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Abstract

The purposes of this research are to study the effects of Muay Thai massage, stretching and sitting
on recovery rest of resting heart rate, legs strength and flexibility between set in male’s Sepak Takraw player
Surindra Rajabhat university. The sample group was 12 male; Sepak Takraw Player in Surindra Rajabhat
University and the player were divided into 3 equal groups by simple random sampling method, and then
studied on recovery rest between set of 3 methods, including Muay Thai massage, stretching and sitting.
The same sample group conducted all 3 methods in experiment and each experiment was spaced 1 week
apart, tested the measured resting heart rate, legs strength and flexibility after each training section. The
data were analyzed using mean, standard deviation, one-way analysis of variance with repeated measures,
and compared the differences in pairs. When a significant difference was found, Tukey’s post-hoc test was
applied for pair-wise comparisons, the statistical significance was set at .05 level. The results showed that

recovery through Muay Thai massage, stretching, and sitting can effectively reduce resting heart rate.

Journal of SciTech-ASEAN 1
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However, no statistically significant differences were found in leg strength and flexibility at the .05 level.

Coaches may implement these recovery methods in Sepak Takraw to help lower athletes' heart rates.

Keywords: Muay Thai massage, Stretching, Recovery, Sepak Takraw Player

1. Introduction

Sports are a fundamental factor of paramount importance in human resource development, as
evidenced by the fact that every country promotes and encourages its citizens to engage in sporting
activities (Millour et al., 2025). Sepak Takraw has a long history of play. Matches are decided in a best of
three sets format, where the team that wins two sets first is declared the winner. Consequently, the recovery
process between sets is of paramount importance. If athletes can recover quickly, it provides a significant
advantage in the subsequent set, shorter recovery durations resulted in a decrease in mean leg power and
calorie expenditure, but led to a higher Rating of Perceived Exertion (RPE) compared to longer recovery
periods (Rogers et al.,, 2024). Recovery is the application of specialized techniques, or a combination of
multiple methods, aimed at accelerating the restoration process to reach full recovery as quickly as
possible. It is the process of returning an athlete to a state equal to or better than their previous
psychophysiological baseline or performance level (Vatne et al., 2025).

Currently, scholars have conducted various studies on recovery methods for different types of
athletes. Massage therapy is one such method used for recovery; specifically, Deep Tissue Massage Therapy
has become highly popular among athletes and professionals. It focuses on achieving results in enhancing
physical performance and accelerating bodily recovery (Arsovski, 2025). In addition, Muay Thai Massage
employs a dynamic technique of rhythmic squeezing, kneading, and pressing at a brisk pace, rather than
applying heavy pressure throughout the body. This approach effectively releases muscle tension; it
temporarily displaces blood from the vessels, and as pressure is released, a fresh surge of circulation returns
to the area, promoting a profound sense of relaxation (Thongnum, 2025). Stretching has also been utilized
as a recovery method, offering numerous physiological benefits. It helps reduce Delayed Onset Muscle
Soreness (DOMS) after exercise. Furthermore, stretching is widely recognized for its role in fatigue recovery
and is commonly used to increase the Range of Motion (ROM) of joints and reduce muscle tension
(Daneshjoo et al., 2024). All of the aforementioned methods are highly beneficial to athletes. It is widely
believed that active recovery promotes the restoration process by accelerating the body's return to
homeostasis after competition. This process alleviates faticue and muscle soreness, replenishes energy
levels and physical performance, and enables athletes to tolerate higher training volumes ultimately leading
to improved overall efficiency (Sedano & Izquierdo, 2025).

For these reasons, it was found that the majority of studies focus on post competition recovery,
while the effects of recovery methods during active competition in Sepak Takraw athletes have not yet
been studied. Consequently, the researcher is interested in studying the effects of Muay Thai massage,
stretching, and sitting on recovery between Set in Male’s Sepak Takraw Player Surindra Rajabhat University.
The objective is to determine which method and format facilitate the fastest and most effective recovery
for Sepak Takraw athletes during the two minute between set. The findings will serve as a practical guideline
for athletes at all levels and effectively integrate sports science recovery principles to enhance the
development of the Sepak Takraw community. Based on a review of the literature and relevant studies,

the conceptual framework for this research is summarized as follows:
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Male’s Sepak Takraw Player

—»| Pre-experimental test
A\ 4

Practice Sepak Takraw based on positions

¥
Recovery during a 2-minute rest.

v Y
Muay Thai massage Stretching Sitting

|
v

Post-experimental testing includes resting heart rate, leg strength, and flexibility.

Figure 1. Conceptual Framework of the Study

2. Materials and methods
2.1 Participants

The sample size for this research was 12 male Sepak Takraw players from Surindra Rajabhat
University who participated in the 48th Thailand University Games, selected using Purposive Sampling.

Inclusion criteria for this study were Sepak Takraw players of Surindra Rajabhat University who
participated in the 48th Thailand University Games, no injuries in the past 6 months and provision of written
consent.

Exclusion criteria for this study were history of recent surgeries or injuries (including injuries to
the legs, ligaments, or joints) within the past 12 months and It is a serious contagious disease.

2.2 Research Instruments

2.2.1 The Muay Thai Massage Program (Thongnum & Eungpinichpong, 2016): The Muay Thai
massage protocol lasted 2 minutes in total. Participants were seated on a chair while water was applied to
the skin. The massage technique involved rhythmic squeezing, kneading, and pressing at a fast pace, without
applying deep pressure, covering all body parts from the head, arms, and torso to the legs for 1.30 minutes.
The remaining 30 seconds consisted of static stretching for the arms and legs, respectively.

2.2.2 The Stretching Program consists of the following:

1) Shoulder Stretch

2) Triceps and Lateral Trunk Stretch
3) Upper Back Stretch
4) Quadriceps Stretch
5) Calf Stretch
6) Knee-to-Chest Stretch
7) Toe-up stretch
8) Adductor Stretch
9) Hamstring Stretch
10) Thigh and Back Stretch

Journal of SciTech-ASEAN 3
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2.2.3 TKK Analog Leg Dynamometer (reliability = 0.89)

2.2.4 FBT Sit and Reach Box (reliability = 0.91)

2.2.5 Heart Rate measurement tool: Stethoscope (reliability = 0.89)

2.2.6 Weighing Scale

2.2.7 Stadiometer

2.2.8 Data Recording Form

2.3 Procedure

This study employed a quasi-experimental design with repeated measures. This research study
has been approved by the Surindra Rajabhat University Institutional Review Board with approval number
HE 642014.

2.3.1 The researcher submitted a formal letter requesting permission to conduct the research
and use the facilities for data collection to the Dean of the Faculty of Education, Surindra Rajabhat
University.

2.3.2 The researcher explained the research objectives, procedures, and duration, as well as
the Muay Thai massage program and the 10-position muscle stretching program to the participants to ensure
strict adherence to instructions. Furthermore, the researcher detailed the participants' rights and benefits,
including the right to confidentiality and the right to accept or decline participation, ensuring that the
decision to participate was made voluntarily.

2.3.3 The participants were divided into three groups to study three different types of inter-
set recovery. Numbers 1-12 were written on slips for a random draw to assign participants to their respective
experimental groups. Using a repeated measures design, the same set of participants was divided into three
subgroups, and each group rotated through all three experimental conditions until they had completed all
three trials, as shown in Table 1.

Table 1. Shows the three types of post-competition recovery for each group.

Sample Group Trial 1 Trial 2 Trial 3
Group 1 (Nos. 1-4) Muay Thai massage stretching Sitting
Group 2 (Nos. 5-8) stretching Sitting Muay Thai massage
Group 3 (Nos. 9-12) Sitting Muay Thai massage stretching

The same group of participants performed all three experimental protocols, with each
trial separated by a one-week washout period.

2.3.4 Prior to the experiment, baseline measurements were recorded, including weight,
height, resting heart rate, legs strength, and flexibility.

2.3.5 The participants performed Sepak Takraw practice by simulating an actual competition,
regardless of whether the ball remained in play or was out of bounds. The procedures are as follows:

1) For the server position, the player performed 3 continuous serves (from a teammate's
toss), alternating with receiving 3 balls hit by a coach using a tennis racket. This combined sequence was
counted as 1 repetition. The players completed 4 repetitions per set, with a 2-minute rest interval between
each of the 3 sets.

2) For the setter position, the coach used a tennis racket to hit 3 balls for the player to
set continuously, alternating with receiving 3 balls also hit by the coach. This sequence was counted as 1
repetition. The players completed 4 repetitions per set, with a 2-minute rest interval between each of the

3 sets.
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3) For the attacker position, the coach hit balls with a tennis racket to the setter or
server, who then set the ball for the attacker to perform 3 continuous attacks at the net. This was alternated
with receiving 3 balls hit by the coach. This combined sequence was counted as 1 repetition. The players
completed 4 repetitions per set, with a 2-minute rest interval between each of the 3 sets.

2.3.6 During the rest interval of each set, the resting heart rate, legs strength, and flexibility
were recorded immediately after completing the Sepak Takraw drills. Following this, participants underwent
a 2-minute recovery period according to their randomly assigned method. A second measurement was then
recorded. This process was repeated for the second and third sets, with data collection following the same
procedure as the first set.

2.3.7 Each participant was required to complete the Sepak Takraw drills and all three
recovery protocols over a total of three trials. Each trial was separated by a one-week interval, during which
participants were instructed to avoid high-intensity exercise or strenuous sports.

2.3.8 The results were recorded for subsequent statistical analysis.

3. Result

This research aims to investigate the effects of Muay Thai massage, stretching and sitting on recovery
rest of resting heart rate, legs strength and flexibility between set in male’s Sepak Takraw player Surindra
Rajabhat university. The results of the data analysis are as follows:

3.1 The participants in the group 1 had a mean weight of 64.00 + 9.49 kg and a mean height of
172.50 = 7.94 cm. Group 2 had a mean weight of 66.50 + 3.32 kg and a mean height of 171.50 + 2.65 cm,
while Group 3 had a mean weight of 65.50 + 3.70 kg and a mean height of 172.00 + 4.69 cm in Table 2.

Table 2. The mean and standard deviation of the participants’ baseline in the study.

Weight Height
Group
Mean S.D. Mean S.D.
Group 1 64.00 9.49 172.50 7.94
Group 2 66.50 3.32 171.50 2.65
Group 3 65.50 3.70 172.00 4.69

3.2 After the first experiment, it was shown that no statistically significant differences at the 0.05
level in recovery of resting heart rate, legs strength, and flexibility between sets among male’s Sepak Takraw

Player at Surindra Rajabhat University across Group 1, Group 2, and Group 3 after the first trial in Table 3.

Table 3. This table shows a comparison of the effects of Muay Thai massage, stretching, and sitting on the
recovery of resting heart rate, legs strength, and flexibility in Male’s Sepak Takraw Player at Surindra Rajabhat
University after the first trial among groups 1, 2, and 3.

List SS df MS F Sig.
Resting heart rate
Between Groups 462.50 2 231.25 3.68 0.07
Within Groups 581.75 9 64.64
Total 1044.25 11
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Table 3. This table shows a comparison of the effects of Muay Thai massage, stretching, and sitting on the

recovery of resting heart rate, legs strength, and flexibility in Male’s Sepak Takraw Player at Surindra Rajabhat

University after the first trial among groups 1, 2, and 3. (Cont.)

List SS df MS Sig.
Legs Strength
Between Groups 0.00 2 0.00 0.00 0.99
Within Groups 1.74 0.19
Total 1.74 11
Flexibility
Between Groups 4a.17 2 2.08 0.13 0.88
Within Groups 146.50 16.28
Total 150.67 11

3.3 Following after the second trial, it was found that the recovery between sets of resting heart

rate among Group 1, Group 2, and Group 3 was statistically significantly different at the .05 level. Meanwhile,

leg strength and flexibility showed no statistically significant difference at the .05 level (Table 4). Therefore,

a pairwise comparison of heart rate after the second trial among Group 1, Group 2, and Group 3 was

conducted using Tukey's method, as shown in Table 5.

