .
U (ung), 1P, je PP
P A szevinsnndigadmiunisaalseny

gaamnssundanududunsedulsinugaaimnssy

m

U (es), e P™, j e P

sianusanaula (Decision Variables)

B, A9 fuusuuy 0-1 (Binary) dmiuidoniiazaalse
gaannszy (1) nioldidendslsanugnamnsay (0)
dmiuk e G,ieP

SEPTX-10_1234 Ao FuUsiauuuy 0-1 (Binary) luns
FMUATZEE 1A 8r1uUaon T8 5213 1915997
gravnssusunTIsuarlsaugaannssuiali e P*
jeP”

X, fo szpzmemuunuauny X vaddssnuenamnssy

3.3 WeAvudlmuie (Objective functions)

TurAded MWnnsimuailaddudmanemeiuany
Uaonfeludaugnamnssy Tngaunsi (1) uansileidu
Lﬁmmas'ﬁﬂﬁmmﬂs’fuvlumaﬁmmmLﬁ'mﬂszﬁlﬁmm}
anduvedlssugaamnssy lnedudnvuzdymuuy
AU ﬁﬁaaﬁqw (Minimization)

MinimizeZ = 3 9 {6,G5}B,, (1)

ie PkeK
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3.4 gun1599911m (Constraints)

TunsAnerd Tansiivunaunisideulaniediy
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3.4.1 aun139avialulia e A 92198 auriu iy
(Non-overlapping Constraint)
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’iﬂsqmuqmmwmiuﬁQﬂﬁmimﬂﬁgﬂuﬁuﬁmeﬁﬂu
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fsrusliusaslssnudasgnaasumsluiuiiveunuds
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lssunla
> B, =1 VieP (2)
keK ‘
> B,<1 vk eG (3)
ieP

3.4.2 gun15d9910n lun15AI1UIUTLHSH 199159974
ana1%n3sy (Distance constraints)
wﬁamﬂﬁmwﬁhl,wm'aiiwmuwﬁuﬁﬁﬂmqmammsm
& Tun1sdalseanuuui uil a1u15aTnsE g9
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d, vesurazdundanasle deazvilinsuiunisves

ffdlssemuves XY anueaun1si (@-(7)

-m(1-B,)<(d} -X;) ; VieP,vkeG @

(d=X;)<m(1-B,); VieP,vkeG ()
-m(1-B,)<(d) -X;) ; VieP,vkeG (6
(d? -Y;)<m(1-B,); VieP,vkeG (7
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3.4.3 gun159a91invesszezvireeiignssnitlzeey
gAd1MNI5U (Separation-distance constraints for
minimum condition)

gaaunstedindely Wunisfnunszegvinadusi
581319159911 dmsunmAanInIuANUaendeves
TssugnavinssulsazUseian degliananudems
Tunsdiflefnmngniduld Uung et al, 2010) Feanansn
funallddauandusaunsi 8)
|xi—xj|+|yi—yj|2diyj e P™,vjeP™ (8

ssihiosanaunistedrdndifusuuvures non-
linear G99/ lugy absolute value Fatfu ansariinis
foAf" absolute sanuazwUasaunisiviegluguidadunse
(linean) ¢ Tnsimunszaginaionnudasnfesening
15991ugnamnIsuUsEIANasAl s un e warlsany

gnavinssuialy lddauandluoaunsd (9) - (13)

(Xi=X;)+(Yi=Y;) 2

dI?_IDSER:-X_ID_l*(m(l*SEPiTjX_ID—l)) (9)
:VieP™ vjePP
X, =X )=Y; =Y, )=
( j) (TX IDI) TX_ID_2 TX_ID_2 (10)
d7-°SERT-"°- - (m(1-SERT "))
eP™ vjeP'P
(X =X;)+(Y-Y;)=
d-TX_IDSEP-T-X‘ID‘a—(m(lfsEP.T.XJD—a)) (11)
1] [} ij
VieP™ vjePP
—(Xi =X )+ (Y -Y;) =
dVTXJDSEPTVXJDJl_(m(l_SEPTX7|D74)) (12)
bl ] ij
eP™ Vjep®
SEP™-P-1 , GEP™-1P-2 | gEPTX-ID-3 13
SEP™-"-* > 1;Vie P™ VjeP®
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3.4.4 aunsdadrinvesssesvinuIniignszninelseeu

gAd1MN35U (Separation-distance constraints for

maximum condition)
aunsouluyaseluifunmsiansanssesvineseing

lsanugaamnssuwsiazUseiavluilaugnaivnssulag

fosaneulylriiszasvinanulaiiutanivun (m )ﬂuaq

X}

mellALgnamngsy dawandlueaunisi (14)

|xi —xj|+|yi —yj|s m, ;Vie P™,vje P (14)

v
@

veililosnnaunisidugluuuves non-linear lugy
absolute value @sa1unsauvasaun1siidugluuuds

Eunss (Uinear) 19 sauanslusaunisi (15) - (19)

(X=X (n=v)smiot )
eP™ vjeP®

(X=X )+ (Y=Y ) m="
eP™,VjeP®

—(X;+ X, )+ (Y, =Y, ) < mff-P-F -
Vie PTX,Vj eP®

—(X X)) = (YY) =m0 g

VieP™,VjeP®

mi'I')J_<_ID_1+mT)_(_ID_2+mi'I')J_<_ID_3+
‘ (19)
mTX ID_4 >1 : ViEPTX,VjEP”J

1]

3.4.5qun150 0910 A Y09 YaUTLINN VDI IYT
(Variable-type Constraint)
aun1seulvdiuaariemrunanvusveiiul Ly

luaunsLazeaNnIs 7 (20)-(23)

B €{01 ;V,, (20)

X, 20 v, (21)

Yo 20 v, (22)
SER™-P-12%% ¢ {01} ;V, | (23)
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Tuunlanvualivuusudsdasdvuauanaieiy g
lafruAIANLN YIRS lulANEAaINNTIN WU

& 9 1% - -
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yosiuil (m3.2) (um) FEWIN
BSA (2019) | Thai Appraisal Tseu
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YUALEn Tpani fp8n31 39,000,000  weuni
5,000 340

M15199 1 (D)

YUIANUT

Uszinm FunuAdEY | SEEging
yosiiui (GEEY) (um) FENIN
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Yualng) 11NN 110N 110N 681
10,000 78,000,000

NToyatun1Ieg 411150911 5UU SV UIRYR IR U
(Area Type) muwnuiwedaugnavnssulaidu 3 vue
AoMuftvuadn fuflvuinnans LLa:ﬁyuﬁsummMzg R
ANMALANANYD VAT AWANUAUYUNIAIUAIY

a wva

dedlunsdiiinguAssuiomnnisaiandu Tay dewald
91A15veslsanugaavnssinaadsmeluszdud
umneinaifu et lun1sAnuiluemidded 1dsraosmsiads
Tssnuusazysziandunusidu 20 1599 Faszananis
nduulsanuiivsznevAanisluiiaugnamnssaly

Jaqdu

4.2 wuan1smAinngn

Jademadudunuiuanudsminunanidu 4e
thunlfununsiasananulasadsfthuiiansanly
nadendunisdmsudslssnugeavnsaaluandey
gnamnauluuided IR NG REPRHIE IV HRTRR
IswmqmawmmﬁawLﬁﬂ“’fumﬂmﬂﬁmmgmﬁu B
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Iiﬂﬂ’mq(51221’1‘1/1ﬂiim?llQﬂaaﬂLLUUIﬁﬁgﬂmwfazﬂ%ﬂ?USE.%Jﬁﬁ
sedvarudsduusiasiuiidloinmgandud s
anutazdulugag 0-1 iefinrsanisneliiAnaau
domedenisndlssnugaamnssilufiuiidu q

isid lumsuanawaanmssziintiy ausoshassiad
NISWNINTEIBVBIAIUTURTIIETUTWNTYU ALOHA lddta
wansluguil 5 Fanuiufloinmnaniduudy asinnis
WHINTEANedEiuvesIiuIINNITIEInvesinglalasda
d (H,9) Tmeanunsauvseenlalu 2 svdu Ae s¥AU
ANRUFIgALYINAY 3.5 psi (24.2 kPa) § silmanuiy
dunTesnlagunumedydnualidununseunegluguied

WAZIEAUANINEEAINNTTIELTN 1.0 psi (6.9 kPa) B4
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fian lnsfiarsanszduainud osluwsazi uiiftons
nelmAnAudemeiuiunuedlsuanaImngsy tng
Tdnouameaswan (Laptop) i5-8250U CPU @ 3.4 GHz
and 8.0 GB of RAM luUsunsu AMPL wagl¥ CPLEX Solver
neftu 12.9.0 Tumsfumenou wuhamsauansuald

AILAAII LRI 2
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159910 lonma | duyuvedlssny | yaA1Ay

gavNTTY/ | dulaeun | gnamngsu deveus
(n3m) s (um) aznan (VM)

P1 (G51) 0 24,375,000 0

P2 (G50) 0 24,375,000 0

P3 (G53) 0 24,375,000 0

P4 (G52) 0 24,375,000 0

P5 (G57) 0 24,375,000 0

P6 (G61) 0 18,281,250 0
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AFNARY: STUVEENLUUSNILTR Junauisidaiugnssuuuuliney dane3iuddauinisuuunaieinguszan danesny
Finwmsanuudusswosmisls sasdiuves

Abstract

This research proposes Multi-Objective Optimization Generative Design (MOOGD) system that searches the
optimal solutions within multiple objectives. MOOGD is able to generate various and number of three-
dimensional (3D) models of the solutions. The parametric design model algorithm is created to generate
parametric 3D models and parametrically control shapes of the 3D models. As well as, the optimal search for
multiple objectives is developed based on Strength Pareto Evolutionary Algorithm Il (SPEA-I). MOOGD uses
Pareto-Optimal Front method to search a set of optimal solutions. Those solutions are automatically decoded
to 3D models and presented in Computer-Aided Design (CAD) software to designers. MOOGD, therefore, works as

a decision support tool in product design process. The research methodology is presented via a case study of
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the design of Art Deco double clip brooch with two objectives: minimum weight of the brooch, while maximize

golden ratio of the brooch. The research methodology can be applied to design other industrial products.

Keywords: Generative design, Interactive Genetic Algorithm, Multi-objective optimization, SPEA-Il, Golden ratio
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Au wanuUssenald MS-IGA d1mussuvoanwuy
owlwasagud lnefiinguszasdiiiotiienanudonis
vowwsazlduvihnisesnuuundndnslidnsa Kielarova
and Sansri (2016) L@U®IEUUBBALUY Interactive
Genetic Algorithm (IGA) f17191u59uf U Multi-Objective
Genetic Algorithm (MOGA) lun1seenuuuwantnes Tae
Trguszasdl@ausuna taun Augs 10 wuhuns was
3wy 100 faddns druinguszasAidenmunimienin
analavewldnuszuy

2.3 nmAimazauiigauuunateingUszaian e
a”anaﬁﬁmwﬁug‘nm/ (Multi-objective Optimization
with Genetic Algorithm)

Fanedfiumaiugnssu (Genetic Algorithm) Wudau
nilawos EC Tnomadaidnazgninluldlunismend
wanzaufigauuunans IngUsasd msziinumanzay
naneUszns (Deb, 2011)

Shibuya et al. (1991) lavinnISNENNAIUILENINNNT
ANz aufigauuunae ingUstasAs Ay GA tie
Usggnaldlunsesnuuuuediudu seuuvesminiuigey
Tigldunfidudislunsinduduaunnudniivdiuyana
Brintrup et al. (2008) $AUDNTBUVDINITHIANT
wanzaufignuuunateinguszasdde 1GA dmiutlaym
AM580NKUULAS Zhang et al. (2016) léiaus MOGA
Tun1smgusiansvesuvesfinluiwnlgunuibuaes
Uszinadu lne MOGA lneiiinguszasa 3 U laun lasu
$1@a1nese1finguniign (Solar Radiation Gain) U3tacs
ﬁuﬁﬁﬂ%%w%mwmmﬁqm (Space Efficiency) 4ag A
duusganisusretieniign (Shape Coefficient) 35w
Mmeuiivanzauiignunasunhvesistagniiaue
wldlunsudiymy wazdiednesnuuulunisdndula
fugaitie lussvunisesnuuuiiunisduanieguy
‘wu%wwuaaﬂiauLLmﬂmumLsaimﬂmal,mmﬁmmmua
Tusugaainse lunuiiedesiuiiesszdu Sansi
and Kielarova (2018) lfthasmendimunzasuuunans
TagusvasruUszenaldluniseanwuuilundn lned
’mﬂ‘dﬁ‘“mﬂLW@M’]L%NﬂaﬂVINﬁWhEJI“U‘LMVWﬂ‘U@QIﬁ‘M“‘LJ@EJ
fign uazdoanisvigunssvendundniifidadou
il (Golden Ratio)
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24 §anosTUTTNUINISUUURIINUT I T9veaN TR

(Strength Pareto Evolutionary Algorithm Il: SPEA-

)

Sane3fiudTaunisuuunnundaswemsle vie
SPEA iaualae Zitzler and Thiele (1999) lnodnwauy
984 SPEA dlisil: 1) msdafudmeu ssdafiuanmneu
lailsignaseudrainneuen 2) MmaUsziuaussnamues
wiazdmay dusgfuduiudnouiilildasoudiann
sounounth 3) Wnisaseuduuunsle wWesnway
vainnatevesUszing 4) finnsandineudildlign
aseudmderneuilillanidufonisiangy

faw Zitzler et al. (2001) lavinn1simuiuTuuse
SPEA Tnedisiiadn SPEAI waniumeneufiazanynsou
Y89 SPEA Liiooanwuusanasiiu EMO fistuade Tay
SPEA-I i 3 Yafiunnf1991n SPEA datdiy Tdun 1) nns
AnuaAIrIUmMIEaNF R deiaiinounanualunis
Aunn 2) n1sArunilagldinaianisdseiiuainiy
wutuvaiieutu (Nearest Neighbor) Tun1suseidiu
AUMULY UaY 3) InSyUIUnSIAAURE1I1S

25 71590NKUUIATENUTEAY
fnquazasdvasnindenlfindosseduiiuinue
Taidrazifu Wiepuaisay Wieuansdssund g
Wiolflouansoonisendnwal (Chuthavipa, 2002) N3
sanuuUAIsUsERULAazUsTIMRsLAnsaiuoanlUaL
Taguszasd unlnesauazadeisnnuarsnududidy
TnguuamedmsunsosnuuuiAIasUssRuLRazUsELAN
Azaeiueenly 817U NSBALUULKIU avaanuwuuli
fgnwarlfwudhfudnuvasvesiaiieisannisnssunn
wmszihileduddidudandensenuiudeay q ldde
ANTRARUULINNGR ﬁ]%@@ﬂLLUUI@EJLﬁuiiJﬁL%ENﬂ’J’mﬁiJﬂa
wszdunandesinegiudn mnliaunassiiliidundn
shslusulagunia
nseenuuAIsUsERUTudsannsonddldniuge
asle (Jongyoklang, 2012) Fail e sUseuaiedous
Tusias wdesUseruaieduieluse wisslssauady
Sns1amu wwdesUseivaiandnuazlstu wadosUseau
afudiun w3oUsziuaiaisoueran wissseiuady
U15eA A3eUssRvateinnede wissUseauate
013myla wazledesUszAuatveinale
m%aﬂiséfuaﬁﬂm%mLﬂiﬂagiuﬁmﬂ A.A. 1910 -
A.A. 1930 (Mouillefarine & Posseme, 2009) IﬂﬂLﬁﬂ"ﬁu

n¥saanslanadafinis fnunivarslunuingsans
U1UNYH de Arts Decoratifs et Industriels Modernes
Tungan3a uiled a.e. 1925 TneindesUszulugrasiods
anwazlaaiau Ao n1suisunsasvIndiauldluns
oonuuy Tnsgaaseiuinnsdosslusyuduuumsnay
(Round) Amdsuiiuin (Baguette) way Amdsudania
(Square) vinlvimanzunnisiiluesnuuudugunse
LIUNARIR LLazmsEJqé'tyuajﬁu%Lﬂumiﬂuwu%ﬂlﬁdﬂm
(Pave Setting) Lazn13ilsia (Channel Setting)