Table 4. This table shows a comparison of the effects of Muay Thai massage, stretching, and sitting on the

recovery of resting heart rate, legs strength, and flexibility in Male’s Sepak Takraw Player at Surindra Rajabhat

University after the second trial among groups 1, 2, and 3.

List SS df MS F Sig.
Resting heart rate
Between Groups 513.17 2 256.58 4.28* 0.04
Within Groups 539.50 59.94
Total 1052.67 11
Legs Strength
Between Groups .02 2 0.01 0.05 0.95
Within Groups 1.73 0.19
Total 1.75 11
Flexibility
Between Groups 56.00 2 28.00 1.65 25
Within Groups 153.00 17.00
Total 209.00 11
*p<0.05
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Table 5. Presenting the results of the post-hoc pairwise comparison of heart rates after the second
experiment between Group 1, Group 2, and Group 3 using Tukey's method.

Group Mean Difference Sig.

Group 1 vs Group 2 15.50* 0.04

Group 1 vs Group 3 4.25 0.73

Group 3 vs Group 2 11.25 0.16
*p<0.05

According to Table 5, the post-hoc pairwise comparison of resting heart rates after the second trial
revealed a statistically significant difference between Group 1 and Group 2 at the 0.05 level.

3.4 After the third trial, the recovery between sets of resting heart rate among Group 1, Group 2,
and Group 3 was statistically significantly different at the .05 level. Meanwhile, leg strength and flexibility
showed no statistically significant difference at the .05 level (Table 6). Consequently, Tukey's post hoc test
was performed to determine the pairwise differences in resting heart rate among Groups 1, 2, and 3 after
the third trial, as shown in Table 7.

Table 6. This table shows a comparison of the effects of Muay Thai massage, stretching, and sitting on the
recovery of resting heart rate, legs strength, and flexibility in Male’s Sepak Takraw Player at Surindra Rajabhat
University after the third trial among groups 1, 2, and 3.

List SS df MS F Sig.
Resting Heart Rate
Between Groups 592.67 2 296.33 7.15% .01
Within Groups 373.00 9 41.44
Total 965.67 11
Legs Strength
Between Groups .02 2 .01 .07 94
Within Groups 1.45 9 .16
Total 1.47 11
Flexibility
Between Groups 52.17 2 26.08 1.50 .28
Within Groups 156.75 9 17.42
Total 208.92 11
*p<0.05

Table 7. Presenting the results of the post-hoc pairwise comparison of resting heart rates after the third

experiment between Group 1, Group 2, and Group 3 using Tukey's method

Group Mean Difference Sig.

Group 1 vs Group 2 16.00% .02

Group 1 vs Group 3 2.50 .85

Group 3 vs Group 2 13.50% .04
*p<0.05
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Table 7 indicates that after the third trial, there were statistically significant differences in resting

heart rate (p<0.05) between group 1 and group 2, and between group 3 and group 2.

4. Discussion

The hypothesis stated that the Muay Thai massage, stretching and sitting have significantly different
effects on recovery resting heart rate, legs strength and flexibility between set in male’s Sepak Takraw
player Surindra Rajabhat University.

4.1 Resting heart rate

This finding supports the proposed hypothesis, the research findings revealed that after the

second experiment, there was a significant difference between Group 1 (stretching) and Group 2 (sitting).
Furthermore, after the third experiment, significant differences were observed between Group 1 (sitting) and
Group 2 (Muay Thai massage), as well as between Group 3 (stretching) and Group 2 (Muay Thai massage).
Specifically: after Sepak Takraw athletes have completed the prescribed training program, the heart will
work harder. With consistent training, heart rate will undergo physiological changes, as noted by Benavides-
Roca et al. (2025) concluded that Resistance Training (RT) and High-Intensity Interval Training (HIIT) result in
immediate significant changes in blood pressure and heart rate variability. Notably, HIIT demonstrates a
more pronounced impact on autonomic nervous system adaptation, which is consistent with the findings
of Guo & Wang (2025) stated that regular exercise, performed for 30-40 minutes per session with a frequency
of 3-5 times per week, significantly improves blood pressure and resting heart rate. Furthermore, Yunus et
al (2023) found that incorporating aerobic exercise into the treatment process can help reduce resting heart
rate in patients with chronic stroke, as noted by Deng et al. (2024) found that exercise training has positive
effects on heart rate variability, resting systolic blood pressure, and heart rate in patients with hypertension,
which is consistent with Song et al. (2025) concluded that both High-Intensity Interval Training (HIIT) and
Moderate-Intensity Interval Training (MIT) can similarly improve Heart Rate Recovery (HRR) in patients with
coronary heart disease in the short term, which is also consistent with Edwards et al. (2023) stated that
various forms of exercise training can help reduce resting blood pressure, particularly Isometric Exercise,
which is consistent with the findings of Chauhan & Kumar (2023) discovered that regular exercise can lead
to improved cardiovascular health, as measured by a decrease in heart rate, which may result in more
efficient cardiac function. Furthermore, Yasuda & Kubo (2024) concluded that the significant reduction in
heart rate observed during static stretching was not associated with changes in blood circulation within the
tendons and muscles. Similarly, Ahirvar & Pathak (2024) concluded that active recovery is significantly more
effective than passive recovery. Consequently, it is recommended that after exercise or physical activity,
athletes should utilize active recovery techniques to facilitate a more efficient reduction in heart rate.

4.2 Legs Strength

The results did not support the stated hypothesis. This is because leg strength increases or

decreases depending on a training program using an intensity of 80% of the maximum capacity for each
exercise over a period of 6 — 8 weeks, as stated by Maliki et al. (2025) concluded that plyometric training
yields better results than the control group, and bodyweight training can increase the peak power of leg
muscles in youth volleyball players. Consequently, all three recovery methods could not increase or
decrease leg strength, which is consistent with Mpampoulis et al. (2024) concluded that training only once
a week (or once every two weeks) for a period of 3 months may help maintain muscle mass or strength
adaptations and aerobic power gained from systematic concurrent training (a combination of endurance

and strength training) at 90% to 95%, which is consistent with Zhang et al. (2025) found that post-exercise

Journal of SciTech-ASEAN 8



‘JSJLA‘ Volume 6 Number 2 (July-December 2026)

stretching, when used as the sole recovery method, did not significantly improve muscle soreness, strength,
physical performance, flexibility, or pain levels.
4.3 Flexibility

The results did not support the hypothesis. This may be attributed to the fact that the sample
group underwent a warm-up session involving stretching prior to training. Generally, all types of exercise
enhance flexibility, thereby increasing the range of motion and preventing injuries. Therefore, recovery using
the aforementioned methods resulted in no significant difference in the flexibility of the sample group, as
noted by Pranoto et al. (2025) stated that this study confirms that

regular exercise significantly improves flexibility, particularly in athletes, which is consistent
with the findings of Alimoradi et al. (2023) concluded that incorporating calf muscle stretching into regular
training routines can provide benefits to female soccer players in terms of performance variables, as noted
by Hidayatullah et al. (2022) explained the study findings that both passive tactical stretching and PNF
(Proprioceptive Neuromuscular Facilitation) can increase flexibility. However, empirical evidence indicates
that PNF stretching is more effective in improving flexibility, which is also consistent with the findings of
Favro et al. (2024) concluded from the experimental results that Resistance Training can be utilized as a
strategy to improve joint flexibility. Specifically, high-intensity resistance training yields better results in
increasing body flexibility. Furthermore, Hosseini et al. (2025) specified in the research that both NHE (Nordic
Hamstring Exercise) and DHS (Dynamic Hamstring Stretching) have positive effects on muscle performance,
range of motion, balance, and agility. However, NHE has been proven to be more effective in developing

these various variables compared to DHS training.

5. Conclusion and suggestions

The study results indicate that all three recovery methods effectively reduce heart rate between
set. Consequently, coaches and trainers can implement Muay Thai massage, stretching, and sitting as
recovery protocols for Sepak Takraw athletes across all levels of competition. However, a limitation of this
study is that the recovery methods were conducted within a timeframe of only two minutes. Consequently,
applying these methods to other sports with longer or shorter rest intervals must be carefully considered

and adjusted accordingly to ensure maximum benefit for the athletes.
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Abstract

The transition toward an aging society among LGBTQ+ individuals in rural communities has received
increasing attention; however, empirical evidence regarding psychosocial factors related to happiness and
later-life readiness remains limited. This cross-sectional analytical study aimed to investigate factors
associated with happiness and aging preparation among LGBTQ+ individuals in rural communities. The
participants comprised 220 LGBTQ+ individuals aged 40 years and older residing in rural communities of

Sisaket Province, Thailand. Participants were recruited via snowball sampling through trust-based social
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networks. Data were collected using a self-administered questionnaire that demonstrated acceptable
content validity (I0C = 0.88) and reliability (Cronbach’s alpha = 0.87). Data were analyzed using descriptive
statistics, Pearson’s product-moment correlation coefficient, and backward stepwise multiple regression
analysis. The findings revealed that family support was the only factor significantly associated with happiness
(B = 0.376, p < 0.001), accounting for 14.2% of the variance (R? = 0.142). By contrast, social relationships
were the only factor significantly associated with aging preparation (B = 0.168, p = 0.012), explaining 2.8%
of the variance (R = 0.028). The findings suggest that within rural contexts characterized by limited welfare
systems and structural support, family acceptance and social relationships may function as important
psychosocial resources supporting emotional security and later-life readiness among LGBTQ+ individuals.
Furthermore, the findings may provide empirical evidence for the development of health education
processes, community health promotion, and socially supportive environments that facilitate quality aging

among LGBTQ+ populations in rural Thai communities.

Keywords: Happiness, Aging preparation, LGBTQ+, Psychosocial well-being, Community health promotion

1. Introduction

Over the past decade, gender diversity and the human rights of sexual and gender minority
populations have become increasingly visible within legal, policy, and public discourse. However, the
development and implementation of inclusive legal and social policies remain uneven across countries,
reflecting both advances in rights recognition and continuing sociopolitical contestation (Langarita
et al., 2025; Queiroz et al., 2026). Nevertheless, LGBTQ+ individuals, particularly those entering later life,
continue to experience persistent health disparities and psychosocial vulnerabilities rooted in long-standing
structural inequalities and cumulative minority stress across the life course (Fredriksen-Goldsen et al., 2017;
Frost & Meyer, 2023). In the fields of health education and sport science, healthy aging is increasingly
understood not merely as the absence of disease but as the capacity to sustain active living, psychosocial
stability, meaningful social participation, and long-term engagement in movement and recreational
activities. Emerging evidence suggests that prolonged exposure to discrimination, identity concealment, and
chronic vigilance may progressively undermine psychological well-being, social participation, and movement
engagement among LGBTQ+ older adults (Pistella et al.,, 2024). Such experiences may also contribute to
broader biopsychosocial deterioration across the life course, including elevated psychological distress, social
withdrawal, and accelerated health vulnerability (Christian et al,, 2021; Christian et al., 2025). In many
physical activity and recreational settings structured around rigid gender binaries, LGBTQ+ individuals may
experience discomfort, exclusion, or psychological distress that further suppresses participation and long-
term movement engagement (Pistella et al., 2024; Antoniucci et al.,, 2026). Furthermore, concerns regarding
discrimination and inadequate understanding among healthcare providers may discourage LGBTQ+ older
adults from accessing health services and health promotion resources, thereby increasing vulnerability to
chronic illness, depression, and social isolation compared with the general older adult population
(Fredriksen-Goldsen et al., 2013; Westwood, 2020).