2.6 N1500NUUULKUNITNARBIAYNITUATIZYVBYA

N1399NIUULHNUN1INAADY (Experimental Design or
Design of Experiments) (Nayutthaya, 2008) @8 N1
nndeuuAismilindmienany 9 aedneeiios vie
dunauagnsuiaaivning 4 AneliAnnisiudsuntas
YoMAANSTLH (Outputs or Responses) fin1sideuuuas
fsauustign (nput Variables) Tunszuaunnsiiu o Tne
drureinstmuamfiulsind veamiiinesfiae
il lunsyuumsiududsiiiadls sudenituneu
Parameter Design Foududiunialunisesnuuu
N3¥UIUNT (Design Process) 8nfae

nsnaassunaveiiea 1uni1smaassiigninluly
91NN IUNITODNLUULNUNITNAGDY INTIZEILTO
fiazdnuidadeldndousunats 4 Y938 n1smaass
unaneolsaaunsauvseanidunsdudn q laun nns
wmaadLLWﬂwaﬁaaLﬁugU (Full Factorial Experiment)
wazN1INAaBILNANDLIBAUIIEIY (Fractional Factorial
Experiment) Fsvzfionldlunsdiisuinvesadedises
lsidosinmaaasuauinn vlinnsldninennsidie
nsvnapwnBstumuludie

afAlun1siAs1gvideya nuteda In15Tnn5iy
foyadeuiFuniafusvsudeyasuienszienis
Answiuazulanadoya Weldlunisdadulalunie
Aulaiuiueu (Uncertain) Iﬂaaguuﬁugmmawﬁﬂmm
119wt (Probability) Insuvseenidu 2 Usyian laun
adFLdanssauun (Descriptive Statistics) LW N1TWANKI
mud mydanualindigaunans msinnisnszane uaz
afiA91984 (Inference Statistics) #38l38NdN0E1INADA
\Beouanu fe msthnadeyaiiditeiiususmmnainngs
#18e14 (Sample) lUlHlun138198951udesunefiongy
Uszuns (Population) wanan Taeldaaruiiavifu
(Probability)
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2.7 mseankuuFaUnIY

wuuaouny Ae wadesdefidoutluldlunuide
pgaunivaeiian Wunsdasusamdandugaegnad
spuu leldindsidosnsazinanndusiedrmdendy
Usznsvlilaundetowiaass (Sinjaru, 2012) dnwae
YowuUdaUnuLUeandu 2 JUnuy Taun wuudeuniy
Uaeiln aunsalinounuuasuaumoukuudauaule
o¢199ase wazuuvasuamUatela Wuluvasuaiud
Fesnsmmouilanzianzas fiddenlidenneudaiay
(Yotongyos, 2016)

Fumerulunisadauvuasuniy wiadu 13 dunou
fail 1) Anwuazsiusiudoya Wethanfmuslassaig
VBIAI0IY 2) NNUALATIATINVDMUUADUDY 3) @519
wuudeuay 4) wueiiuinwilunismsiadeuuuuaouay
1AEATIVABUANUMUIZEUATUNI AL AUAY
nsidenldsu 5) dinuuaeuaduiiausufSivig
1lDRTIVAUAIANITIBINTIVBIULUUADUAN 6) AL
Aaufissmssdomveauvasuay TneAadiily
TunismaunInlaun ArANaenAdodTEnIetafIny
ﬁ'Ui’quasﬁnﬁ%%@L‘ﬁ@ﬁﬂ (Index of Item Objective
Congruence: 10C) 7) naaadldiuuaaunuiungumaass
weduammaudesiu wazdnnaduun 8) Auaw
Arauidesiu wagd1u1adIuuNYeILUUADUATY 9)
Uuugauiluwuuasuniu 10) AsavdeukuUaBUA1Y 11)
Javiuuvdeuaruatuanysal 12) dnlvasvaiy
ngunuie 13) Jinsneiuazaguna Wnen1sinsien
Toyadvldlusunsy 1wu TUsunsu SPSS Statistics 130
Tsunsu Minitab Faglunsiasigsideyanieada

2.8 lUsunsueeniyuy Rhinoceros

TUsunsueankuy Rhinoceros (McNeel, 2017) 1Ju
gonAwsTlddmivadidunaauidd Seudluldlunis
PONLUUNARA TN o ingrzdaulaaaulunisasig
JUNT996198a 58 ¥303UNTI Free Form aunsaudly
Tumaiildagnaiennes saudsaunsasumeslunatiile
JAnuunilouasy

WoNNELUsLNIUEBNWUY Rhinoceros 8§38 Plug-in
w@sndretdneonuuuluaiunies 1wy Plugin Lasu
Grasshopper Qﬂﬂ’wmsﬁﬂma Scott Davidson (Davidson,
2017) Wudane3iunisadialuna (Aleorithmic
Modeling) azad1ilanaaludnuazdidunisnundnile
ﬂénﬁdmmawmmmﬂ%’uLuﬁaugﬂiwﬂéﬂmmﬁaﬁa
Wfmesuaneeiy

Plug-in t@38 Octopus N & U1 Fulne Robert
Vierlinger (Vierlinger, 2017) Ussgnaldnaniimuinis
dmsumsuuesnaled waznisuilymluingussasd
e videdgmitinnimisinguavasd gnadstuunan
WaNN1S SPEAI

3. NSOULUIANYDIUIRY

mui%’aﬁmuamauLLmﬁmmimmﬁmmxauﬁqmwu
g inguszasdluniseanuuudaluli@ (MOOGD) dwsu
mimgﬂwmﬁmmzauﬁqm%ﬁ%ﬁiwLLﬁf]ﬁgwﬂu
N3LUIUNMINITOBNLUUNENA TN

Tun saunszuy MOOGA LiledumAneuneld
vaneTngusvasd ftumeundng el

1. Guannisaislunannsuaniniledvessdnfum
Fadunsadrslumaaufiivowdndusidonsfines
LLasmu@:umsL‘LJ?{auLLangﬁéwwaaIumaamﬁaﬁw
Wsilmes

2. WaunszuumsfumAmeuiNzauLuUnaTy
Fguszassedaneiiuifauinisniuud swussves
wtsln 2 (SPEA-I) BslE35umAmauiiagustasmii
Y0INILA (Pareto-Optimal Front) Immﬂﬁﬂgmﬁmauﬁ
wnnimisdnou

3. Wanndane3iuiievnmsnensiadiney uazuuas
Wulueaaniiflasalui@ tietiaueserinesnuuuuy
Tsunsudislunisesniuy

Tunsaun Sane3iu SPEAI azFuanduuszwins
BuduuazliiBminouuinasumivemsialunis
widmeuiivnzanfianneliinguszasdiiivun lneay
mineuilanisufiegsunthuemsla Felsignaseudy
sefmeudu 9 Midliditeulunszuiunisvgadum
Ao axiimsimeeuluseutiy 9 wudhgseudalulag
NIANTIUNIMERUENSTY (MITuaefuguazn1NaIe
itug) mnduasinissudmeuiilignaseudiluseureu
wihuagdneuluseuiiagdu Wetumngudneudl
gnaseuitdoly minngudineudildunsiuiniAuning
fvualiazléinadanisuszfiumanamuiiiveeadion
Slunmsavdneueenty dwmsudeulalumngatuas
T¥nnsdsuuvasiaodsyosnisunsnszaednouuy
daunthveanisln vieduruguiluiniian wazgaving
sruvazuanInguAneuiilinsruuRulsunsy CAD
Tugagldanuszuunierinesnuuy duandlugud 1
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f Rhinoceros \
mexdeing ok foe designees

Tunavisuuniniledves
undnuuundnglugaoia Octopus
walAvy vuuwanWeu plug-in

Rhinoceros l

AsEUIUNSAUMAIADY
v ad
dredaneiitu SPEA

Walinanisuunsniladves

uansAIReUUSIINA UM P o P
h Wundnuuundnglugaanian
vaswnsTauuuwaavasa o
Tafinanvany

Rhinoceros K /

Ul 1 msfannszuu MOOGA

Tusruveonuuudaluifd MOOGD fdnausi nns
vhawazsungldnuszuulagezsdulinesnuuy wie
gldruiaulaoonuuunansusiidudimundeyaisusiu
v3ennsniltesudaze (inputs) Lileliiuanigusnsmes
wanSusiiglFauRonels doyamdrniuaggniuaia
Juluwanisnunindled wazidrgnisdiuiafum
FnoumeliingUsvasidadan wasdwiinsdely

lnesruuaziingnszsuIun1s Multi-objective
Optimization il adun1d e uAmuzaufignsy
dane3fiu SPEAI gavingszuuazldis Pareto-based
Method tlensesngudinouiieguinasiuntiives
wisle Fadudnouilaniduiiddaiomninguszasd
ngudmoumatuansuigldnussuudnaSufiolrly
fsurgusuuvesndndueiitfmelaviely ningld
fanslaguuuulafannsntuuuuduludngdunsunis
sonuuuTBaziBensioly duanslugud 2

N

4

fildeszuuimuadoyatuiu (nputs)

sruuRanuuudnludfdwmiudum
;l AapuTlanzAuigauUUATE
Tnguszasd (MOOGD)

- nasdunsmaugnTy =
(madwseiug uas minanoug)
- NSy
- msAniian

S e

il
JAndu Octopus
Tu Grasshopper

l

=%
=N
N

§7 44
/8¢y
£/ 0
' FEN]
$84 6

aadmay
sonundudiuauun

1

S @ o
2 Ny, Ay,
. W, Co

waRsdAIUUIIIM
grumiiwsanisin

1

fldruszuuiiaveloviolaz

JuRBUNSEANHULTIZAEEA

g
G

JUN 2 nToULUIARYDINUITY

4. NIAIANYINTITRBNLUUITNNARISAAlAKUUNARA

v

sideiliauansouuuifnnsmiarfiuangaudian
wuumane Tnguszasdluniseaniuy Tasnuadeildiden
HapmnseenuuuiaiesUsziuifundnensnialauuundng
Junsdlnw
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insesUsziuiundauuundng uindesuszduniad
foduiintulugaeniniala Tas Louis Cartier lu¥ a.a.
1927 L‘T;Ju;:{'%t,'%ﬂumsmﬁm (Kang, 2014) fanwuziau Ao
dundaannsausnesnuiiuassdu viesmuuiu
Twgtwiien shldannsaldndannudadodldnainans
wuu Tnedundnusuianiifenihsyudivssiammesu
Jasee wazgoenuuuzunsadundaliduunsasuade
U JUnssEmAe SUnssaumas sudseenuuuliidy
ndaadesinefinnuauLasiu (Martinez, 2016) fauans
Tuguil 3

nmsAnudeyaiiaiuniseenuuuidundadu s
ponuuvazlifeulilvy e¥auaglieanuuulvddinin
snauiull wmazardadodiaamvillidesuls wax
Foonuvuaziiuluesaruaugavendundansizmin
oonuutanlalianuaunavilvmiindasluguladiunis
wdwalfidundadedldiiofnnsilulssduvudad
Tudrendundnensnnlauuundng Sansri (2018) ldvi
nafiususndeyaifundnesmalauvundag fadu
31U 100 LU lngdadiu (ANE1/AIUNT19) V89
dundafinunnitan e dadau 2.5 feulunisesnuuy
dundnesilFaiinguszasdlumssenuuuey 2 4o léun
mamidundndidthwintesiian wasnsvdndiuveady
ndnfidlnddndau 2.5 wniian

@ e = & i & F A
b Wundalunjdmiudsznou frumds

JUT 3 lundnensamlauuundng
fun: Fearnley, 2018

4.1 msmmuanITInesuaz Yo ULy

Tunaveadundnadrstiuanmnsfimedsiuau 10 &
vulysunsy Rhinoceros has@ata3u (plug-in)
Grasshopper e?iufluwwmﬁma%ﬁmmumaa%wgﬂs’w
sudedminuardndiuveudunda Feveulunvos
WsTeeda 10 6 wanadeansnad 1 fsdl

A19197 1 LansAvesnsdines

a1hu w1913nes VBULUA
1 Y Pointl 10.0 - 20.0
2 X Point2 10.0 - 15.0
3 Shape Y Point2 17.0 - 20.0
4 Control X Point3 20.0 - 25.0
5 Y Point3 9.0 -13.0
6 X Pointd 25.0 - 40.0
7 Shape Grammar 0-4
8 Gem Cut 0-1
9 Gem Size 25-50
10 Gem Type 0-3

91nA15797 1 Shape Control {Wumsfiwwesdmsu
AruAuIUs1evelasudundn lavazUsznouludie
W10 6 77 Tundavdiuansdieruulny X
wazunu Y MliAnge (Fumis) $1uau 4 qa

Shape Grammar tJun1s1finasd1miuaiuay
sULUUTRdlInaa AT RIUNAR wanwIBTIUIULAL
587379 044 FaurazArazuansgunuunisaieluing
aufiAFeIBiuandsiusenly

Gem Cut 1Hun1s1fmesdmiuaruaususneues
SoyudifignldilsuuiniFouveadundn uanaoduaudy
51314 0-1 A1 0 Azlanafegusedyualsunay uag @1 1
wuanstoguiesyudifigudmasuiiin

Gem Size tun1siimosdmSuaiuauIuIng B
SoyudifignldileuuiiFouvendundn wanswhednouaie
59WI19 2.5 - 5.0 Ferndavuansiennnuniisvesdyud
fimheduliadiuns

Gem Type Wun1snfiwasdmsuniuauiszian
vodyudfldlunisuseivuudundn wansiasfuan
FIIUAUTENINN 0 - 3 A1 0 zuEnIdNalUITLAMLINDGS
fifidun, A1 1 azuansdaudissanuadlnsidain G,
A1 2 Anansdudussinnusnaiifiiddes uay a1 3 9z
wanadnudusunnuiiniifiduas

Imﬁmﬂ’nmaqLsﬁmé’mz%uagjﬁuwwmﬁLmaﬁfﬁu’q 10
§ Famnsnafind1nun uddndiuvendundnaziuegiu
W5 ilnessan 7 6 ntmun 10 ) leud Shape
Control §717U 6 #7 waz Shape Grammar

4.2 mssarmeluszuy MOOGD

32UU MOOGD Qﬂﬁ@umﬁuuué’mﬁ%u Grasshopper
TuTUsunY Rhinoceros 5.0 vuAaufimosisaawmdu
(Intel Xeon 2.8 GHz processor, 8G RAM, 64 bit) 1y
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izUUVigﬂﬁmmﬂﬁuﬂizmamaﬁumﬁmauiﬂEJﬁua%u
Octopus

nATores Sansi (2018) Mainsmszdunisa
Afiunzaniianliuniladosing q vis 6 Jade 1iud
Populations Size, Max Generations, Elitism, Mutation
Probability, Mutation Rate ez Crossover Rate ﬁa&ﬁu
fiatasu Octopus laeldn1500nLUUNITNAABILUY
wianauausdu 2°° Ingluwsaz Yaduasgnimualig
2 szeuiiunnsnatusenty Tewa izéﬁ'wi"mazizﬁuqq N
HANTYARDININATIUIING I nsisrlusasnfines
Fivnzaulanseasden fauanduansed 2

715197 2 wEnanTsRIAIIITIRWeshY GA

ALl W1518Lnas A
1 Populations Size 20
2 Max Generations 5
3 Elitism 0.5
4 Mutation Probability 0.9
5 Mutation Rate 0.5
6 Crossover Rate 0.5

dlommuanisaerimsinesiisiavidendnedy
55UU MOOGA azsfiunsaumeneutiiolidenndas
fufnguszasdiia 2 4o léun dndmdnlng 2.5 Ensndiu
vo9) waztwiinges Tnensuansmneuazuanadungu
naNMARiNINNINERIAINDY TUU1IIAIRBUDIZIAUTY
SnquszasAdudndou fdndrutilng 2.5 uiniign Tu
vismevenauluTngUszasdduinin fuimin
toufign lusumeuiilinussuvannsafidondinoui
ATINUANNADINITVBIAULDY Lﬁaﬂﬂﬂl,%wqi%umaumi
penuuUsILasdn wasiaudutunuduiuusely

4.3 myeaaumIuinalaveingusee 1dnonaansy

gnasiuamnsruy

msnageumilenelaveangusieg s idronadnsd
gna¥1sTuaINTFUL NGRoULUARUATIEAT LY
100 AU MUNANNITAIIUIUIAIDE199I8ITY4 Taro
Yamane (1970) nguiregetuduiudgsiifongegluda
25 - 55 U Insuya et al. (2016) ms1ziduynanaiiog
Tutneforlnajnoudu (Early Adulthood) fisinasdlsadey
Tunisusiada Snasesnay lWaudivionaisay (Middle
Adulthood) Afdumatiiinisnunasnindauiisung
uér annsafidentedudniidsangmieduduiion

o1

mAteilideninmginnuiimeladengudneuiiog
vudumthvemisie uaznguneuilildoguudaunii
Y8anLsla ilanuwand1siursel lneidiotgsves
sUsrdundniidnoglunguarunthueansla S1uau 10
U fauandlusud 4 uazgusradundaiiliilddneglungs
daunthvemisla $1uau 10 3U Fauanslusui 519
greuuuvasuanuinisiiazuyuaudurou neld
\n3osilauuUAp UL ULINSIEILUTEINAN (Rating
Scale) 5 sAuUAIITYRY Likert (1961) wazuwlsnalagly
\nausTves Best (1981) SaflswanBonduleluil

Aade 4.21 - 5.00 vaneda fawelauniian

Aady 3.41 - 4.20 mnefl fawelaun

Aady 2.61 - 3.40 e Rawelaunans

Aady 1.81 - 2.60 mnefls fiawelatios

Aade 1.00 - 1.80 vunefl famelatiosiian

JUT 5 sUsadundaildlidneglungudiumihvomsin
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Mnuvuasuamazlddoyainun 2 a Ae dJoya
ATULULABYRINguAneUTioguudIunivesLsln
F1uau 100 Foya uazdeyanzuuuiodsvangudineu
laildoguudiuntdiveanisla 97udu 100 Taya b

s

NARNSAIL

aa a =

M19797 3 uansAadRmIIUIvese N ianalasielunaa LA
wuuukennguAneueguunsla waglildaguumn

$in
Mini Maxi
N mum mum Mean SD Mode
wusle | 100 1 5 352 | 0.84 a4
Tallgt 100 1 4.90 326 | 0.76 3
DU
W5

1NAN5197 3 As1auansAARAT IS ULEN
nquAtmaufioguunsla uazlilfeguunasle a1n
ﬁgwumzwujwmLaﬁammﬁawaiﬂﬁqqﬁqmmmn &y
Ameufieguumisla e 3.52 daurgiuiion aewuind
sdsunnufimelefigaiigaiuiannguimeuiioguy
wuslauiu fio 4 uansiAnansisaessindonndasly
Tuimmadisrfulaggreutuuasuamdurounguiinoy
feguunuslmnnninngudmeuiilalioguunsin uay
U 6 uansmufivesnisliirziuunaiswelanuuuen

nauAmeuiaguun sl uarlilieguunisle

PARETO
360
310
260
210
328
160 281
110 222
60
- =0
-40 & > s & o
4% 3 & S &®
,\)-\5 \Q‘e R 0 Q\? \’\Q
< 3 > > &
oF A G R &
& & o> & A
o & . N 2"
& & &
& IS &
NON-PARETO
360
310
260
210
353
160 281
110
142 141
5
-40 @ o s S @
38 e;@ & L 3
@ & ¥ ik &%
o o> > o o°
5 A & > &
o3 ® o 2 <
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Abstract

This paper aims to study the chloride penetration resistance and compressive strength of concrete
containing silica fume. The binder content in concrete was replaced by silica fume at 5%, 7.5%, 10% and 15%
by weight of binder. The water to binder ratios were used at 0.40 and 0.50. The rapid chloride penetrations of
concrete were tested at 7, 28 and 91 days of water curing. Chloride penetration by bulk diffusion were tested at
28 days of water curing and immersed in 5.0% chloride concentration for 28, 56 and 91 days. The compressive
strengths of concrete were tested at 7, 14, 28, 56 and 91 days of water curing. From the experimental results, it
was found that the use of silica fume to replace binder content in concrete resulted in the increase of the
chloride penetration resistance and compressive strength of concrete. Concrete with 15% silica fume
replacement had the highest chloride penetration resistance and compressive strength. Considering the

relationship between compressive strength and charge passed content and chloride diffusion coefficient of

Naresuan University Engineering Journal, Vol .16, No.7, Jan-June 2021, pp.107-118 107



NUEJ

Naresuan University
Engineering Journal

concrete, it was noted that the charge passed content and the chloride diffusion coefficient decreased with

increasing compressive strength. Based on the relationship equations, the charged pass content and the chloride

diffusion coefficient can be determined from the compressive strength of concrete.