In Thailand, despite progressive policy developments such as the enactment of the Marriage
Equality Act in 2024, disparities in social acceptance and health support systems remain evident, particularly
within rural communities where traditional gender norms and heteronormative expectations continue to
shape everyday life. Recent Thai studies have reported ongoing experiences of interpersonal and

environmental microaggressions, stigma, discrimination, and depressive symptoms among LGBTQ+
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populations despite increasing public visibility and legal progress (Yodlorchai et al., 2024; lamko & Boonnun,
2021). This situation reflects a form of policy lag in which legal advancement has progressed more rapidly
than the adaptation of local health promotion systems, recreational environments, and community-based
support structures. In many rural areas, LGBTQ+ individuals continue to experience pressure to conceal
their identities to avoid stigmatization and social judgment, which may function as a chronic proximal
stressor throughout the life course (Whitehead et al.,, 2016; Pachankis et al., 2020). Limited access to
inclusive recreational spaces, social support networks, and health promotion resources may further reduce
opportunities for psychosocial participation and active aging in later life. Moreover, many rural communities
in Thailand continue to rely heavily on informal caregiving systems centered on family obligation and kinship
relationships, potentially creating additional emotional strain for LGBTQ+ adults who experience fragile
family relationships or social exclusion. These conditions are particularly significant within the context of
Thailand’s rapidly aging society, where successful aging increasingly depends not only on formal welfare
systems but also on the quality of local social support and opportunities for meaningful community
participation.

Consequently, Sisaket Province was purposively selected as the study setting because it reflects
several structural characteristics commonly found in rural areas of Northeast Thailand. The province remains
strongly connected to extended family traditions, local cultural expectations, and community-based social
relationships that position children and family members as primary caregivers in old age. Such expectations
may create additional challenges for LGBTQ+ individuals who do not have biological children or who
experience strained family relationships, resulting in heightened concerns regarding long-term support and
caregiving in later life. In parallel, the migration of working-age populations toward urban centers has
contributed to increasing self-reliance among older adults remaining in rural communities. Sisaket Province
also represents a predominantly agricultural society characterized by relatively limited access to specialized
healthcare services, formal welfare infrastructure, and inclusive recreational resources compared with major
urban areas. These contextual conditions may heighten vulnerability among LGBTQ+ adults transitioning
into older age, particularly those with limited economic resources or restricted access to supportive social
environments. From health education and sport science perspectives, such conditions are not merely social
circumstances but ecological factors capable of influencing health behaviors, psychosocial adaptation,
participation opportunities, and readiness for active aging in later life. Within these contexts, supportive
social relationships, inclusive recreation, and community participation may function as important
psychosocial support mechanisms that help preserve emotional stability, reinforce social belonging, and
sustain meaningful engagement with community life among LGBTQ+ older adults (Fredriksen-Goldsen
et al,, 2019; Hurd & Li, 2023; Tongterm et al., 2026).

A review of previous literature reveals several important research gaps. Existing studies concerning
LGBTQ+ aging have predominantly focused on urban populations and Western societies, particularly within
North America and Europe, where healthcare systems, welfare structures, and LGBTQ+ support services
differ considerably from those found in many Asian rural communities (Fredriksen-Goldsen et al., 2017;
Westwood, 2020; Hurd & Li, 2023; Fredriksen-Goldsen et al.,, 2019). Although scholarly attention toward
LGBTQ+ aging has expanded substantially in recent years, empirical evidence from rural Southeast Asian
contexts remains limited, especially regarding the interaction between psychosocial conditions, health
behaviors, recreational participation, and aging preparation within community-based environments (United
Nations Development Programme: UNDP, 2014, Pistella et al., 2024). Furthermore, previous studies have
often examined happiness, psychosocial well-being, and aging preparation as separate dimensions, despite

growing evidence suggesting that these domains are closely interconnected within the broader context of
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active aging and health behavior processes (Fredriksen-Goldsen et al., 2015; World Health Organization:
WHO, 2002). According to Minority Stress Theory, chronic exposure to stigma, discrimination, and identity
concealment may adversely affect psychological well-being and reduce motivation for long-term health
maintenance and future planning (Meyer, 2003; Frost & Meyer, 2023). At the same time, health education
perspectives emphasize that social support, environmental conditions, and opportunities for community
participation serve as important enabling factors for sustaining health-promoting behaviors across the
lifespan (Cohen & Wills, 1985). Therefore, this study had two primary objectives: 1) to examine factors
associated with happiness among LGBTQ+ individuals in rural Thailand, and 2) to investigate factors
associated with aging preparation among LGBTQ+ individuals in rural Thailand. The findings are expected to
provide empirical evidence for the development of community-based health education processes, inclusive
recreational environments, and health promotion strategies that support sustainable active aging and

psychosocial well-being among LGBTQ+ populations in rural communities.

2. Materials and methods

This section presents the research design, participants, recruitment procedures, research
instruments, data collection procedures, statistical analyses, and ethical considerations employed to
examine factors associated with happiness and aging preparation among LGBTQ+ individuals, as detailed
below.

2.1 Research design

This study employed a quantitative research design utilizing a cross-sectional analytical
approach. The primary objective was to investigate factors associated with happiness and aging preparation
among LGBTQ+ individuals residing in rural communities of Sisaket Province, Thailand.

2.2 Population and sample

The target population consisted of LGBTQ+ individuals aged 40 years and older residing in
rural areas of Sisaket Province, Thailand. The required sample size was determined using the G*Power
software, yielding a minimum sample of 220 participants (Faul et al,, 2007). Due to the socially sensitive
nature of the target population, particularly among individuals who may not openly disclose their sexual
or gender identities within rural community settings, a snowball sampling technique was employed to
facilitate participant recruitment through trust-based social networks.

The inclusion criteria were as follows: 1) residing in a rural area of Sisaket Province, 2) self-
identifying and accepting their LGBTQ+ identity, 3) aged 40 years or older, and 4) capable of communicating
in Thai and willing to participate in the study. The exclusion criteria included individuals unwilling to
participate or those with severe psychiatric, neurological, or hearing impairments that could interfere with
effective communication.

2.3 Research instruments

The data collection instrument was a self-administered questionnaire developed by
researchers. The questionnaire was developed in accordance with the study’s conceptual framework by
integrating concepts related to subjective well-being (Diener, 2012), minority stress (Meyer, 2003), social
support (House, 1981), successful aging (Fredriksen-Goldsen et al., 2015), and active aging (WHO, 2002).
These concepts were applied to operationalize psychosocial and aging-related constructs relevant to
LGBTQ+ individuals living in rural communities. The questionnaire consisted of four major sections covering
demographic information, selected psychosocial factors, happiness, and multidimensional aging

preparation.
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To ensure instrument quality, content validity was evaluated by a panel of five experts,
yielding an Index of Item-Objective Congruence (I0C) of 0.88. A pilot test subsequently demonstrated a
reliability coefficient (Cronbach’s alpha) of 0.87, indicating satisfactory internal consistency.
2.4 Data collection
Quantitative data collection was conducted through face-to-face and online surveys. This dual
approach was implemented to facilitate participation and broaden access for participants dispersed across
rural communities, thereby supporting adequate sample recruitment in accordance with the predetermined
sample size.
2.5 Data analysis
The collected data were processed and analyzed using a statistical software package. Data
analysis was divided into two parts:
2.5.1 Descriptive statistics
General demographic information and variable levels were analyzed using frequency,
percentage, mean, and standard deviation. To interpret the levels of selected factors, happiness, and aging
preparation, the researchers employed a 5-point rating scale. The interpretation criteria for mean scores
were determined using class interval calculations (Best, 1981) and categorized into five levels as follows:
- Mean 4.21 to 5.00 = highest level
- Mean 3.41 to 4.20 = high level
- Mean 2.61 to 3.40 = moderate level
- Mean 1.81 to 2.60 = low level
- Mean 1.00 to 1.80 = lowest level
2.5.2 Inferential statistics
Hypothesis testing was conducted using Pearson’s Product - Moment Correlation
Coefficient to examine relationships among selected factors, happiness, and aging preparation. Multiple
regression analysis was subsequently employed to investigate factors associated with happiness and aging
preparation among LGBTQ+ individuals in rural communities. The level of statistical significance was set at
0.05. To identify the most parsimonious subset of predictors, Backward Stepwise Multiple Regression was
employed. This approach enabled the systematic removal of non-significant variables while retaining
predictors demonstrating meaningful statistical contribution within the final regression model (Field, 2024).
Prior to regression analysis, assumptions regarding multicollinearity and normality of residuals were
examined and deemed acceptable.
2.6 Ethical considerations
This research was conducted in accordance with established ethical principles for human
research. Prior to data collection, all participants received clear and detailed information regarding the
objectives and procedures of the study. Informed consent was obtained from all participants, emphasizing
voluntary participation and the right to refuse or withdraw from the study at any stage without consequence.
All personal information was kept strictly confidential, and participant anonymity was fully protected
throughout the research process. The findings are presented only in aggregate form for academic purposes.
This study was reviewed and approved by the Human Research Ethics Committee of Sisaket Rajabhat
University, - Approval No. HE681010.
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3. Result
3.1 General information of the sample

The results indicated that the majority of the sample identified their sexual identity as
"Others" (Kathoey and Tom) (32.73%) and gay (32.72%). Most participants were aged between 40-49 years
(66.36%) and were single (80.00%). Regarding educational attainment, the highest proportion had
completed high school or an equivalent (26.82%), followed by primary education (25.91%). In terms of
economic status, the majority reported an average monthly income between 5,001-10,000 THB (32.27%)
and 10,001-20,000 THB (30.91%). Furthermore, concerning environment and health, most participants
resided outside municipal areas (78.18%) and reported being in good health without underlying or chronic
diseases (91.36%).

3.2 Analysis of Factor Levels

The analysis regarding the levels of selected factors affecting happiness and aging preparation
(as presented in Table 1) revealed that, overall, the factors affecting the happiness of the sample were at
a high level (M = 4.00, SD = 0.94). When examining each dimension, it was found that the respondents
primarily emphasized social capital and psychological factors. Community acceptance exhibited the highest
level (M = 4.20, SD = 0.88), followed by family support (M = 4.17, SD = 0.86) and mental health (M = 4.05,
SD = 1.00), respectively. Conversely, income and economic status had the lowest mean score (M = 3.59,
SD = 0.93). This overall interpretation clearly reflects that for LGBTQ+ individuals in rural areas, happiness
and psychological well-being are anchored more profoundly in social acceptance and having a recognized
place in society than in material or economic stability.

Regarding the factors affecting aging preparation, the overall score was also at a high level
(M = 387, SD = 1.01). The sample demonstrated the highest level in social relationships (M = 4.02,
SD = 0.92), followed by mental health (M = 3.97, SD = 0.96), and technology and innovation (M = 3.85,
SD = 1.08). In contrast, housing and environment (M = 3.77, SD = 1.11) and physical health (M = 3.80,

SD = 0.99) yielded the lowest mean scores. This overarching picture indicates that although the target

population is proactive in establishing social support networks to prepare for retirement (which aligns with
social health promotion mechanisms), the dimensions of physical infrastructure and physical health remain
vulnerable points. These vulnerabilities reflect the inherent limitations of rural settings, underscoring the

pressing need for additional policy support.

Table 1. Mean, standard deviation, and levels of selected factors affecting happiness and aging preparation
No. Factors M SD Level

Factors affecting happiness

1 Income and economic status 3.59 0.93 high level
2 Physical health 3.99 0.88 high level
3 Mental health 4.05 1.00 high level
4 Family support a.17 0.86 high level
5 Community acceptance 4.20 0.88 high level

Mean 4.00 0.94 high level
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Table 1. Mean, standard deviation, and levels of selected factors affecting happiness and aging preparation
(Cont.)

No. Factors M SD Level
Factors affecting aging preparation
1 Physical health 3.80 0.99 high level
2 Mental health 3.97 0.96 high level
3 Economic stability 3.84 0.97 high level
4 Social relationships 4.02 0.92 high level
5 Housing and environment 377 1.11 high level
6  Technology and innovation 3.85 1.08 high level
Mean 3.87 1.01 high level

3.3 Correlation between selected factors, happiness, and aging preparation
Hypothesis testing to examine the relationship between selected factors and the happiness
level of rural LGBTQ+ individuals revealed that all five selected factors were positively correlated with
happiness at a statistical significance level of p < 0.05 and p < 0.001. Family support demonstrated a
moderate positive correlation with happiness, yielding the highest correlation coefficient (r = 0.376,
p < 0.001). This was followed by community acceptance (r = 0.285, p < 0.001) and mental health (r = 0.283,
p < 0.001). Meanwhile, physical health and income and economic status showed a low level of positive

correlation, as shown in Table 2.

Table 2. Pearson's correlation coefficients between selected factors and happiness

Income and . .
. Physical Mental Family Community
Factors economic Happiness
health health support acceptance
status
1. Income and Pearson's r —
economic status p-value _
Pearson's r 0.517%%* —
2. Physical health
p-value < 0.001 —

Pearson's r 0.384*** 0.639%** —
3. Mental health
p-value < 0.001 < 0.001 —

Pearson's r 0.325%** 0.465*** 0.531%** —
4. Family support

p-value < 0.001 < 0.001 < 0.001 —
5. Community Pearson's r 0.217** 0.419%* 0.428*** 0.543%* —
acceptance p-value 0.001 < 0.001 < 0.001 < 0.001 —

Pearson's r 0.172% 0.230%* 0.283%* 0.376* 0.285%* —
6. Happiness

p-value 0.011 < 0.001 < 0.001 < 0.001 < 0.001 —

*p < 0.05, **p < 0.01, **p < 0.001
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Regarding the relationship between selected factors and overall aging preparation, it is noteworthy
that only three factors exhibited a statistically significant positive correlation at the 0.05 level. These were
social relationships (r = 0.168, p = 0.012), followed by physical health (r = 0.165, p = 0.014), and housing
and environment (r = 0.137, p = 0.043). In contrast, mental health, economic stability, and technology and
innovation did not show a statistically significant correlation with overall aging preparation, as shown in
Table 3.

Table 3. Pearson's correlation coefficients between selected factors and aging preparation

. . . Housing  Technology .
Physical Mental Economic Social Aging
Factors = . . and and .
health health stability relationships . . . preparation
environment innovation

1. Physical Pearson's r —

health p_\/a[ue —

2. Mental Pearson's r 0.707*** —

health p-value < 0.001 —

3. Economic Pearson's r 0.637***  0.640%** —

stability p-value <0.001 <0.001 —

4. Social Pearson's r 0.650™*  0.658***  0.570*** —
relationships p-value <0001 <0001  <0.001 —

5. Housing and Pearson's r 0.679%*  0.662***  0.572**  (0.556*** —

environment p-value <0.001 <0.001 < 0.001 < 0.001 —

6. Technology Pearson's r 0.580***  (0.585%** 0.663***  0.500*** 0.566%** —

and innovation p-value <0.001 <0.001 < 0.001 < 0.001 < 0.001 —

7. Aging Pearson's r 0.165* 0.060 0.101 0.168* 0.137* 0.047 —
preparation p-value 0.014 0.378 0.136 0.012 0.043 0.486 —

*5 < 0.05, **p < 0.01, ***p < 0.001

3.4 Factors predicting happiness and aging preparation
To isolate the most impactful predictors from the five candidate factors, a multiple regression
analysis using the backward stepwise method was conducted. The results revealed that family support was
the sole significant predictor of happiness (B) = 0.376, t = 5.998, p < 0.001), accounting for 14.2% of the
variance (R? = 0.142, F = 35.976, p < 0.001). Consequently, factors including income and economic status,
physical health, mental health, and community acceptance were systematically excluded from the final

model, as detailed in Table 4. The predictive equation in raw score form can be formulated as follows:

Y iappiness = 2.177 + 0.304 (Family Support) ()

The equation demonstrates that for every one-unit increase in family support, the level of

happiness increases by 0.304 units.
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Table 4. Multiple regression analysis of factors predicting happiness

Predictors B SEB B t p
Constant 2.177 0.216 - 10.087 < 0.001***
Family Support 0.304 0.051 0.376 5.998 < 0.001%**

Variables Excluded: Income and
economic status, physical health, mental
health, community acceptance - - - - -

Model Statistics: R = 0.376; R* = 0.142; Adjusted R? = 0.138 F (1, 218) = 35.976; p-value < 0.001
***p < 0.001

Regarding the prediction of overall aging preparation, the analysis revealed that social
relationships were the sole factor capable of significantly predicting aging preparation at the 0.05 level
(t = 2521, p = 0.012), with a standardized regression coefficient (B) of 0.168. This factor explained 2.8% of
the variance in aging preparation (R? = 0.028, F = 6.353, p = 0.012). Physical health, mental health, economic
stability, housing and environment, and technology and innovation were excluded from the model, as
shown in Table 5.

The predictive equation in raw score form can be formulated as follows:

YAging Preparation = 2.242 + 0.113 (Social Relationships) 2)

The equation illustrates that for every one-unit increase in social relationships, the level of

aging preparation increases by 0.113 units.

Table 5. Multiple regression analysis of factors predicting aging preparation

Predictors B SEB B t p
Constant 2.242 0.185 - 12.138 < 0.001%**
Social Relationships 0.113 0.045 0.168 2521 0.012*

Variables Excluded: Physical health, Mental
health, Economic stability, Housing and

environment, Technology and innovation - - - - -

Model Statistics: R = 0.168; R? = 0.028; Adjusted R? = 0.024 F (1, 218) = 6.353; p-value = 0.012

*5 < 0.05, **p < 0.001

Based on the aforementioned predictive analysis results, to provide a clearer visualization of
the relationships and the influences of independent variables on the happiness and aging preparation of

the target population, the researchers summarized the findings in a path diagram, as illustrated in Figure 1.
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Family Support B = 035* Happiness
LS
(R2 =0.142)
Social Relationships B=0ir* Aging Preparation
(Rz = 0.028)

*5 < 0.05

Figure 1 Path diagram of factors predicting happiness and aging preparation among rural LGBTQ+ individuals.

4. Discussion

Based on the hypothesis testing that examining factors associated with happiness and aging
preparation among LGBTQ+ individuals in rural Thailand, the findings may be interpreted through
contemporary perspectives on minority stress, social safety, active aging, and community-based health
promotion within the context of rural Thai society.

4.1 Factors Associated with Happiness

The findings demonstrated that family support was the sole statistically significant predictor
of happiness among rural LGBTQ+ individuals, accounting for 14.2 percent of the variance (R? = 0.142). This
outcome is consistent with contemporary extensions of Minority Stress Theory, which suggest that long-
term exposure to stigma, discrimination, and identity concealment may adversely affect psychological well-
being across the life course (Frost & Meyer, 2023; Meyer, 2003). Recent studies further indicate that
cumulative minority stress may contribute not only to emotional distress but also to social withdrawal and
reduced perceptions of social safety among marginalized populations (Pistella et al., 2024). Within this
context, supportive family relationships may function as an important psychosocial buffer that helps reduce
emotional strain and supports emotional stability in later life.

This finding aligns with recent LGBTQ+ aging literature emphasizing the importance of social
connectedness in later-life adaptation, although the present findings appear to place greater emphasis on
interpersonal relational security within rural family structures than has commonly been reported in urban
Western settings. In rural Northeast Thailand, specifically in agrarian contexts such as Sisaket Province,
kinship structures and interpersonal interdependence remain strongly embedded in everyday community
life. Older adults in these areas often rely heavily on close family relationships due to labor migration,
limited formal welfare systems, and restricted access to specialized psychosocial services (Knodel et al.,
2015; Teerawichitchainan et al.,, 2015). For LGBTQ+ individuals who may not have biological children or
stable long-term caregiving structures, emotional support from family members may therefore contribute
substantially to subjective well-being and psychological stability. Rather than functioning solely as
interpersonal affection, family support may represent a broader form of relational safety that enables
LGBTQ+ older adults to navigate aging-related uncertainty within socially conservative environments. These
dynamics may be particularly visible in socially close rural communities where interpersonal familiarity and
long-term social visibility simultaneously facilitate community connectedness and reinforce pressures
toward identity conformity (Westwood, 2020; Whitehead et al., 2016).
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Interestingly, community acceptance did not remain statistically significant in the final
regression model despite demonstrating positive correlations at the bivariate level. This finding may suggest
that generalized social coexistence alone may not provide the same degree of emotional reassurance as
trusted family-based relationships. Recent literature has increasingly discussed the possible role of inclusive
social environments, noting that LGBTQ+ older adults frequently continue to experience subtle forms of
heteronormative expectation and invisible social boundary maintenance even within relatively tolerant
communities (Antoniucci et al., 2026; Baiocco et al., 2024). Consequently, individual well-being may depend
more strongly on trusted interpersonal relationships than on broader symbolic acceptance within the
community. From health education and community health promotion perspectives, these findings suggest
that interventions aimed at strengthening family understanding, emotional communication, and supportive
relational contexts may help promote psychosocial well-being among LGBTQ+ older adults in rural settings.

4.2 Factors Associated with Aging Preparation

The findings revealed that social relationships were the sole statistically significant predictor
of aging preparation, although the explanatory power of the model remained relatively modest (R2 = 0.028).
This finding aligns with contemporary LGBTQ+ aging literature emphasizing that social connectedness and
meaningful interpersonal participation within everyday community life play important roles in promoting
active aging and psychosocial adaptation among sexual minority older adults (Fredriksen-Goldsen et al,,
2015; Hurd & Li, 2023). Recent perspectives further suggest that aging well among LGBTQ+ populations may
involve maintaining meaningful social participation and sustaining social belonging within everyday
community life rather than relying solely on biomedical indicators of successful aging (Fredriksen-Goldsen
et al,, 2019; Hurd & Li, 2023).

Within the rural Thai context, these findings may reflect the importance of socially embedded
relationships in sustaining emotional continuity and later-life readiness. Rural communities are often
characterized by close interpersonal familiarity, informal reciprocity, and community interdependence
(Knodel et al., 2015; Teerawichitchainan et al., 2015). Supportive social relationships may therefore facilitate
emotional reassurance, practical support, and opportunities for continued engagement in community life.
Recent literature has discussed the possible role of meaningful social participation, suggesting that inclusive
social environments and participation opportunities may contribute to social confidence and perceptions
of future aging readiness among LGBTQ+ adults (Pistella et al., 2024; Tongterm et al., 2026). Although the
present study did not directly assess physical activity participation, these findings may indirectly reflect the
importance of maintaining socially connected and supportive environments that encourage continued
participation in community life (Pistella et al., 2024; WHO, 2002).

The non-significant effects of economic stability, housing and environment, technology and
innovation, and mental health may indicate that aging preparation among rural LGBTQ+ individuals is
shaped by complex psychosocial conditions extending beyond material resources alone. Recent literature
has increasingly emphasized that LGBTQ+ older adults often negotiate aging within environments influenced
by accumulated minority stress, social exclusion, and uncertainty regarding future care systems (Westwood,
2020). Consequently, interpersonal support systems may carry greater perceived value than structural
resources in contexts where formal institutional support remains limited. Rather than suggesting that
environmental or economic conditions are unimportant, the findings may indicate that relational support
functions as an essential enabling condition for psychological adaptation and future-oriented planning

among marginalized populations in rural communities (Cohen & Wills, 1985).
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Although the predictive power of the regression model for aging preparation was relatively
low, small effect sizes are anticipated and considered typical within behavioral and health education
sciences when examining complex, multidimensional psychosocial phenomena involving marginalized
populations (WHO, 2002). The modest explanatory power observed in this study may indicate the presence
of additional contextual variables not included in the current model, such as individual resilience, identity
affirmation, or culturally embedded coping mechanisms. Recent LGBTQ+ aging literature increasingly
suggests that experiences of aging, participation, and well-being emerge through dynamic interactions
between minority stress, community participation, and supportive environments across the life course (Frost
& Meyer, 2023; Fredriksen-Goldsen et al., 2019; Pistella et al., 2024). Therefore, the findings should be
interpreted cautiously as reflecting associative patterns within a specific sociocultural context rather than
definitive causal pathways (WHO, 2002).