Keywords: Concrete, Silica Fume, Chloride Resistance, Chloride Diffusion Coefficient, Compressive Strength
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ANAzLEuAlALID
FYpatuau (Bu2/niu) 2028 150,000

vanewe: “C40” vl Aeundafiliyuduudvasnuaudussian
#l 1 war w/b 0.40, “C40-SF(X)” wunefs Aoundaitldyudiuud
Uasauausdussiand 1 w/b 0.40 uazldaimuunuiiiaguszanu
fouag X, “C” nuneda Yudiuud, “SF” viungds Fadyy, “Sp”
#u1B89 Superplasticizer, “S” ¥u1889 N51Y, “R” wulehe A,

“W” e 1n

(e)

Qe

FUN 3 JuRoUNTMAADUNITUNINTUARBLIALUULTS
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Charge passed (Coulombs) Chloride ion penetrability
> 4,000 High
2,000 - 4,000 Moderate
1,000 - 2,000 Low
100 - 2,000 Very low
< 100 Negligible

Avualannan 4.75 uu ualrenan 0.075

2.2 mvaasu

2.2.1 nM15nnaeun sunsndumnaelsauuulss

N13NAAOUNITUNINTUAADLTALUULSIINAIULINTFI
ASTM C1202 LLamé’fagﬂﬁ 3 Imamsmﬁwimﬂw%ﬁ
idouiiriulnssesisisuiadeiinislunounia Tne
V8008 19ABUNIANTINTEUBNTWIALEUHIUAUENANS 10
73 g9 20 ¥ 913U 1 fouse 1 91gnaaeu 1y 1 noudx
WUSVIAADUUIIUEILUY dIUNA1NLAZEIUANUDIFDY
VAdDUTISTEL AT 7, 28 way 91 U lpgngnaIasu

AMPUATEELIANUNLN YIFIDE19URARLATIANNALN 5 93

Parts of sample were sliced
/ into 1 cm

lcm

Internal part of
Cylindrical concrete specimen sample was ground

(10 cm in diameter and 20 cm in length)

25cm

JUN 4 MarTENRIFIDE19 NSNS TUAaelIARUULNITIINNA

[

3 FueagUT 3(a) wazvinismaaeu lagisuandszneu
Aregradugadnaaauaegun 3(b) uainasazaie
lawneulansonlan (NaOH) A1 dudy 0.3M A93U3N
(Anode) wazarsazangluneunaalss (NaCl) Anusdudy
3% 117aU (Cathode) At3UT 3(c) Femdnglufiwiniu
60+0.01 Volts fagu# 3(d) naasusatianduiian 6
™) o < v a a a o '

Flue vmsiudeyanszualiiiniindeuniiiuiiegn

warrwamAYsE i liedeuiiuluniisaaeud

@

FHa3UTt 3e) wagiiAitldannsia 3 Aousmdnads an
AfildansnsafinnsaninasinunInaLnse 3

2.2.2 M5NAFeUNITWNINTURaa lTFUUUL TR
Y9IADUNTH

FnsvadeunsunsndunaslsFLuLNsTImunTes
ABUNIARINNINTFIY ASTM C1556 tnenUsuunaalsn
Aunsndaudlulunsazanudnlugluuudiinanaslsd
Wavua (Total chloride) vosnaun3A Tnsi3uainnde
98 19ABUNIANTINTTUBNLAUNIUANENA1S 10 93l g9 20
g1 $1uu 1 feudle 1 egnaaey AniuUuioeslu
Huan 28 Ju dleasuszeznaivii dhiegandeu
Adudeuaziuansiiedfiond sniuiuuuniladiu
ienruguliinaslsduniiingaouninlufianiufen
Mntuthieglundyansazansnaslsiamududunas
156 5% 1uszezinan 28, 56 way 91 Ju wieasu
sspzandgynaslsd thiegiwinnuiduay 1 v e
#i 4 9w e iifauduundunsitenageun

USunaunaalsnnvunnuunsgiu ASTM C1152 sold
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6000 | B 7 Days 28 Days [[] 91 Days|

5000 | w/b = 0.40

n
®
@
<

B 071

3,385

3,886
BE 3,775

4,000 - N

B ;003
N 2,994

3000 | [

2000 | [

Charge passed (Coulomb)

1,000 | e

::.&

40 C40-SF5

Ca0-SF7.5
Mix id

C40-SF10 C40-SF15

7,000

6000 B 7 Days 28 Days [[) 91 Days

5,165
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©
<
Q.
«

5000 - g

B 622
I o505

a000 |

3000 | [

12330
2,233

2000 | [

Charge passed (Coulomb)

1,000 | 1

:1:&

50 C50-SF5

C50-SF7.5
Mix id
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2.2.3 MIVINAOUAINIBAYDIABUNTA

INNINAADUAGIBNYBIABUNTANINNINTFIY BS EN
1881-116 laglddiagranouninnisgnuiAivuln
10x10x10 ¥3® uaznadeUTlszazIa1UNth 7,14, 28, 56

e 91 U AUAIAU

3. NANIINAABILAZBAUTIY

3.1 Bsnanlseqlitundeuiitiupounin
Lﬁaﬁmimmaﬂi:ﬁ‘wwmswznmﬂuﬁ;ﬁdgﬂﬁ 5
wui AeundeidUSinausgluihiledeufiiuaounin
mauiloszezauuuiy vieenananldineunin
ﬁmmé’mmummmﬂ%maalsm‘qqsﬁmﬁaﬁiwsL’Jm“u'u
ihunu Teefualudnvasidertuluyn q diunas
Aaun3e defnulusuideves Barbhuiya and Qureshi
(2016) wWufy Wesanpoundaiitlsssaamiiuiuiu
nsAaUfselanstunarUiisoesleaninfiieuiy
wnduinldeeunIndanufivinduuiniugae e
Aeundaflrnuiivihdsmaliusunaliedeuiinulns
Fosinmelunouninldenniu anuduniunaslsdves
Aaun3ndagedunuludae mnfinswuinisanases
U'%mmﬂ'izaﬂvdﬁwLﬂﬁauﬁwﬂuﬁﬁxazwmﬁuﬁg’] 7 Uy
28 Tu WUIIN1TANRIVBINAIUNANABUNSAIATINGLALY
fu orailesannwaveanisiiudulnswesindluasunin
wilefiansunfisseznandun 28 Yu fu 91 Su @
SnsndrutiseYanusyaiu 0.40 n§unuIn ABUNIAGIU

v v

Ausesas 5 Anisanasuesusunu

Y

a

LAYABUNSANANTA

= a

Usgalwihunnnipeuninnauddiiusesas 7.5, 10 uae
15 o1 dunan1annslEdaduluusaiuinyiily
Anuisedesleaninluszezenilatdosnitsiunanisly
Famusnnyi il vsunayudmuidesasie nadnuay
o & < v o \ Y 0w

maﬂanﬂmmmmulm/lamwmummmaqﬂismu 0.50
WUt WaRa15anNMeiANNEINNS LN AT AR LSRN
USunalszluiiedeuiiiiuasuninanunisiei 3 wuid

o

NensndiuisedagUszaiy 0.40 ABUNIARIULAY

aa £%

ADUNSANALTANNUTB8AY 5 NSreeiiaruuun 7 Tu den

U

Uszqlnihipdeuiiniuaeuninminiu 4,885 way 4,471

gaewtd muddiu dsiedregluinasidnisunsnduaas
lsdige Tuvauzineundnnandaryniesas 7.5, 10 uaz 15
ﬁmﬂizaﬂw%ﬁLﬂ?iauﬁﬁhuﬂauﬂ%'mwhﬁu 3,775, 3,403
uaz 2,994 gasud mudiu Tsegluinausininisunsnda
aaalsfuiunats minfinnsunfisrerinaiuuin 28 Yu
Wud1 AUNIARIULAEABUNIANANTAMNNTBEaY 5, 7.5
uay 10 finsunsndunaslsdegluinasiviunats vued
ARUNSANALTAYLTaEay 15 insunsnBunaslsregly
nweioh uagfisrzinaitutn 91 Su Aoundnduuas
ABUNIANENTANMINTPEAE 5 Uag 7.5 §9AinTUnInTga
naolsdoglunamiviunans luvuziineunianaudamy
Sovaz 10 uaz 15 finsunsndunaslsdegluinasion mn

'
' a

fiarsunfisnsrdrutidetaguszaiu 050 nuda i
srepnaIUNtn 7 fu AounIndiuunznounIanaudai
Wuesas 5 way 7.5 fin1sunsnduaaslsfeglunadias
TnofiiuUszqliifiadeuiinuasuning 5,165, 4,622 uaz
4,505 gaewt) suadu luvuzfineundnnaudamyuies
az 10 uag 15 In1sunsnduaaslsneglunueiyiunais
Tneflaszqlwihiadouiinuasunini 3,702 uay 3,346
faoud auddy fszoznaitut 28 fu wudr fidies
pounInduiiinisunsndunaslsdeglunmsigs Tuvaed
ounIanaNdafyuyniesarnsunuiiinisunsnduaae
ladagluinmsiviunans wagiiszeziaaut 91 u yn

drunaniinsunsndunaslsteglunusiuiunans

7,000

B Wb =040 gwh = 0.50

7 days cured

6,000

5,165

v
©
@
<

4,622

2
5000 - @

R C.a71

3,702

2
4,000 - 3
«@

3,000

2,000 -

Charge passed (Coulomb)

1,000 -

0 5% 7.5% 10% 15%
Percentage of partial cement replacement by silica fume (%)
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5 6000 - B wWb =040 Fwhb =050
€ ©
S 5000 4 g § o 28 days cured
3 2 e 8 @ o
£ 4000 | © !« Q
5 o - 2 -
@ 3,000 e ﬁ 2
g i % % &
2 2000 - \ p
] > I\ N
S 1,000 - i \
o | &
0 5% 7.5% 10% 15%
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Percentage of partial cement replacement by silica fume (%)
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@

ABUNIA NGO MINEIUUNADIEAUS LA UANTAINUAIUNIY

q

o

nsunsnfueaslsnainitmeuninilesnsiadiuiieTan

q

Uszanugs lasaneeuninlésnandudhrotanUszay
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SnsnduthroYanUssanugedmalvinaunindinssdasing
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nsanasvesUiuInUsERlnindeuninulgens
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v v

wae ARUNIANANTAANToEaz 5 uaz 15 szesliauy
7,28 way 91 U fnasneilnameany TuvueNaaunsn

aa v

HanGafuSesaz 7.5 uay 10 nanafigaiuegiaiuld

a

ianszeziaIuuln 28 Ju ailenadunauIna NNty

w/b 71 0.40 denalvimauniniinisusulsalaseadnalng

Fosivegrannludisengsiu (7 Ju uaz 28 Ju) luvaisd
Msld w/b 7 0.50 fimsuuusslassairalnsstesinaiios
dntiesindulutisorgsiu ifesannsld w/b Tuvium
fiasdaalilnssadienssosiafntugmiuludae fe
wniinsliadnusesas 7.5 way 10 euudsdleseaing
Tnssdesinsludisengdulfifisadntesvindu arn
AesureteiuIvinlinasinswesuseglniivesraunin
waudatnyuiesay 7.5 uag 10 71 w/b 71 0.40 uaz 0.50
uanenafuataiuladn uiilesseznaiuiutu (28 fu

war 91 JU) WUl NasndlA1teuad Tuwanaliiugn

p8a 7.5 uag 10 f w/b 7 0.50

1% v

ABUNTANANTAN WS
ausausulgalaseadislnssdesinldagisunnide

SY8LIANUNUNIUTY
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6000 - ‘ B SF=0% [ SF=5% B SF=7.5% [JSF=10% [A SF=15%
a 7 1 ©
[ @ =
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3 <
o
£ 4000 - o
3 B S
2 3,000 | [NE a2
S i BB <~ 2
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©
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0
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7,000
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o) ’ | —
£ s 88 T
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£ 4000 - R RN o
'HU) 1 5
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Q
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0
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JUN 7 wansenuvesosavnIsuNuUNYedaiyusenIsunIndy

ARDISALUULTS

SUN 7 meamaﬂizwusuaa%’aaasmnmuﬁmm%éﬁ’nﬂu

Y

v
[ ] °

91n3UNUIN Medpsrdudratanuszany 0.40 uag 0.50

aa ¥ a

oun3nfiligaryuiiauseqlainiledeudiinuaeunia
Mndrounindiunnszezinau Samauinuly
3471473989049 Barbhuiya and Qureshi (2016), Juan and
Lucio (2012) wa ¢ Cabrera and Claisse (1990) 1 ¢
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g9n31AUNTAAIU WaN1INTeuAENITUNUNVDY
Yuduudaieddmny wudn reunindauseyluiisinas
dlaiinfesaznisunuivesdadiyy Janguaziiudn

=

AoundnMligaRmuTosas 15 Taszqlyidieniign vie
fanudununisunsndunaslsdgeiian iesandaii
yuannsaiuiazevealeariindu CaOH), MAnan
UjsenlamsturesyudinuduazneliAnuaaldonds
nalansn (CSH) Wintu Fsnraifiuduves CSH amsn
Predudiinseriumeludonsunindsualinouning
AMILLLAEiUINBeTu uenanilayniavesdafimud
snadnanansatiedudiinssoriuaeluionouni
dwaliirounindanuiiviifiunntudie fewnilseg
Wi aedeuiiuneuninlaenn (Bagheri et al, 2012;
Soutsos, 2010; Gonen & Yazicioglu, 2007; Gjrov, 1993)

3.2 MSUNINTUAABL A UUKNS VLA YDIADUNSH

JUM 8 Uar 9 kanInIsunsndunaslsnvesnaunin

aay o !

HaugaNYuNgnsrdmifeiagUszaiu 0.40 uay 0.50
U

Yaa v

LLazI%%anww“ Lmuﬁi’aqﬂizmu%aaas 5,7.5, 10 ag 15
AUEIFU INFUNUI nsunsndunaslsdianuaien
dududesrozinandyaaslsduinuiu uandofiansan
NANTENUYBIFBUALNITUNUT TanU sEauiaFar Yy
wud Uinaeaslsdimunanasdiefesasnsunuiitan
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Cabrera and Claisse (1990) Lﬁmmﬂ%aﬁﬂwummmmﬁﬁ
UfAseenlaniindu Ca(0H), MiAnanufAzeleinsiu

vesjuiinuduaznoliiiaunaleuddnalamsn (CSH)

'
a
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pauNAATiANLTUE RN T (Camarini, 2013; Rao,

2003; Cohen & Klitsikas, 1986)
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Abstract

The objective of this research is to investigate optimum parameters for STR 20 block rubber production process
while all possible constrains are carefully taken into consideration. According to the current problem study, it was
found that the proportion of the achieved rubber with white-spot problems, caused by inappropriate drying
process, went higher than the factory acceptable range. The analysis was done by applying the Cause-and-Effect
diagram and Failure Mode and Effect Analyze method (FMEA). It revealed that the white-spot problems were
mainly caused by improper working parameters operated in the production process. In order to systematically
solve the problems, the Lean Six Sigma approach was integrated. The 2" Factorial experiment design was used to
screen for system variables and Box-Behnken experiment design was applied to get the optimal production
conditions. The experimental designs provided the optimum drying process parameters. For the STR 20 block
rubber drying process, the appropriate moisture discharging and drying temperatures were 110 and 120 degree
Celsius, respectively. The 3- millimeter-thick mixed rubber should be dried in 210 minutes. The achieved
parameters were then used in the onsite production line. The results showed that the new parameter process
decreased the fraction the problematic white-spot rubber by 17.16 percent. The capability analysis (C,,) was 1.45
with 0.05 significance level. It indicated the highly efficient process as the confidence interval of the process was
1.04 < C < 1.87. The estimated reduced cost from white-spot block rubber reprocessing was 924,630 Baht per

year.