4.3 Limitations of the Study

Several limitations should be acknowledged. First, although snowball sampling was
appropriate for accessing potentially hidden and socially vulnerable populations, the use of non-probability
sampling may limit representativeness and reduce generalizability to LGBTQ+ populations in other
sociocultural settings (Whitehead et al.,, 2016). Second, the study relied exclusively on self-reported
questionnaire data collected from a single source, which may increase susceptibility to common method
bias and social desirability effects, particularly when assessing emotionally sensitive constructs such as
happiness, family support, and aging preparation. Third, the cross-sectional design limits interpretation
regarding temporal or causal relationships among variables. Additionally, the findings emerged from a
specific rural sociocultural context in Northeast Thailand, where kinship systems, community familiarity, and
local cultural expectations may shape LGBTQ+ aging experiences differently from urban or international
settings. These contextual characteristics should be carefully considered when interpreting the
transferability of the findings to other LGBTQ+ populations (Westwood, 2020).

5. Conclusion and suggestions

This study provides empirical evidence regarding factors associated with happiness and aging
preparation among LGBTQ+ individuals in rural Thailand, indicating that family support was the strongest
predictor of happiness, whereas social relationships emerged as the only statistically significant factor
associated with aging preparation. The findings suggest that within rural environments characterized by
limited formal welfare systems and strong kinship-oriented social structures, supportive interpersonal
relationships function as important psychosocial resources contributing to emotional well-being and later-
life readiness. Furthermore, the relatively modest explanatory power of the predictive models reflects the
context-dependent nature of psychosocial adaptation and aging processes among sexual and gender
minority populations living in rural communities. Within these socially close environments, emotional
reassurance and family acceptance contribute substantially to emotional security, facilitating continued
social participation and emotional connectedness within community life among LGBTQ+ older adults during
later-life transitions.

From health education and community health promotion perspectives, these outcomes
underscore the necessity of strengthening supportive social environments, enhancing mutual understanding
within families, and promoting socially inclusive participation opportunities for LGBTQ+ individuals
transitioning into later life. Local public health organizations, community networks, and rural healthcare

systems may therefore consider utilizing family-centered educational processes, peer-support mechanisms,
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and existing community social structures as channels for communicating health information, promoting
psychosocial support, and strengthening health literacy within rural settings. Such approaches may facilitate
healthier, more socially supported, and dignified aging processes among LGBTQ+ populations living within
rapidly transforming rural communities. Future health education and sport science research may further
expand these findings through mixed-methods approaches, participatory community-based inquiry, and
longitudinal comparative studies capable of providing deeper contextual understanding of social support
processes, interpersonal adaptation, and aging experiences across different sociocultural environments.
Comparative investigations between rural and urban settings may also help clarify whether psychosocial,
environmental, and economic conditions influence aging preparation differently across geographical and
community contexts, though these characteristics should be carefully acknowledged when interpreting the

transferability of the present findings to other LGBTQ+ populations and sociocultural settings.

6. Acknowledgements

This research was supported by Thailand Science Research and Innovation (TSRI) through the
Science, Research and Innovation (SRI) Fund (Fiscal Year 2025), with grant administration and oversight
provided by Sisaket Rajabhat University. The researchers extend their profound gratitude to the peer
reviewers for their invaluable feedback and to the LGBTQ+ participants in rural Sisaket Province whose

willingness to share their experiences made this study both possible and academically rigorous.

7. References

Antoniucci, C., Entilli, L., Pistella, J., Lucidi, F., & Baiocco, R. (2026). Older LGB Adults and Sport-Related Contexts: Discrimination,
Evolving Context, Motivations, and Attitudes Toward LGBTQ+ Sports Associations. Journal of homosexuality, 1-24.
https://doi.org/10.1080/00918369.2026.2642703

Baiocco, R., Antoniucci, C., Pistella, J., Alessandri, G., Alivernini, F., Borghi, A., Chirico, A., Filosa, L., Fini, C., Palombi, T., Rosati,
F., Tavolucci, S., & Lucidi, F. (2024). Aging well in an aging society: physical health in older lesbian, gay, and bisexual
adults. Frontiers in Psychology, 15, 1369021. https://doi.org/10.3389/fpsyg.2024.1369021

Best, J. W. (1981). Research in education (4™ ed.). Englewood Cliffs, NJ: Prentice-Hall.

Christian, L. M., Cole, S. W., McDade, T., Pachankis, J. E., Morgan, E., Strahm, A. M., & Dush, C. M. K. (2021). A Biopsychosocial
Framework for Understanding Sexual and Gender Minority Health: A Call for Action. Neuroscience & biobehavioral
reviews, 129, 107-116. https://doi.org/10.1016/j.neubiorev.2021.06.004

Christian, L. M., Wilson, S., Madison, A. A, Dush, C. M. K., McDade, T. W., Peng, J., Andridge, R. R., Morgan, E., Manning, W., &
Cole, S. W. (2025). Sexual minority stress and epigenetic aging. Brain, behavior, and immunity, 126, 24-29.
https://doi.org/10.1016/j.bbi.2025.01.022

Cohen, S., & Wills, T. A. (1985). Stress, social support, and the buffering hypothesis. Psychological Bulletin, 98(2), 310-357.
https://doi.org/10.1037/0033-2909.98.2.310

Diener, E. (2012). New findings and future directions for subjective well-being research. American Psychologist, 67(8), 590-597.
https://doi.org/10.1037/20029541

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: A flexible statistical power analysis program for the social,
behavioral, and biomedical sciences. Behavior Research Methods, 39(2), 175-191. https://doi.org/10.3758/BF03193146

Field, A. (2024). Discovering statistics using IBM SPSS statistics (6" ed.). London: SAGE Publications.

Fredriksen-Goldsen, K. I., Kim, H. J., Bryan, A. E., Shiu, C., & Emlet, C. A. (2017). The cascading effects of marginalization and
pathways of resilience in attaining good health among LGBT older adults. The Gerontologist, 57, suppl 1, S72-583.
https://doi.org/10.1093/geront/gnw170

Fredriksen-Goldsen, K. 1., Kim, H. J., Shiu, C,, Goldsen, J., & Emlet, C. A. (2015). Successful aging among LGBT older adults:
Physical and mental health-related quality of life by age group. The Gerontologist, 55(1), 154-168.
https://doi.org/10.1093/geront/gnu081

Journal of SciTech-ASEAN 13


https://doi.org/10.1080/00918369.2026.2642703
https://doi.org/10.3389/fpsyg.2024.1369021
https://doi.org/10.1016/j.neubiorev.2021.06.004
https://doi.org/10.1016/j.bbi.2025.01.022
https://doi.org/10.1037/0033-2909.98.2.310
https://psycnet.apa.org/doi/10.1037/a0029541
https://doi.org/10.1093/geront/gnw170
https://doi.org/10.1093/geront/gnu081

JSTA

Fredriksen-Goldsen, K. 1., Jen, S., & Muraco, A. (2019). Iridescent Life Course: LGBTQ Aging Research and Blueprint for the
Future — A Systematic Review. Gerontology, 65(3), 253 - 274. https://doi.org/10.1159/000493559

Fredriksen-Goldsen, K. 1., Kim, H. J., Barkan, S. E., Muraco, A., & Hoy-Ellis, C. P. (2013). Health Disparities Among Lesbian, Gay,
and Bisexual Older Adults: Results from a Population-Based Study, American Journal of Public Health, 103(10), 1802-
1809. https://doi.org/10.2105/AJPH.2012.301110

Frost, D. M., & Meyer, I. H. (2023). Minority stress theory: Application, critique, and continued relevance. Current opinion in
psychology, 51, 101579. https://doi.org/10.1016/j.copsyc.2023.101579

House, J. S. (1981). Work stress and social support. Reading, MA: Addison-Wesley.

Hurd, L., & Li, L. Y. (2023). “I Want to Grow Older with Dignity”: Older LGBTQ+ Canadian Adults’ Perceptions and Experiences
of Aging. Journal of Applied Gerontology, 43(5), 536 - 549. https://doi.org/10.1177/07334648231219414

lamko, S., & Boonnun, V. (2021). Stigmatization and pressing LGBT STIGMATIZATION AND PRESSING LGBTQ IN THAI
SOCIETY. Academic Journal Phranakhon Rajabhat University, 12(1), 384-398. retrieved from https://so01.tci-
thaijo.org/index.php/AJPU/article/view/246770 (in Thai)

Knodel, J., Teerawichitchainan, B., Prachuabmoh, V., & Pothisiri, W. (2015). The situation of Thailand's older population: An

Volume 6 Number 2 (July-December 2026)

update based on the 2014 survey of older persons in Thailand. Research Collection School of Social Sciences [Online].
Retrieved October 22, 2025, from: https://ink.library.smu.edu.sg/soss_research/1948

Langarita, J. A., Montserrat, C., Fustier-Garcia, N., & Albertin, P. (2025). Exploring the Impact of LGBTIQ Policies on Childhood:
A Comparative Analysis in Three EU Countries. Sexuality Research and Social Policy, 1 - 1 5 .
https://doi.org/10.1007/513178-025-01196-3

Meyer, I. H. (2003). Prejudice, social stress, and mental health in lesbian, gay, and bisexual populations: Conceptual issues
and research evidence. Psychological Bulletin, 129(5), 674-697. https://doi.org/10.1037/0033-2909.129.5.674

Pachankis, J. E., Mahon, C. P, Jackson, S. D., Fetzner, B. K., & Branstrém, R. (2020). Sexual orientation concealment and mental
health: A conceptual  and meta-analytic  review. Psychological  bulletin, 146(10),  831-837.
https://doi.org/10.1037/bul0000271

Pistella, J., Baiocco, R., Antoniucci, C., Alessandri, G., Alivernini, F., Borghi, A, Filosa, L., Fini, C., Palombi, T., Tavolucdi, S., &
Lucidi, F. (2024). Older LGBT+ Adults and Physical Activity: A Systematic Review of Qualitative and Quantitative Data.
Sexuality Research and Social Policy, 22(1), 226 - 251. https://doi.org/10.1007/513178-023-00925-w

Queiroz, A. L. N., Meng, Z., Hall, C. D. X,, Lane, B., Wang, L., Haughbrook, R,, ... & Ibragimov, U. (2026). A multilevel analysis of
LGBT-relevant laws and sexual and gender minority mental health: evidence for the protective role of inclusive policies.
BMC Public Health, 26(733), 1-13. https://doi.org/10.1186/512889-026-26309-4

Teerawichitchainan, B., Pothisiri, W., & Long, G. T. (2015). How do living arrangements and intergenerational support matter
for psychological health of elderly parents? Evidence from Myanmar, Vietnam, and Thailand. Social Science & Medicine,
136, 106-116. https://doi.org/10.1016/j.socscimed.2015.05.019.

Tongterm, T., Nantasing, W., Setthamas, M., & Kaewma, J. (2026). From minority stress to active aging readiness: inclusive
recreation as community-level social infrastructure for LGBTQ+ adults in rural Thailand. Retos, 78, 41-52.
https://doi.org/10.47197/retos.v78.118481

United Nations Development Programme (UNDP). (2014). Being LGBT in Asia: Thailand country report [Online]. Retrieved
October 22, 2025, from: https://www.undp.org/thailand/publications/being-lgbt-asia-thailand-country-report

Westwood, S. (2020). The myth of ‘older LGBT+’ people: Research shortcomings and policy/practice implications for
health/care provision. Journal of Aging Studies, 55, 100880. https://doi.org/10.1016/j.jaging.2020.100880

Whitehead, J., Shaver, J., & Stephenson, R. (2016). Outness, stigma, and primary health care utilization among rural LGBT
populations. PLoS One, 11(1), e0146139. https://doi.org/10.1371/journal.pone.0146139

World Health Organization (WHO). (2002). Active ageing: A policy framework [Online]. Retrieved October 22, 2025, from:
https://iris.who.int/handle/10665/67215

Yodlorchai, R., Suttiwan, P., Walch, S. E., & Ngamake, S. (2024). Interpersonal and environmental microaggressions & depression:
Thai LGBQ+ perspectives. Humanities, Arts and Social Sciences Studies, 24(2), 353-363.
https://doi.org/10.69598/hasss.24.2.266035

Journal of SciTech-ASEAN 14


https://doi.org/10.1159/000493559
https://doi.org/10.2105/AJPH.2012.301110
https://doi.org/10.1016/j.copsyc.2023.101579
https://doi.org/10.1177/07334648231219414
https://doi.org/10.1037/0033-2909.129.5.674
https://doi.org/10.1037/bul0000271
https://doi.org/10.1007/s13178-023-00925-w
https://doi.org/10.47197/retos.v78.118481
https://www.undp.org/thailand/publications/being-lgbt-asia-thailand-country-report
https://doi.org/10.1016/j.jaging.2020.100880
https://www.google.com/search?q=https://doi.org/10.1371/journal.pone.0146139&authuser=3
https://iris.who.int/handle/10665/67215

45_4/-—'.49‘ Volume 6 Number 2 (July-December 2026)

nsinuAannsUsAulgngraneandaunimeta
nsglindiuilvaanizauaymsluinGeandnvasineg

Oil Spill Monitoring and Marine Environmental Law Enforcement for

Ship-Source Pollution in Major Ports of Thailand

fanll nazeinevas” tuiufas Sudu’ 1636 fusznne’ was Tz Uidunluy’
Siraphum Krataithong®’, Nannapasorn Inyim’, Seree Tuprakay' and Piyarat Premanoch’
'ARUEIAINTINANENS WNINYITITIAUNT NFANNUVIUAT
'Faculty of Engineering, Ramkhamhaeng University, Bangkok
“Corresponding Author: 6419770004@rumail.ru.ac.th

Received: February 17, 2026 Revised: April 20, 2026 Accepted: May 19, 2026

o/ ]
uneangs
mssalmavesiiuanisedmadulymasnadeunddgluinsevuialng lesanglulssinaiigs

o

Wandnenmmmaa ddeldnwnisinmuiduguansdeduldnguangnsdiisiusilwaluiniendnveslneg

v ¢ '

WuFesunme vsedniiu wasvinseuwnaualts wanudunusseninnistaduldngrunedunisinmalulad
el lunszuiunsufiinuuazyssansaaresnsufoh nns Isedeuisisunuunaunau duil 1 v
Foyaidaquamsiunisdunivalidsdnuuuilasiaiisandiesvguasfuimsmisseuiiidmlsdouuy
W19 11 viu wunnistdvaluladaielvi wu andien snlsaudy wastyaiussivg S5 9AnTs
foyandrauazmsysannmsssuuihyfuvuSealnd Suadenisinnuiifuguanistsduldngrane Tudud 2
‘VT’]ﬂ’]i‘lJiSLﬁuL%dU%u’]ilﬂum%%%iﬂi%ﬁ%%mﬂmiﬁﬁﬁ‘u%LLaﬂiﬂjﬁﬂﬂu%ﬂﬁaﬂWﬂﬂdmﬁdaﬂﬁﬂiu%uﬁ 1 Jimsevideya
Tneldadfidanssan nuiinalnnsidiss Tuaznovaussiiudlvadeg ifimgnndudeldsunisussdiuing
Uszaviualuseiugs willuszavisnaanadlunsdifedndomamadauazanufinnainanfuiofen uaslisysus
Tunsdinsauaruuagnisdniund msdnudliifuiuneluladasaduiasinmuadelnivaznisdanis
Toyandviaduladudrdgsenisussquanuisuduesnguune i FarpeimuuleueniauiuIn19yYsUINISi
nsfuiad eusemaluladadeslminaznslddoyanFianiesnguaneniuainnsgiuaina nasnaulaiuasng
aymsAvIaazmsiaLTTzIaeg ey

v |
VY

mdfey: Widusilwannsaduayns, Yssansnmnistsduldngmune, walulagnisfnniy, n13dnnsvinge

Abstract

Ship-source oil spills remain a persistent environmental challenge in large ports, particularly in
developing maritime states. This study investigates oil spill monitoring and law enforcement in Thailand’s
major ports, including Map Ta Phut, Laem Chabang, and Sattahip, with a focus on the interaction among
technology, data, institutional coordination, and enforcement. It employs a mixed-methods research design
(n = 11), combining qualitative interviews and quantitative expert elicitation. In Phase 1, qualitative data
were collected through semi-structured in-depth interviews with eleven purposively selected key
stakeholders and analyzed thematically to identify structural, technological, and legal constraints. The
findings indicate that advanced monitoring technologies, including satellite-based surveillance, unmanned
aerial vehicles (UAVs), real-time sensing systems, Al-based data analytics, digital data management systems,
and integrated real-time monitoring platforms, are critical for effective detection and response. In Phase 2,

quantitative assessments were conducted with the same group using a five-point Likert scale to evaluate
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perceived government effectiveness. The findings reveal a clear disparity in enforcement effectiveness
across different types of oil spill incidents. Monitoring and response mechanisms for navigation-related
accidents were perceived as highly effective (mean = 4.00-4.27). In contrast, effectiveness declined to
moderate levels for incidents caused by technical failures and human error (mean = 3.00-3.27). It was rated
low for the investigation and prosecution of illegal oil discharges (mean = 2.73). The results highlight a
significant enforcement gap between law enforcement practices and the adoption of advanced monitoring
technologies, as well as their impact on operational effectiveness, primarily due to limitations in legal
frameworks, evidentiary standards, and inter-agency coordination. The study underscores the need to
develop integrated policies to enhance technological integration, recognize digital data as admissible legal
evidence, and strengthen institutional coordination to meet international standards, thereby improving

maritime good governance and sustainable marine development.

Keywords: Ship-source oil spills, Law enforcement effectiveness, Monitoring technology, Port governance

1. Introduction

Marine oil pollution from ships continues to pose significant environmental and governance
concerns, particularly in large commercial and industrial ports where maritime traffic and oil-related
activities are highly concentrated. Qil spill incidents in such areas can cause significant ecological damage,
disrupt port operations, and undermine public confidence in environmental regulation (Ebisi et al., 2025).
Effective management of ship-source oil pollution, therefore, requires not only a comprehensive legal
framework but also robust institutional capacity and operational mechanisms that enable prevention,
detection, and enforcement in practice (Siraphum & Nannapasorn, 2021).

At the international level, marine oil pollution is governed by well-established legal instruments,
including the United Nations Convention on the Law of the Sea (UNCLOS), the International Convention for
the Prevention of Pollution from Ships (MARPOL), and the International Convention on Civil Liability for Oil
Pollution Damage (CLC) (Hadavand et al,, 2022; Jumphot, 2017, Department of Legal Treaties, 2005;
Subcommittee on Knowledge Management for National Maritime Interest, 2019). These instruments
establish obligations related to pollution prevention, monitoring, reporting, and liability. However, existing
literature suggests that the primary challenge lies not in the absence of legal frameworks, but in the effective
implementation and enforcement of pollution control regimes at the operational level. Previous studies
further indicate that ship-source oil spill incidents arise from multiple causes, including maritime accidents,
technical and design failures, human error, and intentional illegal discharges. These causes are closely linked
to broader systemic issues, including policy clarity, legal adaptation, inter-agency coordination, data
integration, and gaps in operational and personnel standards (Purohit et al., 2024).

In light of these findings, in large port contexts, oil spill governance is shaped by the interaction of
multiple authorities responsible for environmental protection, maritime safety, and maritime security.
Fragmented mandates, limited inter-agency coordination, and uneven access to operational data have been
widely identified as factors that weaken enforcement outcomes, particularly in cases involving operational
failures or covert non-compliant practices. These challenges are further compounded when incidents
involve foreign-flagged vessels, giving rise to jurisdictional and evidentiary constraints that complicate
investigation and prosecution processes (Siraphum & Nannapasorn, 2022).

A recent study highlights the growing role of advanced monitoring and surveillance technologies in

enhancing oil spill detection and enforcement capacity. Such technologies include sensing systems,
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unmanned vehicles, mathematical and trajectory models, artificial intelligence and data analytics,
communication networks, and environmental data integration platforms (Siraphum et al., 2025). Beyond
their technical functions, these technologies increasingly serve as institutional enablers by linking regulatory
intent to enforcement outcomes through improved situational awareness, coordinated responses, and
evidentiary support for investigation and prosecution. Nevertheless, limitations persist in inter-agency data
integration and in the absence of clear legal mechanisms to support the admissibility of technological
evidence in judicial processes. Empirical research examining how these technologies are operationalized
within legal enforcement practices at the port level remains limited, particularly in developing maritime
states (Al-Qassim, 2023).

In Thailand, major ports such as Map Ta Phut, Laem Chabang, and Sattahip play a critical role in
international trade and industrial development; however, increasing maritime traffic and energy-related
activities (Marine Department, 2024 ), particularly within the Eastern Economic Corridor, pose a significant
risk of ship-source oil pollution ( Marine Department, 2021). Although Thailand has ratified relevant
international instruments governing ship-source oil pollution, limitations persist in operational enforcement
and preventive capacity at the port level. At the domestic level, an extensive legal framework has been
enacted to support the implementation of these international obligations (Govindarajan et al., 2021). Key
legislation includes the Enhancement and Conservation of National Environmental Quality Act, the
Promotion of Marine and Coastal Resources Management Act, and the Thai Navigation in Thai Waters Act,
as well as related maritime liability and compensation laws. However, the enforcement of these laws is
distributed across multiple government agencies with overlapping mandates, resulting in challenges related
to coordinated operations, data sharing, and consistent enforcement practices (De Kerf et al., 2024).

Although previous studies have identified constraints related to monitoring capacity, institutional
coordination, and enforcement effectiveness in ship-source oil pollution governance, existing literature
remains largely descriptive, with limited integration of technological, institutional, and legal dimensions,
particularly in developing maritime states. Consequently, there is limited empirical understanding of how
existing legal and institutional frameworks function in practice at the operational level within major port
environments. In this study, effectiveness is operationally defined as the perceived performance of
monitoring and enforcement systems across operational stages, including prevention, emergency response,
investigation, and prosecution, based on expert Likert-scale assessments and qualitative insights. This study
addresses these gaps by examining stakeholder perspectives on the effectiveness of oil spill monitoring
systems, legal enforcement, and institutional coordination in Thailand’s major ports, including Map Ta Phut,
Laem Chabang, and Sattahip, using a mixed-methods approach that integrates qualitative interviews with
quantitative assessments of enforcement effectiveness.

The study addresses the following research questions: 1) How effective are current monitoring and
law enforcement mechanisms across operational stages? and 2) What technological and institutional factors
influence enforcement effectiveness? It also identifies key technological, institutional, and legal factors
shaping ship-source oil spill governance and provides policy-relevant insights for strengthening technology-

enabled enforcement and sustainable port management.

2. Materials and methods
This study employed a mixed-methods research design comprising two successive stages: (1) a
qualitative stage aimed at exploring key challenges in oil spill monitoring, law enforcement, and institutional

coordination, and (2) a quantitative stage designed as an expert elicitation approach to assess the perceived
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effectiveness of monitoring and law enforcement. The study framework is informed by a socio-technical
perspective, conceptualizing oil spill governance as an interaction among monitoring technology,
institutional capacity, and legal enforcement. These three dimensions are analytically framed as
interdependent components, where technological capabilities enable detection and monitoring,
institutional capacity determines coordination and implementation effectiveness, and legal enforcement
provides the regulatory authority for compliance and accountability.

While previous studies have examined these dimensions in isolation, this study contributes by
integrating them into a unified socio-technical framework. Furthermore, the expert elicitation approach
provides empirical evidence from real-world experience on how the interactions among these factors affect
the effectiveness of monitoring and law enforcement in the context of maritime governance. In-depth
interviews were conducted with experts from a range of stakeholder groups involved in maritime operations
and environmental law enforcement in Thailand. This design enabled the collection of detailed qualitative
insights into key challenges, alongside structured quantitative data on stakeholders’ assessments of the
effectiveness of existing monitoring and enforcement systems. This study was approved by the Institutional
Review Board (IRB) of Ramkhamhaeng University, RU-HRE 67/0086, 17 May 2024. Informed consent was
obtained from all participants.