Keyword : Design of Experiments, Process Capability Analysis, Standard Thai Rubber 20, White- spot problem in

rubber.
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(Factorial Experiment)
AnseanwuuLdsnanetsalduinlunisnaasen

\igafutadenanedade (Multiple Factor Experiment)

=

(Montgomery, 2019) 41517 0IN15719EANBIBNINAVD
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uaadenainendwavesladesau (Interaction Effect) 1a
e

nMseRNLUUNIITAaLdwAnaseawuy 2¢ aglaiu
n1snaaei i daser mun k Y93 §wurazdasuay
Uszneudae 2 seduwintu sefuimaniienavsiinenn

a

Foyalauiunn Wy gaumgll Ay anuEmsenan

Naresuan University Engineering Journal, Vol 16, No.1, Jan - June 2021, pp.119-139 122



NUEJ

Naresuan University
Engineering Journal

Wudu vieenvaziinaindeyaideqauaindld wu

' %
v A =

44' 1Y = & v o=
LATBIANT UIDAUNU LTUNU LLaﬂu 2 FLAUNNANINIUY

%
[

L.muﬁxé’w’u@aw%sﬁl’wmﬁﬁamdﬂfu LAYILUNUTTAUIY
assnAtasmng () uag (+) sy ludeya 1 91 7
Uiysaidmiunseenuuuiiazusznaudeteyatidu 2 x
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Luangpaiboon, 2008)
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(Box-Behnken Experiment)
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4.2 9guiA I UN1TIATILVANTTANINNTLUIUNTT
(Process Capability Analysis)

N1STLASIEW @NITNAINATEUIUNTS (Process
Capability Analysis : C,) (Montgomery, 2019) WJulds
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2.5 yAseiheatoe

Kaewploy and Boonseng (2014) 117 817 il
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gran1slaeld3snseenuuunisnaassd as i
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ﬂTIlI%yu = 343.640 — 0.788A — 42.464B + 1.339B% +
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Versus Fits
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v a ' o ' a
V9038 91FUN 9(A) WUIINIINTTILAIVDIAIAAIALAGDU
fianuludase Inmsnsyansuuudy ldfigyuuuiudueu
2) MTWATIEAAMULUTUTIU (Analysis of Variance)
1.2) MvuaguLuudnaes fail
Yium = M+ A+ B+ C + D + (AB); + (AC), + (AD); +
(BO)y + (BD); + (CD)y + (ABO)y + (ABD)y + (ACD)y +

(BCD)y + (ABCD)y + &y (1)

Wefli=1,2j=1,2k=1,21=1,2m=12

2.2) Maauufgrunmsnnaey

H, : Yadulsifinasiodndiuveensuviafiingaun
nesuislaianysal

H, : Yaduiinasodnduveenauvisiingnu1iain
gneuvialyianysel

naaeuaNLAgIufiANT sy 95% niefiszay
TedAny 0.05

3.2) NAN1TIATIENAIURUSUTINVBINITOBNUUY

nsnAaBILUULANELSEa 2°

M15197 5 N15ATIERANULUIUTIUNT00NLUUNITNAGDILUY

unAnelSua 24

unas Awade | __ |
. 99F1 | wauan AEDA | A1 P-
AUNY I Nauan
s | Masdns | | F value
wus GRGRN
A 1 0.50250 | 0.502503 | 53.69 | 0.000*
B 1 0.30225 | 0.302253 | 32.29 | 0.000*
C 1 0.50250 | 0.502503 | 53.69 | 0.000*
D 1 0.44888 | 0.448878 | 47.96 | 0.000*
AB 1 0.22950 | 0.229503 | 24.52 | 0.000*
AC 1 0.05865 | 0.058653 6.27 0.024*
AD 1 0.12625 | 0.126253 | 13.49 | 0.002*
BC 1 0.00003 | 0.000028 0.00 0.957
BD 1 0.03990 | 0.039903 4.26 0.056
cD 1 0.01403 | 0.014028 1.50 0.239
ABC 1 0.00003 | 0.000028 0.00 0.957
ABD 1 0.01287 | 0.128778 13.76 | 0.002*
ACD 1 0.12625 | 0.126253 13.49 | 0.002*
BCD 1 0.01488 | 0.014878 1.59 0.225
ABCD 1 0.00165 | 0.001653 0.18 0.680
AUARIA
4 16 0.14975 | 0.009359
RO
Wamum | 31 | 264585

S = 0.0967439, R-Sq = 94.34%, R-Sq(adj) = 89.03%
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Main Effects Plot for Percent White Spots
Data Means
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NWUI1A1 P-Value t¥17U 0.063 FadiA1annIgeiu
Woddty 0.05 wanainluauisaufiasauufgiunanta

o

AUTIATUIIAIAAALAT DUTNITUINUILULVUNR LA

=

aladinnugnees wetiale

U
Joy
Y
2.1) MIsnTRdeuAtAaInadauiuAIngInsal 3ngu
d' " A a ] 1=
7 14(v) wudnAIAaIaAd sudn1snszateuuudy Ll
S a i d'
sUBUUTUuBULAiiA1AUMUTUTINYBIAARIALAT BY
P
A
3.1) NMIATIIABUAIAIAAE BUAUAIAULIATILAY
Toa N3 UN 14(A) WUTINITNTEIILAIVRIAT
o = & a a ] 1o
aaratad eudanuludase dnsnsgatsuvudy i

A
FRUSUTIRIG]
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(Myers et al,, 2016)
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719197 8 TiAs1ginisannsudinsusluUsdase AB C D DD AB

wag BD
AUz fn
fianlsBasy Aann T
,Bl_ P-Value

Constant 6.00867 348.728 0.000
A -0.21917 -11.377 0.000

B 0.20875 10.836 0.000

C -0.24125 -12.523 0.000
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DD -0.05700 -2.205 0.032
AB -0.11125 -3.334 0.002
BD 0.11125 3.334 0.002

S =0.0943740, R-Sg = 91.29%, R-Sq(adj) = 89.97%

AnUssa an
fianUsdasy ANEan T
:Bl- P-Value

Constant 6.0300 153.751 0.000
A -0.21917 -11.176 0.000*
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BD 0.11125 3.275 0.002*
CcD 0.04250 1.251 0.218
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3) NIATIADUANUMNIZANVDIFULUY (Lack of Fit
Test) fauufgiu il (Khuri, 2006)
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wis w3 | fdsaes |, F P-value
GG EN
Regression 7 429610 | 613730 | 6891 | 0.000 SurtaceBlctofiRerceptiVhiteiS potsivaliandlE
Residual Huc‘d \glges
46 | 040970 | 0.00891 b 3
Error
Lack of Fit 17 | 015600 | 0.00918 1.05 0441
Pure Error 29 0.25370 0.00875
Total 53 4.70580 %

910915797 9 azwiulaa1A P-Value 984 Lack of Fit
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Ay 1 manefs wanouiuldfuanuiianelaagig
auysal (Khuri, 2006)
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Abstract

This work describes a development of tele-operation control system for unmanned aerial vehicle (UAV). At
this moment, the UAV is mostly used in various purposes such as surveillance, search and rescue mission,
agriculture, and aerial photography. Generally, the UAV requires a human operator to remotely control it. This
may introduce the problem as the pilot cannot observe all obstacles surrounding the UAV and this leads to
mistakes during operation. Therefore, the UAV control system utilising a behaviour based control architecture
has been developed in order to safely navigate the UAV to different goal locations. A series of experiments have
been conducted and the results reveal that the UAV equipped with the developed system can effectively avoid

collisions with unexpected obstacles and can successfully complete its tasks in a robust and smooth manner.

Key Words: Unmanned aerial vehicle, Robot navigation, Behaviour based control architecture
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Tudauves Amidi et al. (1998) lavin153deuas
Usvauanudidalumsiannszuumuaunsiuiu - a9
gasrnrguliautunuusaludf® saurlddnuiuas
finunszuudmiuauguenmasulianansandouily
ardunieficnualdedafivsedniam Tuvuei
Oyekan et al. (2010) lieran1dnenssunisniuaug
NHANTIU (Behaviour based control architecture) 11
UszenaldlunisniuaunisvinauvesoniaAeuliaudy
dmsunudsansnsuasiseds Tnevhnswumii
n1svieuvesszuussnidunginssuges varnuany
NOANTIN DILYUY wqﬁﬂiim’]imﬁlauﬁsﬁu - B4 WeANSIY
mim?{auﬁvﬁ'ﬂdLﬁmmaﬁﬁwum NOANIIUAITRAUNEN
definrans Wudu Seszuvasinemginssumantuanld
mualiomasuliautuamsaviinunuiiimuelild
o8198iUszaNs W

wananMslnuneueneImsLaNIAsUlE AUy
feaunsnthunUssendldaunielueiaislawuio iy
Falasmndnnunisldaueinasiuruadnluaudisg
ananTyananiedwesiiaulaniglueians egnalsfinu
mslgaueinagulinudunsluetaisdnuszaulaym

N1TVINN18UDIF Y e 104 GPS (Global Positioning

System) @sldlunisssysumisvasorniaeiu deiuded
nsAnwlariauIsNssYiumus (Localization) @4
anreududnsunsldnuaielueinis Inee1ald
"“J%'ﬂﬂia%waa;ﬂ%uﬁm%’ﬂ%é’w@ﬂﬁwL,mu'ﬂ (Achtelik et al,,
2009) #58n151935n15UTENaNa NN TUAI TN UANTOU
Sedaiesyyiumisazianseeniae TN
Msguudszatananinlunisd1sia Aunt auANNIs
AU naundndsfineing wiefamudivuie 3
anunsoAnwLilinlianNaues Altug et al. (2002)
Jian and Dawson (2006) Rock et al. (1998) Saripalli
et al. (2002) wag Zuffery and Floreano (2006)

3. aanUnenssunisaruannsindaundmiusTUY

I RIGOR)

Iumuiﬁaﬁﬁmwﬁamﬂmsmiimmim“uamLGTN
woAnssumUszgndld Insanitinenssudanaruunildly
sUuuuvesandnenssunmsauaunsiAdouive sueusd
(Mobile Robot Architecture) fstfulusadaiazilunis
namdsanidngnssunismuaunaindoufivesjugud

o

Tnefiseazdumdunsd

3.1 an1nenssumsAIURNNISIAAO U Ve Y UEs

anndnenssunisaIuguNISIAdouUTivB UL e
nszUIUMsiUTeyaveIanMIIndoNUTnATIuEUAf1Es
UftRnuegidnundszanana iedaduladnagliiueud
vinsindouiiselusgnils Insanunsauvsesnldiiy 3
sUkuU AeanUnenssuuwuu Deliberative WUU Reactive
bazkuy Hybrid (Nattharith, 2011)

annlnunssuuuu Deliberative Qﬂﬂmﬂ%’é'?m,wiwwﬂ
¥94119398uar A uInssujusudindoud lne
an1fnenssusUuuviiuduiiisailunadiassvos
anmwIndenunaiusuivihnu ddueadsnanazgn
asstundeyaneluiviusuiior uasdeyanisuoni
Wueudfudnneuees (Sense) Woldlunasasy
wirszvvasih lUldlunsnanudunaagdnduladion
n3nsgih (Plan) Wy indeuiiiiimeavane videvaunan

d9invane lneilladnduladannisnseiuaiseuuardaln
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viuguivihnsiadeunsely (Act) JU7 1 uLansunudenis

yMuYesdatdnenssukuu Deliberative

Environment

S?nsory T Plan H Aot }—) Actuators
it

31J17i 1 am“f]maﬂ'ﬁum'imuqum’ﬁmé‘lauﬁt,wu Deliberative
(Nattharith, 2016)

t%

Tunisaunuduniwazdndulaldonnisnsevin b

viugudiy ssuudndudedilumavesaninuindound

£
=

ANugnAvIutugIgILariiauiuainaeniian it
Lﬁaqmﬂvjuauﬁa”%ﬂuéfaammLmmesﬂiﬁﬁwé’szﬁm%u
dielfifutoyalumsnaunudumaagidonmsnsgii Tu
nsdlfiszuuilunaigndesuasiuadiy uazfinawan
weflazansununazAndulaidennisnseyin viusuday
annsaviauldegediussansain uwilulanusanudy
934 anmuandouvinauivusudviiaudnaginig

Wasuwlasegiaue Sniavusudiesiiiinsindeuded
AABALIAN ﬁwlﬁizwlﬁmmsaﬁ%ﬂ%’w‘gﬂmmmaq
anmuandeuldiusenisiudsunlasianan Swzdmali
syuvuldanuisannsunuidunisuazidonnisnssyii
mmsamLﬁamauaumﬁiamﬂﬂﬁauuﬂaaﬁuﬂ 19 Fainvin
SLﬁLﬁmmmﬁmwmmmﬂmﬂ%muamﬁmmsw;ﬂmuﬁ
gnFI0E10TY aNsYURUARATITIAd s UL
mw%agmjmnwmﬂaﬁﬁwmsm?{auﬁmawjuauﬁ
desnusudlianinsouiuusslumaldfusenisidhun
yesdafinanetiy Felianunsaoonuuudunienisuaunan
1§ yenanduiiesnaanilnenssunuy Deliberative i
asedunuludnwusfinodostududidu (Sense -
Plan - Act) MWﬂﬁIMQﬁI@IMQ@MﬁGLﬁ@WA’mL?{EJW]EJﬁﬁ]BVT’]
Tifsszuungaheuuardmaliusudliaiuise
UFdAudelUld darsmanadefinarinidieiy
aalnenssuuuy Deliberative Felsifauulalunns
auAurusudindeuiiujsAnuaisluudnaiiinig
Wasuwlaswesanmuandeunaoniian (Mataric, 2007)
dmivaaninonssunisaiuaususudLAdoudinuy

Reactive #59813L58n8nog1971@01UnenssULUU

Behaviour based HuagUsznauaieluga Sense - Act
nanvatsluganuandusun 2 lngudazlugaigyinis
Sudeyavesanniinaeuiioviin1sneuaueIiuyl 1oy &9
Tiugudndounaunandefinvindinsianuaumii &
@ V1 d” 1 (3 1 a
auwnuliintuandnenssuuwuuil vueudazliinigéa
U303 UNITYIIUWmiTauan1UnenIIURUY
Deliberative viliususianunsaufifanuldednasaga

witazegluan mwindeuilimsivdsuiuainasniian

Environtment
Bensory 2 S oA
Input FnsE A
C
3 t
erlmry Sense —» Act
nput 1
a
3 t
e?sory Sense & Act
nput o
r
3 H
e?sory Sense —» Act
nput

Reactive IModule

31J17i 2 Em"l‘fjG]EJﬂﬁllmiﬂ?‘UﬂﬂJmihﬂgauﬁLLUU Reactive
(Nattharith, 2016)

anUnenssuuuu Reactive dusiaslugassidudasyae
o ° Y U av v o | o v &
Aulagazinnulundous du flavinnudefiosiudu
anfumilauantnenssuwuy Deliberative fauun1ndl

' o

Tugalalugavilafnarundens lugadu fivdoegazd
ansnsavhauseluly Selidewaliiaszuungarihaunay
WueudazdinsljuRnulasely

widnaarlnenssuwuy Reactive aganunsavineula
pgunni uiffidesiAnnssilifinisadalunadians
vosanmuIndouiiolFlunisnsuaunisyinenu fedy
an1dmenssuifslimnzaniiasldlunuiidonisTuina
yesan MU INTusudvinnuegiteldluns
Mukukardaduladennisnseyh wu viuiui
UjtRnuntanuadududeunn

ludiuvesanidnenssuuuy Hybrid v3ewuugnuas
ffu arsameIAnuannsondnvasantnenssutisass
sunuutesuddheiy dufio msnsusunsihiulay

AMNTIAL5TUNTIINNSABUALDY WisuUsEANTAINAIS
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MUTDIUEUs 0819l5ARIUNIITIULIYALAUTDIEDY
andmenssudrsudidefududuauideudaiine
fleaninlugasieg 499580 Reactive tudaan1sfiay
novausImMshawiuilaglideyaiisuinaneues us
53UU Deliberative fuazin1sauaulasldfetona
avluszuuiosuazdoyaiisusnanuwes feduly
annflnenssugluvuidferndudesdifanans
(Intermediate layer) \ieApednnisiunIsieuvesii

aossvuulviaenndesiudandlusun 3

Planning L ayer

Intermediate Layer

Actuators
Cratputs

Sensoty

——
Input

Reactive Layer

3U# 3 andngnssunsmiuaunsiaGiouiiuuy Hybrid

(Nattharith, 2016)

olsfinuivusuduszaumgnsalitlildignainmaneg
sonaunulilngszuu Deliberative (W38 Planning layer
Tuguil 3) swUU Reactive awi3unouauDwiBVANIAlTUY
udilagludaulainszuu Deliberative 958in159190NY
dunmsliegnals endhegradulunsdififidsfinunandeu
Ftnvnmdegniimninwinsienisnisiadeuiives
Yugud 52U Deliberative aglaunsausuusdluinali
Muaoiiesenuuudunanisnaunanléviu egralsfa
53UV Reactive szt fiunulngnsddliiviusus
ynsnaundndsfinuansdindniuiilaglidessenis
pONUUULAUNISIMIAINTE UL Deliberative Tunisnduriu
Soiusuddesnsindouiinindumistagiulugidmane
TmidaagBnaniuiinds szuu Deliberative axapsehls
S¥UU Reactive ynusganingauLaziusz@nsnmlay
miaammuLﬁumm?‘iguuazﬂaamﬁ’aﬁqmiﬁﬁmzuu
Reactive Wieltlunisindeurusudluggamunsuaiena
ol