2.1 Data Collection

In Phase 1, qualitative data were collected through semi-structured in-depth interviews with
11 purposively selected key informants who had direct responsibilities for, or professional expertise in, the
monitoring, regulation, and response to marine oil pollution incidents in Thailand. The informants
represented a broad range of institutional perspectives and included academics and senior officials from
relevant organizations, namely the Map Ta Phut Industrial Port Office, 1 person; Sattahip Commercial Port,
1 person; the Operations Office of the Marine Department, 1 person; the Thai Maritime Enforcement
Command Center (TH-MECQ), 2 persons; the Marine Police, 1 person; the Judge Advocate General’s Office,
1 person; HTMS Similan, 1 person; the Investigation and Legal Office of TH-MECC, 1 person; the
Meteorological Department, 1 person; and the Faculty of Logistics (Maritime Business), Burapha University,
1 person.

The interviews followed a semi-structured format, using predefined guiding questions aligned
with the research objectives while allowing flexibility for open discussion and follow-up probing based on
the informants’ expertise and responses. This approach enabled the collection of detailed, context-specific
insights into practical challenges related to oil spill monitoring, legal enforcement, and institutional
coordination. The interviews focused on three primary issues: (1) challenges in law enforcement under
domestic and international legal frameworks; (2) the role and adequacy of existing technologies for
monitoring and enforcement; and (3) the effectiveness of current preventive measures addressing different
causes of oil spill incidents. The research instrument consisted of two components: an introductory
component collecting general background information from the informants, and a substantive component
comprising questions organized into five thematic areas. These areas addressed: (1) limitations in the
enforcement of marine environmental laws at national and international levels, particularly in cases
involving foreign-flagged vessels; (2) the application of technological and engineering-based approaches for
oil spill monitoring and control; (3) preventive measures related to technical failures, human error, and
intentional violations; (4) regulatory performance in prevention, emergency response, investigation, and
prosecution; and (5) the consistency of Thailand’s monitoring systems and legal framework with

international marine environmental law principles.
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In Phase 2, following the qualitative interviews, each informant was asked to provide
quantitative assessments of the perceived effectiveness of government monitoring and supervision across
key operational stages, including prevention, emergency response, and legal action. These assessments
were rated on a five-point Likert scale to enable comparative evaluation across different operational
scenarios.

This approach was adopted to ensure that the quantitative results (mean and SD) reflected
the consensus of high-level practitioners. In this context, oil spill monitoring and enforcement involve
technically complex systems and require coordination. Accordingly, expert elicitation provides a more
suitable analytical approach by capturing specialized expertise and strategic insights from senior
practitioners and policymakers, rather than statistical generalization to a broader population. The structured
guestionnaire was developed based on insights from the qualitative phase, ensuring conceptual alignment
between the two phases of the study.

The data collection instrument was designed to support a systematic assessment of the
governance framework for ship-source oil spill management and to enable a gap analysis between
international legal requirements and their practical implementation within the Thai context. Subject-matter
experts reviewed the semi-structured interview questions and the five-point Likert scale to ensure content
validity, including assessment using the IOC index to refine the clarity, relevance, and reliability of the
research tools, as approved by the IRB of Ramkhamhaeng University.

2.2 Data Analysis and Integration of Findings

Qualitative and quantitative data were analyzed in parallel in accordance with the mixed-
methods research design. Qualitative data obtained from the semi-structured interviews were subjected to
thematic analysis. Interview transcripts and detailed field notes were systematically reviewed, coded, and
organized to identify recurring patterns and key themes related to law enforcement, technological capacity,
institutional coordination, and preventive measures in ship-source oil spill management. This analysis aimed
to identify structural, legal, and operational constraints affecting the effectiveness of monitoring and
enforcement within Thailand’s port governance framework.

Quantitative data derived from the five-point Likert scale assessments were analyzed using
descriptive statistical methods. Mean values and standard deviations were calculated to evaluate
stakeholders’ perceptions of government performance across three core operational stages: prevention,
emergency response, and investigation and prosecution. These measures were used to compare perceived
performance levels across different operational scenarios and causes of oil spill incidents, as well as to
assess the consistency of regulatory implementation.

The integration of qualitative and quantitative findings was conducted through comparative and
interpretive analysis. Qualitative insights were used to explain and contextualize patterns observed in the
quantitative results, thereby supporting a systematic gap analysis between international marine environmental
law standards and their practical implementation in Thailand. This integrated analysis provided a robust empirical
basis for identifying governance weaknesses and formulating evidence-based recommendations to strengthen

ship-source oil spill monitoring and legal enforcement in Thailand’s major ports.

3. Results
This section presents the study findings from both qualitative and quantitative analyses. The

qualitative results highlight key themes derived from stakeholder perspectives on ship-source oil spill
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management, followed by quantitative findings on perceived government effectiveness in monitoring,

response, and enforcement.
3.1 Qualitative findings: key challenges in ship-source oil spill management
The analysis identified five major themes reflecting underlying governance challenges in ship-
source oil spill management. These themes are summarized in Table 1.
Table 1 summarizes the five major themes derived from the thematic analysis, together with
their core analytical focus and key issues identified by stakeholders. The following subsections elaborate
on each theme and provide a detailed qualitative account of the institutional, technological, and

operational challenges shaping ship-source oil spill governance in Thailand.

Table 1. Summary of qualitative themes on ship-source oil spill management

Theme

Core Focus

Key Issues Identified

Theme 1: Limitations in Legal
Enforcement and Regulatory

Structure

Theme 2: Insufficient
Application of Monitoring and

Surveillance Technologies

Theme 3: Systematic
Approaches to Oil Spill
Prevention

Theme 4: Human Factors and

Operational Risks

Theme 5: Interagency
Integration and International

Cooperation

Institutional and legal

governance

Technological capacity

for enforcement

Preventive governance
mechanisms

Operational and

behavioral dimensions

Coordination and
transboundary

governance

Fragmented mandates; overlapping
agency responsibilities; jurisdictional
ambiguity; enforcement challenges
involving foreign-flagged vessels

Limited real-time monitoring coverage;
insufficient reliability of monitoring data
for legal evidence; underutilization of
technology in investigation and
prosecution

Reactive management orientation;
weaknesses in inspection regimes;
inconsistent maintenance and preventive
controls

Human error during oil transfer
operations; inconsistent training and
supervision; variability in operational
standards

Limited inter-agency information sharing;
lack of integrated monitoring systems;
need for international cooperation in

cross-jurisdictional cases

Theme 1: Limitations in legal enforcement and regulatory structure

The interview findings indicate that, although Thailand has adopted relevant international
maritime environmental conventions and enacted domestic legislation on oil pollution prevention, the
effectiveness of enforcement remains limited in practice. Most respondents identified the regulatory
framework as structurally fragmented, characterized by the involvement of multiple agencies with
overlapping responsibilities. This fragmentation was consistently highlighted as a major barrier to effective
enforcement, as it often leads to unclear institutional authority and delays in enforcement actions.

Furthermore, interviewees emphasized the particular challenges associated with enforcing
environmental laws against foreign-flagged vessels. These challenges include ambiguities in jurisdiction,

procedural delays, and difficulties in coordinating legal processes across responsible agencies. Such
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constraints were perceived to significantly undermine the operational capacity to investigate and prosecute
oil pollution cases, especially within large port areas. Overall, the interview data suggest that improving
enforcement effectiveness requires clearer institutional coordination and more integrated implementation
of existing regulatory frameworks, rather than the introduction of additional legal instruments alone.

Theme 2: Insufficient application of monitoring and surveillance technologies

A second major theme concerns the limited application of modern monitoring and
surveillance technologies in oil spill detection and enforcement. Respondents consistently noted that
existing technological systems are insufficient for continuous, real-time monitoring of oil discharges and spill
movements, particularly during nighttime operations and across extensive maritime areas surrounding major
ports.

In addition to these operational limitations, interviewees expressed concern regarding the legal
utility of current monitoring data. Monitoring outputs were often perceived as lacking the technical reliability
and evidentiary credibility required for use in judicial proceedings, thereby constraining their effectiveness
in supporting investigation and prosecution. As a result, the potential of technology to function as an
enforcement enabler remains underutilized.

From the stakeholders’ perspective, enhanced and integrated monitoring systems capable of
generating verifiable and legally defensible data were viewed as essential for strengthening enforcement
capacity. Such systems were expected to improve situational awareness, facilitate inter-agency coordination,
and enable more effective detection of covert illegal oil discharges.

Theme 3: Systematic approaches to oil spill prevention

The interviews reveal a shared view that oil spill management in Thailand remains
predominantly reactive, with greater emphasis placed on emergency response than on preventive control.
Respondents emphasized that effective prevention requires a systematic governance approach
encompassing regular vessel and port inspections, strict enforcement of maintenance standards, and
oversight of repair and modification procedures.

Stakeholders indicated that weaknesses in inspection regimes and preventive maintenance
increase the likelihood of technical failures and operational accidents that may lead to oil spill incidents.
Preventive governance was therefore viewed as a critical component of effective marine environmental
protection, particularly in high-risk port environments. Interviewees suggested that strengthening preventive
mechanisms through more consistent inspection practices and risk-based monitoring would reduce spill
risks and enhance overall management outcomes.

Theme 4: Human factors and operational risks

Human error emerged as a significant contributor to oil spill incidents, particularly during oil
transfer and handling operations. Interviewees noted that, despite the presence of technical systems and
regulatory controls, operational mistakes by ship crews and port personnel remain a persistent risk.

Contributing factors identified by respondents included inconsistent training standards, limited
supervision, and variations in operational procedures among vessels and operators. These findings suggest
that technological and regulatory measures alone are insufficient to address operational risks without
parallel efforts to strengthen human capacity. Improved training, competency development, and
operational discipline were therefore identified as essential complements to technical and legal controls
in reducing spill incidents and supporting effective enforcement in practice.

Theme 5: Interagency integration and international cooperation

The final theme highlights the importance of integrated interagency collaboration and

international cooperation in managing ship-source oil pollution. Respondents widely agreed that oil
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pollution from ships is a transboundary issue that cannot be effectively addressed by a single agency or
within national jurisdiction alone.

Interviewees emphasized the need for enhanced information sharing, coordinated monitoring
systems, and joint investigations among domestic agencies. In addition, cooperation with international
organizations and neighboring states was viewed as essential, particularly in cases involving high-risk or
foreign-flagged vessels operating across multiple jurisdictions. From the stakeholders’ perspective, stronger
interagency and international integration was regarded as a key factor in improving enforcement efficiency
and addressing complex oil pollution incidents in major port areas.

3.2 Quantitative findings: perceived effectiveness of government oversight in ship-source oil
spill management

Following the qualitative interviews, informants provided quantitative assessments of the
perceived effectiveness of government monitoring and supervision across key stages of ship-source oil spill
management: prevention, emergency response, and legal action. The quantitative results are presented
below according to these operational stages.

3.2.1 Perceived effectiveness of government oversight in oil spill prevention

Stakeholders’ assessments of the effectiveness of government oversight in preventing
oil spill incidents arising from different causes are presented in Table 2. Overall, preventive monitoring
related to navigational accidents received the highest effectiveness score among all categories, suggesting
strong confidence in existing preventive measures for overt maritime operational risks.

In contrast, the preventive effectiveness of government oversight was rated at a
moderate level for oil spill incidents caused by technical failures of vessels or equipment and human error
during oil transfer operations. These comparatively lower ratings indicate that preventive monitoring and
oversight mechanisms are perceived to be less effective in addressing risks associated with complex
technical systems and operational practices. Variability in stakeholder responses, particularly with respect
to technical failures, suggests differences in professional perspectives and institutional roles among the
respondents.

Similarly, although the prevention of illegal oil discharges received slightly higher ratings
than those related to technical failures and human error, the results indicate only a moderate level of
perceived deterrence effectiveness. When considered in conjunction with the qualitative findings, this
pattern points to potential limitations in existing preventive measures, particularly in their capacity to deter
intentional violations under conditions of enforcement complexity, including cases involving foreign-flagged

vessels.

Table 2. Effectiveness of government oversight in preventing major causes of oil spills

Cause of Oil Spill Mean  Standard Deviation Level of Efficiency
Accidents from Navigation 4.27 0.45 High
Technical failures of vessels or equipment 3.09 0.67 Moderate
Human error during oil transfer operations 3.09 0.51 Moderate
Illegal discharge of oil 3.45 0.50 Moderate

Note: The level of efficiency is interpreted based on the mean score as follows: 1.00-1.80 = Very Low; 1.81-2.60 = Low;
2.61-3.40 = Moderate; 3.41-4.20 = High; and 4.21-5.00 = Very High. This interpretation applies to Tables 2-5.