3.2 m3navaunInAdeuilneanttingnssunsAIUANIEs
WgHNTIU
mMsmuaunsadouilagandnnssunisaiunuds
WOANIIUNTEUUU Behaviour-based Hu tHu33ns
9ONLUUSEUUAIALNSIAA DUV LBUALUUSHLUSTAT
aoNdgULUVINIINNEANTIUYRIENT lusyuy Behaviour-
Based uazUsznaulufeypuasmgingsu (Behaviours)
fghauiwiuiienuauszuuiiiaududeu Inoud
asngAnssuavhnuludassredusazazsudoyaidiun
31nUNI0IR5333A (Sensory input) WaIviNITROUAUBY
foyawmartulasnisuvaadumdsiiaglflunisaiugy
seUUTUIAR DUV ULUA (Actuators) (Nattharith &
Bicker, 2009) ?z'iaﬁﬁauama%m%aé’a‘uaaﬁuauﬁﬁmaa gﬂﬁ“

4 LLE‘W]\‘ILLN‘UﬂTWSUEJQﬁﬂ’]‘ﬂ@EJﬂiilJﬂWiﬂ’JUﬂlJL%ﬂWi]aﬂiiiJ

-_T_--*
|

Behaviour 3

Behaviour 2

Behaviour 1

Behaviour
Coordinator

Sensory
[nput

JUT 4 anndeenssunmsmuaudagnssuwarmainauvesnaln

MsIaMsiungAnssy (Nattharith, 2016)

sgnalsfinuiennuiiuiaznginssuviaududase
soru TunndlonasnasivgmsaififingAnssuannnimils
wgRnsuiidesnsdsnuvionuauriusudiintundouiu
wseeainautaLdslun1svelininensiunisaiugy
I fafuszuuisesiinalnfiauinesrhminiidans
funginssusineg mantulaedadulaiwginssulaagls
muauusud nalndinandifendt nalnnisdnnisiu
NAN3IHU (Behaviour coordinator %58 Action-selection
mechanism) é’qﬁ?wé’qmﬂﬁLwiaquaﬂssua%ﬁqﬁwé"qslu
N13AIVANUELMESISBUSREUET NANgRnTIUITYN
ddunsselaenalnnisdanistunginssy Weadaudu
Adsgaiinedmividarunuliusudindouisely

(fnsanguil 4)
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nalnnnsdanisfunginssuvesiusudlnediludy
ansauvsesnladu 2 Ussinnudng A nalnuuuiden
WOANIIY (Arbitration mechanism) Aunalnuwuusiuy
NHANT3Y (Fusion mechanism) ﬁﬂLLaqug‘Uﬁ 5N, hag
. AUEIFU §1981979955UUAIUANNTIARBUTIVE
vusudliIsnsidenngAnsuldun nseuauvueud
LUV Subsumption (Brooks, 1986) Feuaualneg
ANEN513158 Rodney Brooks wisgardumaluladume
Massachusetts (MIT) @ausiegswasszuuildiznissy
noAnssulakA N1sAIUANUEUALAETS Motor Schema
(Arkin, 1989) FsAnAulnsA1En519156 Ronald Arkin WiAs

aovumalulagumis Georgia
@
1

(n) nalpuuudanngAnssu

Bensoty
Input

Bensoty
Input

Behavicur 2

=

(@) nalnwuuTIunginssy

JUN 5 degenalnnisdanisiuusagnginssuvewiueus

(Nattharith, 2016)

aondmnenssun1sAIVANLUY Subsumption §n
Waudulaef1@n31913¢ Rodney Brooks 1net Brooks
Ihuvaszuuiiamnududousenidussuuges Bund
WgAnIsu (Behaviour) lnausiagngiinssuazgnimseniy
%‘uqusumum’ma"wéﬁ’umma”]é’zg 38097 layer &4
mnsjmmdﬂwum51‘7i33wﬁ1muaguhfu nngAnssuly
wiaz layer azvinaunseuiunagyaududassreny
thuieq

guﬁ 6 uanIfl9g19veIEnUnenIsUNITATUANLUL
Subsumption fifi a layer lnaurag layer agUsznaunig
wilangAnssy Hude na@nssunisdunidimang (Seek
Goal) waAnIsuN1SauUWANAsAnuI1e (Avoid Obstacle)

NOANTIUNNTUYARNLAY (Emergency Stop) LagngAnssu

nsussqilving (Reach Goal) lngusasngAnssuaggn

v

aspadutug auanuanudfy dufe waRnssuid

o

a1duAud@IALINNIREdiavEluNTAIUANNTIAGRUN

VB UPUANDY

—r{ Avnid Ohstacle L4
S R e

31]17'; 6 fogrnsmuauusudlasandnenssuwuy
Subsumption (Nattharith, 2016)

dlosruuBuriay ngRinssu Seek Goal agmene1y
muaslijugudindouidmidmung egrslsfaumn
YugudngIanundinguivinasinlingfinssy Avoid
Obstacle ¥4 Faazeanddslivjusudindouiinauds
Anvanaiu luvazifeafunginssu Avoid Obstacle 3l
Suanuddiiginiiazlunaldlidmdmnnginssy
Seek Goal finasonisaruguruesus nsnatifeond
subsume Fuuflunvesievesaniiinensani (Mataric,
2007) lunsdl#l Avoid Obstacle lsiasunsafiaz dale
Wusuindeuiinavdsfinvedulduasfuulinged
Wugudazaudaiavnaiiu ngfingsy Emergency Stop ax
vhauiufiitedsliusudgaindeudineuiiozinnsvy
uazLgULAEI UNgANTIU Emergency Stop fRaznalaily
Mdsnng@nssy Avoid Obstacle wag Seek Goal fina
HON15AUANYUBUG d1FU layer vugatuaziy
wefinssu Reach Goal dsagvhauidieviusudiuindoudi
TJaufsganuigdatenieuds wazagyiliadeain
woAnsIuve layer suansdelddumudidiniilail
NARBNNSAUANNNSIAGBUTYE VLA

d1uiuan1dnenssunismIuANTangAnssuLuy
Motor Schema tiu gniauZulasaan19158 Ronald
Arkin Tasnsmuauuuuiasdunisiummaauves

NYANTINAN) Ngnad1aduanninneveIusafinseiinee
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Wueud ioasradungfinssudns (vSeaussdns) Al

mualivusudiadeunly

JUN 7 v Potential Field Method - U33749nazgAeunIALl1
i mnefaisegmeiuunrnvesgy luvagiusmanasnan

BUNINRBNIINATAYN IR IDEATINA19VDI3U (Nattharith, 2011)

¥ ¥
a A

3% Motor Schema #fifi§1U11391n3F Potential

Field Method fignAaAulae Osama Khatib W4
UNNINY1a8 Stanford (Khatib, 1986) Inavia@aaidtazdl
ANUARIEARINUATITTUNITATUIUNINATINYDIRTIN
nsgvisevusudmilouiu @miuis Potential Field
Method ulasuanufuuduagrsuindioinddunay
nsvinuniesasaunsaysudsululdanuiuiueud
A av v & o ° v
wdeudilanainnaesuuuy sauvsdeanansatluldau

1Y

UuBUALIUNALABNAIY NENNTVINUYRING U HLEA

'
~

Faguit 7 Tawaundliiusudidueyniaidng oumandsds
szgniagalaeitming @annsisgadenanetaiienlsi
HungAnssunsiedeuiiingvnevesiueud (Go to
Target)) widggnuaneanlaeinginuine MIenginssy
nsnaundndafinuana (Avoid Obstacle)) fetiuiile
vuoud Suduiany vusudaziadeuiluldiomiuuss
fagaidadmanelasazlifinssuAetwidesanaed

ussBnyavilsnesndnusudlioanyiisndsinuing uss

fagafananaznunas @andugud) Worusudindoud

igihmneduiiGeusos
dmdunisauauvususlagis Motor Schema Hudl

AULANAI9917TF Potential Field Method n5filalle

Naresuan University Engineering Journal, Vol 16, No.7, Jan - June

InguAn1IAT1INgAnTIN Go to Target Uagngnssy
Avoid Obstacle Wity usivzansafiunginssalisu
ﬁuauﬁlﬁﬁﬂ‘t/imﬂwmagmwu%uaavi TUALMINEYDINTT
\ndeuiiveaiusud sndiegiatu ngAnssunslatiuns
(Wall Follow) wqaﬂiimm'ﬁmﬁauﬁiﬂé’qﬁdw (Wander)
Husu neiinnmgAnssuasyinnunieufunasfudasesde
fu Tngazadreddslusluuureananosueanssiingeyin
AaviuEUs mnﬁ?wqﬂﬁwéﬁ%gﬂﬁmwmﬁuima'i%mﬁm
nAMeS (Vector Summation) teadadunginssudng
(vienawmeiand) dmiuldmuaunisindouiivosiusud
dold 5Ufl 8 uansfeg1an1TAIUANfUUdAlaY

ﬁﬂ?ﬂﬁlﬁﬂi'ﬁﬂﬂ?iﬂ’JUﬂqﬁJLLUU Motor Schema

== Behaviour-n ——

| R

. Behaviour-3 - E

.’
Behaviour-1

31]17'; 8 nsmuANueudlaeandnenssuwuy Motor Schema
(Nattharith, 2016)

-
p

Actuators

Sensory
Inpur

nalnn1sdnn1sAungANT IR UBUARUULADN
NOANTIN (139 Arbitration mechanism ﬁiﬁumimuqm
LU Subsumption) fifediandney 2 Usznis dude
szuuldiiafesnan (nstability) wagngRnssuuns
nginssuldinsgnldauias (Starvation) (Nattharith &
Guzel, 2016) mmmaa{]zyméﬁ’aﬂa'nLﬁmﬁﬁmﬁaqmmﬂiu
yuzfifuouiheuegdussuuiinsdsusamginss
nsAuANuBURLUUNaUlUNdULIegnaRn BNfIaEN
wu luvasiivusudindouiludrsmhdengAnssy Seek

a

Goal (1138 Go to Target) WBYUUANTIVNUINGTAYIN

1

[

AUNTN TEUUAEAMUA I uBUAIN1SaUNENTn

v a |

AINEIAIBNYANTIU Avoid Obstacle uagyiuiinvueu

q

Sa D

wiounvaunanlulufianisiinsialinuinginveuds

VuguAfiaznduuingfnssu Seek Goal 8nA3s F1a19
d

walijugudindeuninduulufianiafuiignuinsdaeg

a o

gy i lijusuddesinnisnaunanlnddnass

o—

nNIsalAenaIsdInalissuunIuanganssuly
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usuanaulundunseninangfinssy Seek Goal Au
wgAn33u Avoid Obstacle v ldunsn1siadouiilyl
Fouilesanyusudindeuiiunisluu (Non-smooth
trajectory) Sniaddanalinginssudug enalsiflenals
viauas TwraeissuuilénalnnisdanisfungAngsy
‘Uaﬂi{iuauﬁLLUinwqﬁﬂiiu (138 Fusion mechanism i
TlunsauRAuwUY Motor Schema) aglaifinimanisaily
Snuzdenan Wesmnssuuildmuemangingsudn
sefuiiommuadungdnssudnwsliiuvueud vinld
ugudansaadoufiingitmunelalaglifinisoy
Anduiilasnvususagyinnsnaundndsiaunslde
wiondu msmuauianandmaliiusudindouildiFeu
niuflesnnlilfinsdsuuameinssundulunduan

o

Snietefitlmfiuddesfnvesnalnmsdanisuuy
BonngAnssufifenisvieuvesnalnuszinnilag
anﬂiimLﬁquaﬂﬁuLﬁaamwﬁuﬁﬁmﬁ’]ﬁag Fary
szUUDIRRzUsTAUWAMSalTanansarIuRLuEul Ay
wandsfinranslddns wiidunsvaundnesnuenidumis
flazthmlugidmane faiiiosnluvnsfivususig
W LMAUNANASARYIFIBNgAnTIN Avoid Obstacle

v
XY

aguu szuuldngaldaungfnssy Seek Goal ludae v

Y

Tiusudliaulaingdonaioungidmung uivgamii

o
o =

fanmauvandainunafiesegiafied ususiagliaulad
wwiomaunaniulufiendluumeifioswanauliiumind
nswauvandanannerahlivusudindeuiivinsinasenty
nndmneuardwaliviusudliamnsavssadmanele
luflan ednslsfimumamsnifnanteylafintutussuud
T¥nalnnsdansuuusamginssy Wesanvueudazgn
waAnssudnsmuauliiadeuiivaunandefnvadluly
fianafiegnrluidunianisindeuiigidnune Viai
iosnanynmgfinssuiiinasionisaiuaunsindeuiives

vuguignsubilumdanyhevisenginssuansiuies
4. MaaszuUAUAsaNIAeUlfaudy

fannanatalaUsauvesnisidarunalnnisdnnis

WUUSIUNGANTIUNTBUUU Fusion mechanism Tunis

P
av

AuAuNIsAdouiivesiusud deiulunuidediaiie
nalnn1sdanisAunginssuguuuudinauusegnals
NuIAUITLUAILANDINIAEIULTALTY Tneidianldds
ATUANLUY Motor Schema luniswaiursguu taed

NYALLDUARIT

4.1 N1508NUUUNGANTTUSIMTUTLUUAIUANTI UA D

n1sRuIsEUUATUANAISIAAaUNYe eI AEULE

o
v

AuTulagds Motor Schema lusuideiildaanuuuly
szuuiingAnssudmiumuaunisadouiivesainimyy
Wanua 3 ngAnssu fe wgAnssuiadeuilly e
WAnTTN go_to_target) woAnsTuviaunAndsinuing
(M3engANTTH avoid_obstacle) uarngfnssungngniadu
(M3 gANITU emergency stop) WAALNEANTIUILTU
JoyaangUnsninTiainUselnneineg (Sensory data) 817
W Teyamumisanszuy GPS viedeyaszeginsvesds
Anvisnuessanstetnuildlunisadianginssy
Tneflsrwazidemdudal

WORANIIU go_to_target axvhmiifinienime vl
wndeuiidvngaving Tnewgfnssuiandunginssuiign
MvualaggAivaneInIFeIy waglitoyaiumnidagdu
vose1niagiulunisadrianginssy wadnsilaain
wRnssuiienamesiislumsitatimineg (enaveaiu
Snunizveussiinssidoninimeuliiofse el

d' v

wRpUNgInvang) 1ngIUIAYDIALABTAINE1ITY

€

Y v

FupdiunstafuresiaIuANeINALIY

WeAnssu avoid_obstacle finthiitasiulaliennie
gruadoufivuiuasinuing I%%%’U%@;ﬂaﬁhmﬂwaﬁa
Anvr19una e uwessansileiin nadnsaldann
wRnssuiiienamesingneniseulieanianasin
914 TneszuvaziBuadanawessinaniionsianuidin
Y2197 53 HENAINDINIALIUAINTT 2 AT TIVUINVD

DALMBSAINANIVLLUSHNRUAUTEEEUI95ENINGDINTFEIY

a a

YUAINAYI
WHANTIU emergency_stop ¢ FULBYARILMUIYDY

ANLNINS DFINAVINIUINN LY ULDSDANTURN haLaL
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'
sa a

af1nawesndvualndfAediulIAnesvoLsENSLAA
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Abstract

This paper proposes the development of virtual try-on experience mobile application, by using augmented
reality technology, for online jewelry customers virtually trying-on jewelry products to increase opportunity to
sale products. The proposed system is developed using marker less technique. It applies the recognition technique
to detect user’s hand. The three-dimensional (3D) model of the jewelry product with realistic rendering is modeled
in which could be changed its details and size according to customer’s requirement. This method can reduce the
production costs of the conventional process. The accuracy of the position of 3D ring model on finger is
approximately 94.17% and 100% for the case of bangle. From testing with jewelry entrepreneurs and customers,
the results reveal that the use of the proposed try-on experience mobile application in terms of ease-of-use and
increasing confidence in making purchasing decisions are highest appreciated, while the realistic look issue is highly

satisfied.

Keywords: Computer-Aided Design, Jewelry Design, Augmented Reality, Try-On Experience, Online Shopping.
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Abstract

A spoiler is a part of a hard disk drive that can reduce the airflow velocity and force at an actuator arm and
its head. At a case study for a hard disk drive manufacturer, the main problem was that the spoiler was
tightened too loosely in the hard disk drive by the spoiler installation machine, thereby gaining a defect. Its
response could be measured by the screw spacing (also called ‘the screwdriver encoder’) for the spoiler
installation in the hard disk drives. The purpose of this paper was to determine and analyze the factors affecting
the screwdriver encoder by means of the multiple regression analysis. The mathematical model of the
screwdriver encoder and its significant factors were suitably built. With data collected from the spoiler
installation machine and its software, it was found that there were the following four potential factors which
plausibly affected the screwdriver encoder: 1. the screw torque, 2. the bit angle, 3. the amount of time spent in
tightening the screw, and 4. the vacuum level for picking the screw. From the ANOVA table, it was found that: 1.
The screw torque (under the range of these experimental values) did not affect the screw spacing, 2. The
amount of time had the largest effect on the screw spacing because its F-Value was more than the others, and
3. The optimal values for setting the spoiler installation machine were explored in this paper. Besides, this
research considered the criteria for selection of the suitable model from the coefficient of determination (R?)
and the mean square error (MS,,.). In addition, the mean absolute deviation (MAD) was simultaneously

considered.

Keywords: Hard Disk Drive, Spoiler, Screw Spacing, Screwdriver Encoder, Multiple Regression Analysis

1. uni WNUsEANSNINNNSHER (Productivity) Wiatiindnaninlu

P p nsudstuiuguds dedusndudossedasziuioldliiaa
auamnssugsafaniasnlulssmalne Wugiunis v

N L4 e o e YpadslunszulIuNISHES INs1ENSinvaLdavinliina
nangsafanlasvuialvg ddelugnaimnssuid

N13geydENaLIa IMgAU useuLaziAIesInslunisdl

v
LYY

Anennasudunisaireyadninliniusema uiann
AFUNINIUNTEUIUNISHAR TN (Rework) Aetiunnsli

anmenamnssulugadagiu Nlinsuveduaaianiinu

o v . z L AIMUAIAYAULUIAALIDIAUAIN LAYAITAIUAY
FIAMAZAMAIN UTENauAuAUNUAI 9 NIAIUUES AN ° : k

. ga v o X AszuruNsHanlminvewdutdosiian 3enetdunayns
asrsulnanazAIwssuninisusudagetu daa : :

v
a = '

nsznulviduunsaiugsiagiuanegssiailios il

Y

pgnwmilsfasrennulausulunisudsduiue snnsdue

. Y - - uNeas 19 lsduasanwNaIANIDNAIE
BIANIABINBIMINUNNLUNITAARUYIUNITHEN TIUTINTS e
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uiinnanandnfadlasnuiamislulssmalne 1Hu
l5augaainnssundngunsaldaivdeyalssian
g1sanan Nduusenaundn A Wdmiusudeududin
Uaya (Slider Fabrication) a8 1ulguasndailasn
(Head Gimbal Assembly) ¥aUsznaufisuuaziley
d@1593YU (Head Stack Assembly) uazaisadanlasu
(Hard Disk Drive) Jaqtunsdlfinwlaiaunaenisuanli
oglusUuuunszuIuMsHaRLUUUsEnouUSnlusiAlolfix
ANANNTTOIUNITIBUALDIEAINABINITVBIRNAN Tu
AUFUNY AN wazAUTIAEIlunsdsau TR leT
AINAMNABINT 1NTAT8A1 9 TUNTTUIUNITHER 19U

a A

n15eNLULLATEIINT Uszdniainvesingiudiiiunly
mMswarfulsildlunssurunsvauveadesing 819
¥iliFusnuuisdiuindaunnsosauldaunsaldanuld
ysedamaliUseansamnsviauanas 3edndudesdinng
AIUANNTFUIUN SHARRTUTEAVE A AN Bed uiaz
aungudnvesiymidsalitunuiateunndes iile
Lilvindnsasiienafidgmirinuluiagnd Weiansan
\wSeednsvesasnIsnanwuuUsnausaludAlunins iy
W2 wuin fvesduiAndunainnatsusvian I
wiasdnsavesians (Spoiler Install) Winn15¥197Y
Aanatauiniigaludiuveanszuiunisduang Fatu
Foanuuiidynivesuise fe wissdnsalesians
(Spoiler Install) %uangﬁa%%ud’maﬂamaa% (Spoiler)
Tugsananiasnluwyu
Fguszasdvesanuide fe lodiaszvinndadedil
HansenuseadulAnnesveIn1sTu (Screwdriver
Encoder) wazassaunisannasnyan (Multiple
Regression) Tun1sszyanuduiusvetusiasdadusann
WulAnmaIveInN15TU (Screwdriver Encoder) 59189015
fuasziulasefimunzay
JeUAYBINUITe s AnwInsTUIUNSHARE SRR AR
laswvesnandmst v Jsflvandimitegean wazAnwn
s19azduaAgfutunaunisinuve e sinsales

183 (Spoiler Install) i1ty lngvinisiiudeyalugas

Woudmiau 2562 lun1simsizvianuudsusiu
(ANOVA) agldinauailunisdnduladissiutivddai 0.10
ofliniesesiaunisannesnauaLUUBadunse
wazlndlufea azgnianldifiessuisanudonles
sEUIRILUIANAUAILYsBasenaeda (felviin
ANUFURUSTIA NN IANAFIANS) UaZNEINTUINIAT
vostladmnzandeliladiuusmaidosns iilug
msadunalnnadeudiioniruazaiuseiesinsedis

gnsesaluluounn

s

2. uIeNNe19949

2.1 NMINUNINITTUNSIUAIUEITARAN AT WIAL N5 TRaNT

5afantasusaauTunwuuLde (Hard Disk Drive)
I = ¢ a f ) Y o Y- ~N S
Junildugunsalreufiunesilddmiudanudoyaiing
wuuldmeluwaznisusniaissneuiiumes [Wugunsaifidl
Anusazauglunisiaiudeyaldgauin anely
gsananazUsenaumsaulaneindaudiganshiivan

P3390 WHUINUENSAREN (Platter 58 Disk) 19gau

fuvate Puluegiuauyteya

Y 9

§ a I3

ludagUuuruaiueisafian (Platter 3o Disk) gn
sonuuulivyuiieausiigs ieiiuanusilunis

'
[ =

deriudoyauaranuyteyaliiuuIndu NIMYuYedu

q

a

wsimdnseauiiiiigs agaranisinaveseiniasie
A5 wruEe uTsukasULLMANAANTT
Fuazifiou dawalvinsdstoyaianainle

Turasudureanislidavesiass (Spoilen THinuide
Sunnniignafusiiitedudufedefivesnisliavesiass
(Spoiler)

dUoeLlaes (Spoiler) Yuimdeesiusenauves
gsanadiadl ieteananuiuazusisnzvatennie
MANTUUSNALYLTs 1T By (Actuator Arm) (Gupta,
2007)

Hirono et al. (2004) lavin1snaaesdisnansznuves
ANNEIILAZAMIUAUIAILVUINAN o) VOIaUouLaDS
(Spoiler) Aan15lNF9IUYDITINYULNUIIUBISARAN

(Spindle Motor) lngldiatasinmnuduasiiousmeiaises
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(Laser Doppler Vibrometer) %31 81A21481AZ A
MUNAUTY nslindenuvesianguuiuaueinfan
(Spindle Moton aztiutudie uindudwad Ao vl
Fn31n19lvnareteiniALarnIsFuTeIiIsuLT oy
(Suspension Slider and Head) anas a3ud® FapuET
warAMUNUNIUBIEURELE0S (Spoiler) HnasgaditudAmy
fan1sldndenureiIviyuuHuIUEIsAREn (Spindle
Motor) warn1sduveeiig1ulioy LLﬁSLﬁ@L%%ﬂﬁy
Kankaew et al. (2015) laldmnauiianesdiasinisinaves
omanelugninfadiadl auin 3.5 i1 vuitugiuves
war1ansveoslna (Computational Fluid Dynamics
(CDP) nelduuusiassrnududiueiia kepsilon (k-
epsilon Turbulence Model) Ine@inu1dnsnavaininy
g1vesaUseLans (Spoiler) Aaauiiinisivavesenia
(Airflow Velocity) nannsdnasiltadudiuin anueives
aUsuiaesfiunn Ywanaaniuaisvenisivaresernie

Tuauideuas lkegawa et al. (2006) laanwlaniulalldy
dUostans (Spoiler) WulReiUUIBYY Hirono et al.
(2004) waldifiunsinvmansenuresnisldvesunemna
(Bypass) Wiundinty cuddeilaldnamansvosina (COP)
AIENTITIIRBINTIMARUUMYLINTUIAIME (Large Eddy
Simulation (LES)) wagTan21ui51ve9n1sinalaeis
AMNA18Y8IYAN (Particle Image Velocimetry (PIV))
N1599NLUUNTVAARIYENY AT Ia0INT AT I01A A
Tasuvadu 3 Uuuu Ae wuuil 1 Lildlddesunemauas
Lailgldavosians, wuufl 2 fvesuremausldlaldalen
@94, Lazuuudl 3 ddesuiowiauasiinsidalosians
vinome Yesuienaazideuunszuaeiniaeenluvou
uen @sdsegnnelusninfiardlasm) wagluandounduiii
UIUSIUTOU 9 WIURIB LT (Actuator Arm) A1ANA
NNINAABIVBNTT AU dUDBLABTILTIBANAIIILS?
Y9InsEUaRINA (Airflow Velocity) wagidsauudngdes
wewa Tnalinsduazifiouivauiienudeu (Actuator
Arm) anasiis 30%

lkegawa et al. (2011) §slaaransnisinavesainie

#78 LES kg PIV kagyinn1sveaasdass wiaUSeuiisunns

nsrarensivaveseniAkayAafuintuu gy
Weu (Suspension Slider and Head) ¥ 319UHUATY
g13ndan (Platter w3 Disk) Tuusiazdu neldnsiiuarld
TaUseiant (Spoiler) Wuin A1gean (Peak) VauTIRUIL
anaudeflavssias$ (Spoiler) fid1fey lkegawa et al.
(2011) flamwuusingmisaizuuvunisinadifllassaiiamans
Wasy (Polygonal Airflow Structure) Aatu luudaz
gegaresnmsi ails Kubotera et al. (2012) $1a89
A15lualuy LES Uu‘ﬁugwmad Dynamic Smagorinsky
Model titeAnwfisiAnuazfusulsngmsalzuuuuns
Inafiilaseadrananemasusangtn delvaumas,
Awdey, videy, wasunudey angldanuivesninudu
Funnsneiu LLasLﬁmsﬁu%wqmaamLaaw

Aruga et al. (2007) ¥insnaaesinAdy 10Ty
#runsfianain (Position Error Signal (PES)) dailusa
szysuvisisrudeuvesensafadini udsaniuih
nafildluSuiieufunaainnisiiassnenfiamesiae
waransvadlua (CDF) wuv LES laduduin snsadan
lnsiivgudsnmuiafigadu asdanissunaulgnis
duazioufiinniuse uazannsnananuTuLsadldfe

o w

MsdufeBiden (Helium) aslugnsanadiagn fiddy
AUAANAIALUATTI198 LU (Position Error) U84
WeuLleu (Suspension Slider and Head) avanaadu
athann dlowSeudisutunshdiafediden (Helum)
Kil et al. (2012) larosoninuideu0s Aruga et al.
(2007) ifloTiamzriuaziUTouiiunuanBiveinisinaids
annelanisiiuuagladuiiedidsy (Helium) lnedy
Anwriaauadeainuiivesan (Mean Velocity) wazan
auduvean1stulau (Turbulence Intensity) H1unts
$ransseneuiiamed FuiEesnuitelddnuedaiives
WU B saRan (Platter w3e Disk) tadnuasly (nner
Position) waza9uen (Outer Position) Tnsfls1uideaes
Aruga et al. (2007) liuinfiuauiigudeu (Actuator
Arm) B8z wAUITEV0 Kil et al (2012) Ieusnd
sEUIUAINas (Mid-plane) sewinaunuatusninfan

(Platter %38 Disk) Miva0euny uagldiiuszuIuioggenn
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SEuNUAINANITuNIEn 1.8 faduns nadnsilaann
U8 ve Kil et al. (2012) advayulszlevinisussy
fesideuasluansnnantasv

Tureunthilldtlnuddesuiunils Wy Bouchard and
Talke (1986) wag Aruga et al. (1984) la@nwUsTqUay
Uaniinfrediden (Helium) aslugninfadlai ioan
ﬂr:gmt,%qmmqaylﬁaﬁLﬁmmmmam’hu (Windage Loss)
Hundn auautivesineBidon (Helium) Ao fumidn
Uesidusudvass sesa1nfwlalasiau (Hydrogen) A
nlUgusaduas (Windage Pressure) fitfos wazaa1y
gy defiAnanusiausiu (Windage Loss) fitfos usiny
nilalaunfin (Dynamic Viscosity) azdlA1u1nnatennia
(Schlichting & Gersten, 2016)

Suriyasuphapong and Rojanarowan (2014) leAnwn
Hadeiidnanevendsainnisidse (Bending Defect) ve4
WU UBNIAREN (Platter 3 Disk) Mewaliadng Fnuin
(Six Sigma Technique) Uuﬁyugmmaﬁ%‘aamwumi
NAADILUULNNNBL AT UAEEIU (Fractional Factorial
Design) Tnesjaitiufitlatovesnisdiniaiosing niouts
a$eaunisanasslnaludoannifi@os (Second-order
Polynomial Regression) WaniA1UdNANUSIENI9ATLAY
seffuduUsiiniioades aul‘dq'mimqﬂﬁmmzamaqmi
HAdaseiReades

Tuodndunyuisundeou (Actuator Am) ¥i1a1u
udvafivnewes (Stepping Motor) TunsnyusIuYes
wemlufuniaiigonis lnednoulnsaaes g
wamdsiunanaeufiamed arndufidoureuldds
ﬁ‘f'ummﬁﬁaqﬂmﬁaémﬁaL%u%andal,t,aﬂ%ﬁ’sémiumi

grudoya denalfivuewmes (Stepping Motor) lagnunu

a

fieueLAeIURaINLdYs (Voice Coil Motor (VCM)) 7
a11150vM9ulasy warudueni aflueines
(Stepping Motor) (Ganssle, 2008) UoLABSUNAIALAD
(Voice Coil Motor (VM) 1Juanainiiviimiidideduls
wvunapdeudiluan egsaziBun Feondendnnisvesnis
wifloaiuaindn (Eletro Magnetic Induction) (Mueller,
2003)

Tusruddyv 09 Mungtoklang et al. (2009) uay
Rungpiputtanapong et al. (2012) I§@nwnisduaziiteu
m3oaulianna) anaduianaiaidesuiain
nsruIuniIsUsenauyadudaniuuy (Top Clamp
Assembly Process) a3g15ananlasnae35lnludied
wud Buainnsaduiinteyaasuualiuifauoines
wdreduBaduuundeuiaduang fieduda ietanis
duaziiieussninlugvinaliauna wihedufiadndy
LWURLLAS

Tua1338v0e Mungtoklang et al. (2009) agaulaans
PldSaseu 1 alufanewessiuiu 6 6 uazfinnsanda
wssndundn nisduansgnuisesniu 2 ndu Feegau
azilslasuismudugneda nguusnagdudoussdnac
100% uaznguilaosazifinussdavesanslaetuiiudves
launanineslumunn wud wsedaves
mgu&iaxé’aﬁwa&iaﬁmﬁmmamamaaﬁqmLszuﬁaﬁ Fagn

Asnansuiavziadeuddluluiianiswesansfiilasuuss

'
v A

wnniangidun dadunariliiinanaliiauna

Tuuideues Rungpiputtanapong et al. (2012) 9%
aulaangiliBngnaudnansetufaueines ndansvaas
wud1 JadeiviliiAnnsduasiieuvesauduiindoya
14w 1. swegn1sUszneuibosruivesaluiauamasify
gadudafiuuy 2. szezaudnnisduans @wnain
wselaildduany) wag 3. unuvyuidssvesununyy
vesalufaeineiddrsdanunuunideununyudes
dawansznusiensduazfiousniige

e 9 i Dabsomsi and Photong (2020) 1¢ivinnns
naaeufiomwansenuvastiadefiiefudyaramslin
(oun Arnszualnily Aussdulni Ardadelnii) deen
wsalnvosusudAduansdnludf (Automatic Screw
Robot) Tunsusznautudulnsdnvidetio lnsutsns
naaswlu 3nsdl Ao 1. n1stuangund (Normal
Tightening) 2. n159ulains9sUnUe (Screw Loose) wag
3. nMsfunuuindetangidenie (Screw Loose) aldien
doyayraunmslifinlusdaznsdleonu wudn dyayiami

Infgasluarlnilugisiusudduansdnludi@iviins

Naresuan University Engineering Journal, Vol .16, No. 7, Jan - June 2021, pp.167-187 171



NUEJ

Naresuan University
Engineering Journal

Fuangamrsavendnvagnisduangunild lnofian
nszualnfiesiinuduiusfidenlsatuaussdnuinnan
Awssnuldiwazarnidsdaidn wagaunisnisanaeels
Lé’umdamdem%dﬁ?TuLﬁauammmé’uﬂ’uéwwdwﬁw

w5aUAwaz AR LT

]
av aa 1Y

NNTNUMLITIUNTTUILIUI TuiTediiieady
gr35ananladrinarnuatesiu mudseatuiieradne iy
U8V Suriyasuphapong and Rojanarowan (2014)
Fatfundaunuanugninnan (Platter ve Disk) wazadne
TU91U 398999 Mungtoklang et al. (2009),
Rungpiputtanapong et al. (2012) way Dabsomsri and

Photong (2020) &saulanisdaang udeuideaduiiiy

v v
a o a

AnnsTudiuaUasians (Spoiler)

2.2 NIINUNINITTUNTIUAIUNMITUATIZNINITONO DN A

NTIATIERANNTIAneENAMIBLAULaTaun1TING
ludlgagninluldlunateanun (wu meindmnssules,
FenssuNIsAnLazTan, N150RNRUUNARLMT 18°) e
a5U1EANNFURUSTENINAILUTAULAE ALY IALDNIN
uaunsmsedinaans

Utainarumol and Chunumpan (2010) LA 518 %
aun1sonneunvAduduYItluNIAMUATIAIAMAKIY
fRufionsufuedmzumine Taefitadoidanunind
aulaududiuiy 6 Jads (gruvamnduiBasum)
n&1nnTinseiaelddianunainad gy
(Standard Error of Estimates) ﬁﬁaﬂqmmxﬁﬁmﬂiz?{wé
nsdadula (R) fiunngm wudt Siftes 3 Jade Téun 1.
anmviniaiing 2. Snvaznislyusslovuluiifu wae 3.
mun afuiRnauy seuuasaumandamans (GIS) gn
thunUszendlvmensuaninaiiudsuuladlunusan
wnazuUAmannLIlATINIg

Prapaporn (2019) l@Anwanuduiuddadefidunade
Usunadannoadisdmivennisnaunimasuman was
Wiuileuysednsnmeesiuudnaesenitanisanney
wiaaududulazlaTngysamiiey (Artificial Neural

LY

Network) Tunisnsestladedulaldardudsednsnnsg

fnaula (R?) uwagAn P-value vasaadaten (F-test) Tu
drureansiUieuifisunuuasdldldaduuseansnng
dadula (R) uazAr¥esazanunainindouduysaliods
(Mean Absolute Percent Error (MAPE)) fauUsfidsnase
Usinafagroads Idud 1. fuildassiadededuuns
9113 uay 2. 1

Thavorn et al. (2014) l#@nwdasefidmananisld
w&131ulW 1 (Energy Consumption) 109.A30 9/
gnlug@ (CNC Milling Machine) dvsuezailifiounay
W57 6063 (Aluminum Alloy 6063) Tnefiadedild@nu
aganaviln Ao AUSI5OU (Spindle Speed) wazdns
tou (Feed Rate) lngl435n1500NLUUAITVNIAABILUULNA
M8l5ua (Factorial Design) wui1 Anusaseuldilnane
Asldwdsaulnin ndwiniuaunisidadusgiing
(simple Linear Regression) ldgnasnsduriieldviungns
Tl Inefidnduuszansnisdndule (R wazen

o

duuszansnisdaaulafiusuaiuds (R (ad)) igelunns
PudufannudunusAInga
TuN1SVAREIMIRIUIAINTSUAIERS Snareadsed
WNAANEEEIN ANNduRUSTENISILUsAULAYAILUS
ma elallamdunuuidunsaane wu Tud a.a. 2020
U809 Thakur et al. (2020) laAnw1dnEWaves
svpznalunisaliirvesdidninsafuiuay (Pulse-on
Time) szaziarlanszualnii (Pulse-off Time) uag
seAuvanszualililn (Current) doAuvUIENIOAIY
%81URA (Surface Roughness) vulninilsusaney 6246
(Titanium Alloy 6246) fenszUIUN5BALEY (Electrical
Discharge Machining (EDM)) siaguvedianinsanslue
(Graphite Electrode) Tneilladidnn3nifuniy (Oil
Dielectric) faunisannesiiaulavienun ¢ wuy Ao 1.
AUNITLTLAUDE13978 (Simple Linear Regression) 2.
FUNIITNFUUTENOUAI8E@DIURSNS 81 (Linear
Regression with two Interactions) 3. @UN150ANDENY
wrnAn3fiass (Quadratic Regression) whag 4. @Un1s

0ANBYNYUINANTA@1 (Cubic Regression) 310N
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BATwEeEdn pnuduiusiduiuuaunisanaeeniuny
ﬁﬂ%‘ﬁaadmmxauﬁqm

Tudieafiutiu Harhout et al. (2020) l83s1vitlase
YBINTLUIUAITNANUAN AlSI 1050 HEANUNYIURD A2
sudeuitnsisefindnefuiuues Thakur et al (2020)
wafinsfiansanaunsanaesindfidecwaraunuuiiduns

387 WUI1 AUNITAANBENNUINANTNAN (Cubic

Regression) 1uaunsidfian ileuansnnuduiusues
Hadedaszite 3§ 16un Snsilou (Feed Rate), Anudn
Tuns@n (Depth of Cut) wazAMISAA (Cutting Speed)
AUAIMIIUNLIURD ﬁwiﬂgjnmmﬁwﬁwwamialﬂ
Chantasee (2017) ladnadinn1seanuuuidunsa
Aeulndnuuuinaldulnes (Face-centered Central
Composite Design) 3udunilslunalsizinovauss
(Response Surface Method) u191811A19RI1UULAS
szaztoudniiielilddnuveivintosiigalunude
avgiiiluunaningn 6061-T6 wazldaunisannegnyuy
fin3fiaes (Quadratic Regression) Wia%eyuleA1AIL

NYTUN

2.3 NuMsnATIZinITOn0eeN AR
AUNNTOANBENYAMITLA WL BN IITUIFILUTBATY

nangfmaunsauandlanail (Freund et al., 2006)
Vi = Bot BiXin + B Xip+ - Bp_1Xip-1 H &
it
= o+ Zj-:f BiXij + &
waraunsalgusglusuvesuning (Matrix Approach)

o

&
NU

Y =X B + ¢
nx1l nXppx1l nxl

1% as

migisiasaeslasiian drussanaAduysednsnis
anaey (Estimated Regression Coefficient ) @11150

A lanail (Kutner et al,, 2005)

b =xXx)1 (XY)
pX1 PXD px1

Taei

.Y1
vy ="
nx1 :
_Yn
[ Bo
B=|F
px1 :
:ﬂp—l
&
e =|7
nx1 :
| €n
1 X1 Xip Xip-1
X — 1 X2,1 X22 XZ,p—l
nxp : : :
1 Xn,l Xn2 Xn,p—l
by
b —| M
px1 :
by

i o nssvilvesyatoya e i = 1,2,...,n
p e assrilvesnduussansnisanney e

p =012, .. Wn8fl p — 1 fesrunuiulsdasy
y; Ao MuUsmunsesllsnouaues
Xi1, Xiz o Xip—1 PO MUUBATE
Bo B, Bas ) Bp—y D Andulszavsnisanassiiuiiass
bo, by, by, ., by_y AD FruszananduUsyansnisanns
g Ao mmwmmmﬂé“awﬁ'a;ﬂa‘qmﬁ i Inefl &;~N (0, 02)
Y A9 nAnesresdinusnuauin n x 1

fD NNMBSVRIANEUUTLANDNITONNBLNWIDSIVUNN
px1
X A9 LNADTUBIARILUIDETEVUIN n X p

X fAe nsualnadiunsndues X

(XX)™! Ao duisawysndves XX

£ 9 LNABSTEIAIALAIIAARILYLNA N X 1

b #o nnwesvesUssinamdulssavsnmsanasy
W p x 1

nae o AssinIdealinuaduisrNdNRLSTeY

=]

JoyasvvzlulalunisanoeeBadusinininis (Linear
Regression) 8199zt uaunisanaesnyuinfnifiaes

(Quadratic Regression) A43U# 1 ¥30aUN1INANDYNY

WMANTAEN (Cubic Regression) Aagufl 2
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toat

rises left 6 rises right

UM 1 aun1sannegnyuNanifiaes (Rumsey, 2007)
y

C o

| rises right

falls left il

3UM 2 aun1sannegnyuINanIfians (Rumsey, 2007)

AUNTOANBYNVUINANTNEBA (Quadratic Regression)
a1uns5asleuln fadl
HuUsdaTMde2:
Vi = Bo+ BiXi + BoXP + &
FMYsoaTEADIE3:
Vi = Bo+ BiXia + BoXiz + BaXP + BuXP + €
A MYTDATEA UG :

Vi = Bo+ PiXiq + BoXiz + BaXiz + PuXiy
+Bs X7, + BeXis + &

F19819U09aUNITOANBYNYUINANI &N (Cubic

'
N

Regression) L1501 UTDATZAWAT @150

[

aunslacatl

Vi = Bo+ PuXia + BoXip + BaXiz + BuXP +
+Bs Xl + BeXZ3 B, X2y + BeX, + BoXis + &

v
' Y L=|

Qzdanadiui mmﬁwiﬁmﬁmmﬁmmzﬁﬂiqﬁu
wfiTrurunatfanfiuty viliaunisoaneenyuind
mududouiiutu

Kutner et al. (2005) lana11in aunisinaluieadns
ﬁqmdm’m (High-order Polynomial Model) ﬁﬂvl,ligfﬂ,‘fjl

a

\Hesannsilanar1duussansazennuaznisuseunuan

duuszAvdluusagnatiiidntios eniussiivdngiutsuen
Tpdeyaduaunsindludivafnifgeninany
faudihdamiitanududousiverilvaiduuud
lapdsaziimnududeunis waluala1iduase a1n
nMsfnwvane 9 unud Fuuuiidanududeutosts
ylnsyiuneiianuusdugunnay (Armstrong, 2011;
Zellner
et al.,, 2001)

ImﬂﬁaiﬂLﬂmﬁv/?miﬁmimwLﬁaﬂgmwmaaaumi
annognyiAad (Rumsey, 2007; Glantz et al., 2016;
Montgomery & Runger, 2013) Aol

1. Ardudszavsnsinaule (R) Wusdndauiiduys
SaszannsnesunensiUasuLlasesinudsay Seiudn
Adulszansmssnaulaidnunn wanendulsdassuas
FruUsauiinudusiusiuinn adudszansnisiaaule
(RY) mlaannAmaulninasdesnnaes (Regression Sum
of Squares (SSR)) MITRILAMAUIN IS IdB TR
(Total Sum of Squares (SST))

2. Adudszavsmsdndulaiiufudund (R? (ad)) gn
Yrunld iiendndeardulszansnissaaule (R 4
Wuduidesannisifiusiuiuiunusdass Adulszans
msaaulafiusuAuds R (ad)) wildanafdaeses
n1san0aeLade (Regression Mean Square (MSR)) 115
FridsEenimunaas (Total Mean Square (MS,,,))

3. ANANSIEDITBIAIUAAIALAA D ULRAY (MSgror) 11
PINARAUINAISdDaIRUARIALAZY (Error Sum of
Squares (SSE)) w3awasenas tiesainarnauinids
dowasrnuAaImAdey (SSE) Wunsinarunsiudilyl
aunsaesunglaneannisannes (3efLUsdase) wn
aunNsaAneaNTnatuIEAELNAlAR AMEINTalNA
szhiuAdane tifie SSE =0 fetuaunisannosditan
Mdsaere9nUAaIAaawRdY (MS,,) Yo A3IQN
donunduduwnudoya wszAefrnunluresauns
anno8 oily 41000 INTIA0IVEIAIMEIADIBIAIY

AANALARBULAAE (MS,,,) 9£1AAUARIAAGEULINTFIY
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YBIN150An 88 (Standard Error of Regression (S)) o
vane 9 asaaeldenil

uen9nil Ssfiinausinnsfiarsandegnldlunisdaiden
wiallan1snensal (Wallace & Xia, 2014; Schniederjans
et al,, 2014; Gardiner & Reefke, 2019) uagzd1u15au
Usggndldiumsdmidenaumsnanesludesuesanuuiu
Tunsviune Ao Andeauuduysaliade (Mean Absolute
Deviation (MAD)) si3eduidssiuudauysaliade 1ileldin
nsnszanBveseyaiiliainnisieda duysaiverasing
semisAvesdayafuAnarsvasdoyayntu feeinang
oraduredeaundaviesisoguild Andeauuduysal

a8 (MAD) 984ANANLAAIALAZ DU LARN

L da X o oA «
z | ANMLNATUIIN — ATNWYINTEY |
n

MAD =

wirndsauuduysaliade (MAD) annsagnudadlsieg
TugUreaesidudnnuRanainlunisneinsalls Sendn
AfosazauAaInAduduysaliads (Mean Absolute
Percentage Error (MAPE)) 3a§ninfudnsaiidtnnay
wiugidenly

Bn1snaassiiazdady (One Factor at a Time) A9

Y

Asnaaeuladeiies 1 Jaduwintu 31 dnaseniuys
ARUANDINIB b TI9xlABuASEAUYRIUaduTUTITY
Wea lneldauladadeniodiuusdasydu 9

(Montgomery, 2017)

Tumeufioicdu defvedisnvnaesiiaztiadeiidaiau
A anAUdUtouTRINTIRTIEALasulaKa Wu  and
(2009)
Uady  (OFAT)

Hamada lonaniseldevesisnisnnassiiay
dloldlalismsvaasauardinsziou
Wudy 8 1 Suaunismnaesesianniinseaes
wuuwrinnasea  (Factorial  Design) dlefiansanaan
wiugdiviiy 2. ldanunsaussanaenveadunsisen
(Interaction) 1§ 3. laiawnsomyeiiafianls (Optimal

Setting)

v
a Ya o

nuidgadull PIdulaldnisnseaduilesiudiy
Bn1snaaesitazdade (OFAT) ndsindulaldnis
AAszviaunisannsenvau vinliandeldeveddsng

Naasiaztavy (OFAT) a4

3. msfnwanmiagliuuazdnuauzvasdym

USENNSHAN YA AS19E18NSHAAWUU TR LU R LY
Usenoussnnantasnodnaniue V daindnaiuyin
yndeududunldlunisusenauansaantasnatuiy 11
Au lneilanauviamun 32 annflou (@agun 3) udenis
o I 1 &
yiuanlu 3 @ A

AN 1 N5UTENDULHUARNNSDUTIMARBUNITYINGIU

YDILNURAN

v
a ' '

d1uil 2 N15UTENaUTUAIUATY 9 FuATesdnTaUsy
18073 (Spoiler Install) MEIdvaulaagludiuil uay

d1i 3 NsusznaurUnansanan
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= 1NN15ATIETaYALATEIINTIUAENITHARLUY
[ ] ™) @ wa a o ¢ ] | a
& Unload e Usenoudaludfvosandme V ddiui 5 dmiau
(o = o d. a 35 e °
12 i 2562 feiuil 18 Aamau 2562 vianua 14 Ju wuswau
2 S3 A VA o aa o o
< ATINATITNTRANSYIUTRANETR Aauanslugun 4
5 s2
@
5 s1
= UCRICH!
o
w A 3 S 8 8 € 28 o
« 23 1 1 ! 1 !
) 2 T
'u§ p 1
o il
- o il
N il
& M D 1
& »
E : 5
< K2 =
< B¥w
2 K1 e
2 = S
(o J B
F 8
[l i
X 1 v
i~ T
P H2 -0
) N H1 P‘ N '9
1= o
g Spoiler2 ©
G n
Spoilerl s
i %
: %
S 2 & & 3 & 8 3 2 o WY
S © © © o o © o 7y b5 0,
e & 8 R 88 &8 R & = 6'5&4,%
P /%J‘o%
S sapuanbaly %
<
= &
pm) B}
8< 5
39
u.v ¥ 2 1
® 3UN 4 unuginuslanansduiuasaiinuianain
=
i
T o - . a4 o
2 103U 4 WHUINUSIALEAITIUIUATINATOITNS
c°
© YOIEENITNANLUUUTENDUSHLUITRALAANITINURANAR
AL Ll ) FIWNULLIUDULAAITOLATOITINT LNULUIAILEAITIUIY
Lo v deiindu aviiulain wsesdnsalesians (Spoiler
Module @) - o o a o
K Controller Install) tAnn1sVinuianatnuInian lunseuiunis
JU# 3 menisudnuuudnludfdilivsznevenindadlainues Jugng
winfaui v 1nseinsaloniass (Spoiler Installation Machine) 3

wihinwazduangiiedadudiuaUssiass (Spoiler) Tu
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gnindarladn Fstudruatosiaos (Spoiler) faguii 5 18u
ssAUszneuvilslusninfardilnswenansusi v it
Humuaunszuaay lnsnisananudiaunielussafan
lasn

' ¢ a 4
HAUIUTTAATN

Waniu (Spindle) (Platter 130 Disk)

P
nlInUveu
d (Suspension Slider

and Head)

aostans
(Spoiler)

e uiou
yoImDIvARIAIFH
(Voice Coil Motor)

(Actuator Arm)

JUN 5 dnuuzuazduisesaUasiass (Spoiler)

vianeng i3esdnseuiianain vaneds veads
fintu Fslsiaenndostudetmun wasduguassasionis
USuuseusganiam (Productivity)

wiesdnsavesians (Spoiler Install) fdumounns
Ve weil

1. wvuyueus (End Effector (1)) nduadesiaes
(Spoiler) anaa (Tray) wazthauseiass (Spoiler) Tuang
figds (Presenter)

2. §hds (Presenter) ndeuilunuiuny y ethaley
1% (Spoilen) Tushumisiuvusiueus (End Effector (2))
AzuduaUesiass (Spoiler)

3. wvuYiueUd (End Effector (2) ndvavagiaas
(Spoiler) an¢as (Presenter) uazihaUssiass (Spoiler)
lunslusnsadanlaiu

4. WIUYUEA (Screwdriver End Effector (3)) nEu
angansuanguazymstuangiielviadssiass (Spoilen
Bafusninfanlaiu

INNNTANBINTZUIUNITNANVOIANUNITHAALUY

dnludAnldusenevansafadlasu f3denudn 1n3esdng

v
a o

Andsavesiass (Spoiler Installation Machine) Sty
vhlkedosdnsiinnsvhauiiananslunseuiunsduans

Snvarvostuauiitinainnisiauianainly
nIzuIUN1sTUANg AB NSTuaNFANmad (Screwdriver
Fail) n3eanggeninseduiidivun §a5Uil 6 FuAnain
wiesdnsludiuvesnvuyuoudildlunisduany

(Screwdriver End Effector) 9ud ﬂgvl,li LU

I

JUN 6 nsduangauwman (Screwdriver Fail) w3oan3gandnseaui

AU

=

oAU 1IN Ao tnsesinsalasians

v
= a

(Spoiler Installation Machine) duangivedntudualay
1803 (Spoiler) Tusnsananlaswluuwiu Geaunsainlalay
msldadulAnaesueINSTU (Screwdriver Encoder) &4

< ¢ v e v o A o '
Jugunsalleunduiilinmadussesvisedumisvesans
4. n15eniueuivg

o

Brssudumidde (Uil 7) iduneussd

1. dsnvanndagiudesuiiiormuntgmiuas
VBULYAN

2. MIMUNILTIUNTIUTIALITRS

3. Anwanmdaguiardnvasveslymiegiasiden

a. fmundadusing o ARedes wasiusuudeya

5. ndunsestladoidosiu

6. AATILNAUNITANNBENYAM UAZATIVABUAIY

Qﬂﬁ@ﬂ%@ﬁgﬂLLUUﬂ’]iV]ﬂaaﬂ
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7. fmunszdvvestiafvegamngauiieliliannu
vinaYRaangiFedng

8. anUTwuavaTUNa

#adoneuntiladnisinuadynivesuide
TagUszasd NIMUMNITIUNIIN TIAINSAnwEn N
Uaguuluudn

ndsni sl mundadeiifstostuaisulin
WB3Y84N1594U (Screwdriver Encoder) s3uTidoya N3
WATIENTRYANILANNITANNEY LazaTUNANTTITY

ANUAIRAU

| L. ﬁﬁ’mamwﬂwﬁmﬁmﬁu |
)

| 2. mynumnnssanssuiinedos |
)

| 3. dnmanwilpivsazdnvugvalym |
)

| 4. fmuailoiodn 9 uazidusivsutaya |
)

| 5. ndunsoadfadeiiioadu |
)

| 6. IATIHAUNMIDADDENY U |
|

| 7. fmuaseauveaatedavingay |

l

| 8. anlsuazaqiua |

3UN 7 Bsaniiuanuide

4.1 MuntRveuaAINIT IR AT

fanUsanuvsasaulsnauauas lawn Anduldnnes

9939n157U (Screwdriver Encoder) @aidualdnsiadu
TLYLNTOMUINUIVDIANT
ABULAALABIYDINITTU (Screwdriver Encoder) 11
¢ & 1% st & < ) YY)
ngunsalidulannessuduiduresdmiuinsseen
waginAusIEedenann1sinseEINN I UTeU
ALa9 51'5383‘vmﬂ'ﬁmuiauéfuaqma YMIAAIAINUIN

Y93aNng (MUFUN 6) awanas

AndulAnmesrenistu Jandmnegeglugg 1+
0.55 §aduAs (mm) wAnauTEnaAeInIslmdIfiann 0.45
- 0.65 fiadluns Lielinisda Spoiler lRaunMLNNTY

fauUsdaszvisatadsineatas lawa

@

sl 1. Awssda (Torque) Awssdafldduan;
Tnefiaeglugiesendng 1.48 84 1.50 Uaua (lbs)

Fausdi 2. ALY (Angle) ﬁmuﬁmﬂﬂmadﬁuﬁw (Bit)
Adduang nglaifvrsvesdiidmua

Fudsi 3. nan (Time) nanfldlunszuaunisduans
Tneisudunaidaudviadn (Bit) nuuaunseitaiadn (8iv
Tuangdisa lnedeeglurag < 4,000 Tad3ud (ms)

Faulsi 4. AgaYeYINA (Vacuum) mgjz:gfgwmﬂﬁi%
nduan3anseans nedlaedlutie 8.4 9 9.7 wne
Uraana (MPa)

FauUsil 5. A1FUNL LN Z (Screwdriver Z) N
sundanny Z vesuvusiueudaldlunisduansg
(Screwdriver End Effector) Tagdia1iv1u 240.93
Hadwns (mm)

FuUsh 6. ArszznisindouiivesianzaUssians

(Kicker Encoder) a1gunsaitaunauiinszesnisiaaou

q
v

vasfmeiiliimzdudiuaussians (Spoiler) Togly
dunisiifvuanounisduang Tnsfiawvindu 214.748
Hadwns (mm)
FauUs? 7. Arhumtanny X (X axis) A1RIWvtaLny
X veanvuusudaldlunisduans (Screwdriver End
Effector) InediAtiindu 65.89 Aadlums (mm)
FuUDATEANS 9 UIAINNITTEANANUAALTAUYDS

va

UAURNY FIMTN9U UasdAINsNIzuINnIg SIuHeTu
il

eXNpe e

39s Tnvdrulngfuusdaseiignidonuifinnsunas
anunsaslUsunsusieiUdeuele
AUAUDIA LU TIATEANY 9 Lﬂuedaﬂﬁgﬂ”lfﬁmm%a o
Yol miﬂ%’umLﬁmﬁumﬂﬁmuquLﬂ%‘laﬁﬂnﬁmﬁudw
ANuURANaInEeinty vielintuudl wazinein

AMUAIALARDUVDIFILATBIINTLDS
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£
N Y

TuamAdetl {Hdeldaulasudsi 1 fehuusd a loun
1. Ausedaldtuans

2. fuiinyuluvesiadv (Bit)

3. nanfldlunszuaunsiuang uas

4. Agyyneaildvduangainsieans

duiudsi 5 feudsi 7 fevesdeyaidudinsd

bl Uadesananiundnw

4.2 M9AUTIVTINTRYA

FAdevinisiivunudeyaisafudiudsves
wiesdnsavesians (Spoiler Installation Machine) g
TunszuIuNISTUAN3IN JSON File Tnauuadlnddsnann
undulnldiendia (Excel) Wilovinisiasizvimnaning
wdnvestlymiiliiadesdnsianisviauiinnaialy
nsgvIuNsTuang

doyaitsurnildfustasiuil 8 fugieu 2562 Fetud
12 fueneu 2562 @9lu 1 Yuifls1uautuny 1,000 Ay

] v

Tnefidoduaiuay 100 Fu Wuszesian 5 u saudeya

q

v
¢ o

MhlvAasgivianun 500 Teya a1unsauansiiegnela

fIMN5199 1
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= v v v = )
M15197 1 fedreteyadmudsnldlunszuiunisduang

Screwdriver
Product Code Torque Angle Time | Vacuum
Encoder

WX11D690N497 1.490 4004.3 | 2954 8.688 0.615
WX31D89A0DAF 1.493 4132.2 | 2976 9.300 0.986
WX31D89A0EKC 1.496 4029.6 | 2954 9.188 0.924
WX31D89A00TS 1.492 42187 | 2991 9.263 1.029
WX31D89A0CLT 1.495 40158 | 2955 9.137 0.913
WX31D89A0C27 1.498 4161.4 | 2990 9.237 1.004
WX31D89A0AF7 1.496 42552 | 3017 9.212 1.042
WX31D89A0DAY 1.493 4148.1 | 2995 9.175 0.997
WX31D89A0DXA 1.491 4326.4 | 3037 9.212 1.071
WX31D89A0EJD 1.493 4068.4 | 2971 9.137 0.95

WX31D89A0AUR 1.495 4106.3 | 2982 9.7 0.965
WX31D89A00ZN 1.491 42935 | 3026 9.212 1.05

WX31D89A0CY6 1.491 4094 2965 9.2 0.932
WX31D89A0CLC 1.498 4176.7 | 2993 9.15 0.995
WX31D89A0E25 1.491 39953 | 2950 9.2 0.901
WX31D89A0ACP 1.493 4132.6 | 2982 9.237 0.971
WX31D89A0A5D 1.493 41979 | 2997 9.188 1.01

WX31D89A0C11 1.488 4114 2979 9.15 0.954
WX31D89A0AT7L 1.496 4018.8 | 2961 9.2 0.92

WX31D89A0CT75 1.494 3982.3 | 3230 9.15 1.126
WX31D89A0CUH 1.495 4107.7 | 2983 8.962 0.76

WX31D89A0A95 1.493 3968.2 | 2942 8.875 0.692
WX31D89A0DID 1.492 40379 | 2961 9.137 0.725
WX31D89A0F4) 1.493 3996.4 | 2950 9.05 0.701
WX31D89A0E48 1.499 4084.6 | 2978 9 0.763
WX31D89A0F7C 1.495 4282.4 | 3022 9.075 0.869
WX21D690LUTC 1.496 4283.3 | 3027 8.988 0.858
WX31D89A0V82 1.495 4220.8 | 3001 9.125 0.794
WX21D690L8CU 1.496 4256.5 | 3019 9.125 0.831
WX21D690L4HZ 1.494 4228.1 | 3000 8.787 0.829
WX31D89A0AV7 1.493 4176.6 | 2988 8.787 0.768
WX21D690L13D 1.500 4086.5 | 2963 9.025 0.666
WX21D690LJZD 1.493 42970 | 3015 9.175 0.771
WX21D690L2XS 1.495 4368.7 | 3032 9.137 0.821
WX21D690LJF6 1.494 4161.2 | 2991 9.175 0.720
WX31D89A0F2Z 1.496 4067.1 | 2972 9.025 0.736
WX21D690LF80 1.493 4021.5 | 2949 8.838 0.701
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i1 38n15duf0819uU VY (Simple Random
sampling) #gnltlunsiiuteya dndnnisiidrdy Ao
yin 9 susnilu 1 fussdlenagnidenirfuiiensisasy
ANURANaIAnIaTauNNIee lagldlusunsudidunuiies
Fu 17 (Minitab 17.0) a5 19uasduMINEIavTUNLTLIN

M131971 1 wansfegnaveadoyafignduuazudading
JSON File unduldiondisa (Excel) lunaduiusn 2z
JuiinsWavenandue aeduida q luasidurivess
uUsBaseita 4 Jade uazadaudsnu (ufio audulda

nesveansiu) 1wy Teyananfusisionisusniigngs
Fuunilsa WX11D690NG9T IngiiAuselnldduansg
(Torque) 1.490 Uaust Angiivisyluvowiadn (Bit) Wity
4004.3 seURBNT (rpm) Nandldlunszurunsiuang
2954 §ad il Laz m'ngzyzyﬁmﬁﬁiﬁi’f‘wauaﬂgf-\nﬂiwaﬂg
8.688 wnyUnanAia vilrldandulAnmesyasnisdu

WU 0.615 dagluns

4.3 m3nsestlavenlanunigdsnisnnaadiastave

v o

198LarNN5IATIETANULUTUSIU (ANOVA) 98967

Y

o

wUsBasziie 4§ iledesnsnsuanuduiussenine
wsBaszriufuUsn Ikadssuil 8 wavannsodinsigh
M30n0YLTLdUad19d1Y (Simple Linear Regression) 1A
Fapnsn9di 2
nan1sItAsIERn1snsesdadeidosduseninetauds
dasyiudInUsnnu aziuinaussda (Torque) laidl
AnuduRusSAuandulAnnesveIn1stu (Screwdriver
Encoder) w512ilA1 P-Value winfu 0.705 Jsunnin
suted1fey 0.10 wazAduuszaninisdadula (R)
Wi 0.03% 1118A1431 dunIsanaesfilduszne
lalgunsneSunrenuulsUT TR ILUSAINMS aALEU
Ténnosuaanisdu (Screwdriver Encoden) 1¢ fatfuide

U v '

Juindayavesruseda (Torque) 89NINNITIATIZWLY

v
[

Junouroly WipanALTULRUNNTIATIZYIA

a a ¢ o & o
M13199 2 wan1TiAsIzinisnsestiateilosnu

. P-Value for | AnduUsednsns
mus sULUUANATS
N Regression findula (R
Ausedn Y =244 -1.12X, 0.705 0.03%
(Torque: X,)
ﬂ"m‘ll Y =-2.309 + 0.000738 X, 0.000 28.15%
(Angle: X,)
1A Y =-4.0088 + 0.001586 X4 0.000 83.27%
(Time: X5)
AgaaInIA | Y = -1.199 + 0.2163 X, 0.000 4.57%
(Vacuum: X,)
Source DF  Adjss Adj MS F-Vaiuelr ;-;aTu; )

Regression 1 00033 0.003314 0.1 4: 0.705
Torque 1 00033 0.003214 0.14; 0.705

Error 486 11.2029 0.023051
Lack-of-Fit 10 00693 0.006929 0.30 0.982
Pure Error 476 111336 0.023390

Total 487 11.2062

1) NMTAATIZRANLUTUTIVVRIALTITA (Torque)

e

Source DF  AdjSS AdjMS F-Value: P-Value :
Reqression 1 31550 315504 190451 0,000 :
Angle 131550 315504 190.45:\ 0.000 |
Error 486 80512 001657

Lack-of-Fit 462 7.7859 0.01685 1.52 0.106
Pure Error 24 02653 0.01105
Total 487 11.2062

) NMTBATIRANULUTUTINVRIALN (Angle)

- -

Source DF  AdiSS AdiMS F-Value, P-Value !
Regression 1 93314 933136 2418.85: 0.000 :
Time 1 93314 933136 2413.85[ 0.000 E
Error 486 18749 000386

Lack-of-Fit 141  0.5421 0.00384 1.00 0.506
Pure Error 345  1.3328 0.00386
Total 487 11.2062

A) NFIATIZVAIULUSUTINVDIAT (Time)

Source DF  AdjSS AdjMS F-Value’ P-Value |
Reqression 1 0.5116 0.51157 23‘25: 0.000 :
Vacuum 1 05116 051157 2325, 0000 :
Error 486 106947 0.02201 s

Lack-of-Fit 60 2.1831 0.03638 182 0.000
Pure Error 426 85116 0.01998
Total 487 11.2062

) MIIATIERANULUTUTINTRIAGYAINTA (Vacuum)

3U# 8 wansiAsgriauulsuTiukuunseaesiiazlade (One

Factor at a Time)
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4.4 MINATIFVAUNITONDBLNY AN

INNISNUNIUITTUNTTY WU AUFURUTTENIN96

a £

wUsdaszAumndsauevazliladunisannssdaudu

1 v
= a Ya v v

fin3fndls (Linear Regression) flauulusuided didela

U

Qe

a ' o

@UNFFINI MuUBasENEINe1zllnuENRUSH

3

AdulAaLmasyaInsTudukuuannistnaludluafnia
) o v
anaviseaunle
aw & &
aun1sanneenyaalunuidedavuiady 5 Unuy

Taeilfin1a1neuideaes Thakur et al. (2020) wa

v
v

Harhout et al. (2020) nyu

sULUUT 1 A aunsidadueeinsine (Simple Linear
Regression)

SULUUT 2 Ao aumsiBadulszneudisaesduns
381 (Linear Regression with two Interactions)

sULUT 3 A aunsiBadulseneueaosuaza
8UnIA3817 (Linear Regression with Two and Three
Interactions)

sUuUU# 4 Ao aunisannesnyuINAnIfids
(Quadratic Regression)

sULUUT 5 #e aunsamnesmyuNAnIfiatu (Cubic
Regression)

1NN1TONLUUNIITNAGDUFULUUYBIANNITOANY
wgn Wiefnwmnuduiussninafuysdasyfusiuys

AU ANN50aTURALARINNTIN 3

INAITNUNIUITIUATTN LNUTNITRIITUNREN
sULuuvesannIsanneenyan (Rumsey, 2007; Glantz
et al., 2016; Montgomery & Runger, 2013) figtail

1. QQWﬂﬁﬁﬁuﬂizﬁwéﬂﬂiﬁmﬁuia (RY) wagan
Ssydvimadinaulafiusudiuds (R% (ad)) degadig

2. AnadeanuianaInmasdss (MS, ) 991NA1519
M5AATEsiALLUTUTIU (ANOVA) Hetfeniign

3. gAnduuszavisveusiaznatl Inefidnduyssavdues
winznadldaisgnitasgidndanviiiugud (Sudasna-
Na-Ayudthya and Luangpaiboon, 2008)

4. wi%ﬁmwué’uymﬁm?iﬂ (Mean Absolute Deviation
(MAD)) vasA1A111AaInLARBY (Wallace & Xia, 2014;
Schniederjans et al., 2014; Gardiner & Reefke, 2019)

Tumadeiilalimindosmnrunanndeunsludos
YOI IEvaIRINAAINAREWRRY (MS,) Way Al
Lﬁmwué’myﬁail,aﬁlﬂ (MAD) ve3ANLAaTIALAGBY Lile
W@onAluuNIsAdaAIans (Mathematical Model) 1%
wnzELB Ty

9ne571971 3 aziuldimngunuuaz sl

N

Yaemduuszansnisandula (RY) wazarduusz@ndnng
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