3.2.2 Perceived Effectiveness of Government Oversight in Emergency Response and
Control
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Stakeholders’ perceptions of the effectiveness of government oversight in controlling
and responding to oil spill incidents are presented in Table 3. Across incident categories, emergency
response capacity received relatively high effectiveness ratings for incidents associated with navigational
accidents and illegal oil discharges. However, effectiveness ratings remained at a moderate level for
incidents caused by technical failures and human error. This pattern mirrors the prevention-stage findings
and indicates that response effectiveness varies depending on the underlying cause of the incident. The
persistence of moderate ratings for technical and human-related incidents reinforces qualitative insights
regarding operational complexity and uneven enforcement capacity.

Taken together, these findings suggest that while emergency response mechanisms are
generally effective, their performance is less consistent in scenarios involving less visible or more

operationally complex causes of oil spills.

Table 3. Effectiveness of government oversight in emergency response and control

Cause of Oil Spill Mean Standard Deviation Level of Efficiency
1. Accidents from Navigation 4.18 0.39 High
2. Technical failures of vessels or equipment 3.27 0.75 Moderate
3. Human error during oil transfer operations 3.36 0.48 Moderate
4. Illegal discharge of oil 3.73 0.45 High

3.2.3 Perceived Effectiveness of Government Oversight in Investigation and Prosecution

Table 4 shows stakeholders’ assessments of government effectiveness in the post-
incident phases of investigation and legal proceedings. The data indicate notable variation in perceived
enforcement effectiveness across different types of oil spill incidents.

Investigation and prosecution associated with navigational accidents were rated as
relatively effective, consistent with the clearer attribution of causation and responsibility in such cases. By
comparison, effectiveness ratings declined to a moderate level for incidents involving technical failures and
human error, indicating greater difficulty in establishing liability.

Most critically, the investigation and prosecution of illegal oil discharges received the
lowest ratings among the incident categories and were rated as low. The consistency of responses indicates
a shared stakeholder perception of limited enforcement effectiveness in this area. These results are
consistent with qualitative evidence pointing to constraints related to detection capability, evidentiary

adequacy, jurisdictional complexity, and the enforcement of regulations against foreign-flagged vessels.

Table 4. Perceived effectiveness of government oversight in investigating and prosecuting major causes of

oil spills
Cause of Oil Spill Mean Standard Deviation Level of Efficiency
Accidents from Navigation 4.00 0.60 High
Technical failures of vessels or equipment 3.18 0.39 Moderate
Human error during oil transfer operations 3.00 0.60 Moderate
Illegal discharge of oil 273 0.45 Low
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3.2.4 Perceived Impact of Monitoring Systems on the Effectiveness of Oil Spill
Management Processes

Stakeholders assessed the perceived impact of monitoring systems on the effectiveness
of key stages in oil spill management, as summarized in Table 5. The results indicate that monitoring systems
were perceived to have a high level of impact on the effectiveness of oil spill management across all stages.
Among the assessed stages, emergency response management received the highest perceived impact rating,
followed by incident prevention, investigation and legal action, pollution management planning, and
environmental restoration, respectively.

Although the perceived impact of monitoring systems on pollution management
planning and environmental restoration remained within the high category, these stages received
comparatively lower ratings than other management stages. This pattern indicates that the role of
monitoring systems is more clearly recognized in stages that rely on real-time information and operational
decision-making, such as emergency response and incident prevention, whereas their perceived impact is
less pronounced in longer-term or post-incident management processes, including planning and
environmental restoration.

The results show that monitoring systems are perceived as highly effective, particularly
in cases involving visible oil spills that can be directly detected and controlled. However, monitoring is less
effective in detecting non-visible violations, such as illegal discharges at night or equipment-related failures.
These limitations are more pronounced for foreign-flagged vessels due to constraints in data access, limited

inspection time, and protections under international law.

Table 5. Perceived impact of monitoring systems on oil spill management processes

Process in Qil Spill Management Mean Standard Deviation Level
Pollution Management Planning 4.00 0.60 High
Incident Prevention 4.27 0.45 High
Emergency Response Management 4.45 0.50 High
Investigation and Legal Action 4.18 0.39 High
Environmental Restoration 391 0.51 High

4. Discussion

This section integrates and interprets findings from both qualitative and quantitative data to
develop a comprehensive understanding of the challenges and opportunities in strengthening Thailand’s
regulatory framework for ship-source marine oil pollution control. Evidence from both sets of data reveals
that the current system is strong in dealing with visible spill incidents, while exhibiting significant weaknesses
in proactive prevention and legal enforcement against covert and difficult-to-detect violations. These
findings underscore an urgent need for strategic investment and structural reform (UNEP, 2019).

A key finding is the pronounced disparity in the perceived effectiveness of government oversight
across different dimensions of ship-source oil spill management. While stakeholders generally regarded
surveillance and response capacities for clearly observable incidents, such as navigation-related accidents,
as highly effective, perceived effectiveness declined markedly when addressing less visible causes, including
technical failures and human error. Most concerning is the finding that effectiveness was rated as low for
the investigation and prosecution of illegal oil discharges. This pattern suggests that the existing system is

predominantly reactive rather than preventive in nature: it is well equipped to manage overt crises, yet
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struggles to deter, detect, and prosecute clandestine activities or incidents where the pollution source
cannot be readily identified. Such incidents may nonetheless account for a substantial proportion of oil
pollution entering the marine environment (De Kerf et al., 2024).

This enforcement gap related to covert violations directly aligns with the qualitative findings from
stakeholder interviews, which emphasized the need for substantial upgrades in surveillance technology.
Calls for integrated, advanced monitoring systems capable of high-precision, continuous operation under
all weather conditions and during nighttime directly address the weaknesses identified in the quantitative
data. Such systems are critical for shifting the governance approach from reactive to proactive, enabling the
detection of illegal discharges that routine patrol-based and labor-intensive monitoring cannot adequately
capture. Moreover, these technologies play a crucial role in generating legally defensible evidence to
support investigation and prosecution. The convergence of views across all interviewed agencies indicates
that technology is not merely an auxiliary improvement, but rather a central enabling factor linking
regulatory intent to effective enforcement outcomes (Hadavand et al., 2022).

The analysis highlights challenges associated with enforcing Thai environmental regulations on
vessels, particularly foreign-flagged vessels, which constitute a significant jurisdictional and structural
constraint. In cases involving technical failures of vessels or equipment, as well as human error during oil
transfer operations, enforcement is limited by restricted access to inspection data from the country of origin,
including records on equipment standards and crew operational control. These limitations have contributed
to repeated oil leakage incidents during transfer operations, particularly due to defective pipelines or valves.
Thailand’s legal framework may need amendments to strengthen inspection authority across different types
of vessels and to recognize digital monitoring data, such as satellite, AlS records, and sensor-based evidence,
as admissible evidence in law enforcement processes. Such legal recognition would strengthen evidentiary
standards, improve the reliability of inspections, and potentially enhance prosecution outcomes,
particularly in complex cases. The effectiveness of prevention and response to incidents resulting from
technical failures and human error was assessed at a moderate level. Such incidents are often closely tied
to equipment standards and crew operational procedures governed by international conventions, which
present limitations for inspection and enforcement when applied to vessels under foreign jurisdiction. These
jurisdictional and diplomatic challenges cannot be resolved through technological solutions alone but require
stronger international cooperation (Govindarajan et al., 2021).

Furthermore, human error was found to be a contributing factor, underscoring the importance of
strengthening the human-technology nexus in enforcement. Integrating automated monitoring systems, real-time
sensors, and remote surveillance technologies can reduce reliance on manual operations and improve early
anomaly detection.

Overall, the findings indicate that the effectiveness of surveillance and control measures for ship-
source oil pollution in major Thai ports depends on multiple interrelated factors. These include the
robustness of legal enforcement mechanisms, the adoption of advanced technologies, systematic
preventive management, human resource development, and the strength of both inter-agency coordination
and international collaboration.

Policy Recommendations, based on the synthesis of quantitative findings and expert stakeholder
perspectives, the study finds that while response frameworks for large-scale and highly visible incidents are
perceived as robust, the system’s capacity for proactive prevention and prosecution of illegal activities
remains a critical weakness. Addressing these gaps requires an integrated, multidimensional approach
encompassing technological investment, legal reform, and institutional cooperation. The following policy

recommendations are proposed.
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First, priority should be given to the development and deployment of modern surveillance
technologies. Investment is needed in advanced, integrated monitoring systems capable of comprehensive
and continuous observation, enabling accurate real-time detection and tracking of pollution sources.
Particular emphasis should be placed on technologies that function effectively during nighttime and under
adverse weather conditions.

Second, the legal and enforcement framework should be strengthened through more rigorous
implementation of existing laws and regulations, particularly those targeting illegal oil discharges. This
should be accompanied by a clearer delineation of roles and responsibilities among relevant government
agencies to enhance operational integration, reduce institutional overlap, and improve enforcement
efficiency.

Third, international cooperation should be enhanced through strengthened coordination, data
sharing, and collaborative mechanisms with international organizations and neighboring countries. Such
cooperation is essential for the surveillance and regulation of high-risk vessels, as well as for addressing
jurisdictional challenges associated with enforcement against foreign-flagged ships operating in Thai waters.

Finally, integrated response and investigation processes should be developed through the
establishment of standardized operational guidelines that fully leverage modern technologies across all
stages of oil spill management. These stages include proactive prevention, rapid emergency response, and
systematic evidence collection capable of supporting effective investigation and legal prosecution.

Future research may explore the possibility of applying this framework to ASEAN member countries

facing similar jurisdictional and operational challenges, thereby enhancing its regional significance.

5. Conclusions and recommendations

This study examined the effectiveness of ship-source oil spill monitoring and law enforcement in
Thailand’s major ports using a mixed-methods approach that integrated stakeholder interviews with
quantitative assessments of perceived government performance. The findings demonstrate that the
effectiveness of oil spill governance varies significantly across incident types and enforcement stages,
reflecting limitations in practical implementation rather than deficiencies in formal legal frameworks.

Quantitative results indicate that government oversight is perceived as highly effective in managing
navigation-related oil spill incidents, particularly in emergency response and visible accident management,
where institutional responsibilities, operational procedures, and evidentiary conditions are relatively clear.
However, perceived effectiveness declines to moderate levels for incidents involving technical failures and
human error, and to low levels for the investigation and prosecution of illegal oil discharges. These patterns
suggest that current governance mechanisms are more effective in responding to overt and observable
incidents than in addressing covert, operationally complex, or intentional violations.

Qualitative findings provide further insight into these disparities. Stakeholders identified the limited
deployment of advanced monitoring technologies, fragmented inter-agency coordination, and constraints
in evidentiary capacity as critical barriers to effective enforcement, particularly for foreign-flagged vessels
and deliberate illegal discharges. Although Thailand has adopted relevant international conventions and
domestic legislation, enforcement remains constrained by jurisdictional complexities, uneven access to
operational data, and insufficient technological integration among responsible agencies.

A key contribution of this study is the empirical demonstration that monitoring technology plays a
mediating role between regulatory intent and enforcement outcomes. Without reliable, continuous, and

legally defensible monitoring data, enforcement mechanisms lack the operational foundation necessary to
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support investigation, prosecution, and deterrence. Advanced surveillance and detection technologies are
therefore not merely supplementary tools but essential enablers of effective maritime environmental
governance, particularly for proactive prevention and accountability.

Overall, the findings indicate that strengthening ship-source oil spill governance in Thailand requires
a shift from a predominantly reactive enforcement model toward a more integrated, technology-enabled,

and preventive governance approach.
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Abstract
This study aimed to investigate the effects of combined high-intensity interval TRX training on body
composition, muscular strength, and muscular power in university students. A randomized controlled trial

design was employed involving 40 healthy male participants aged 18-25 years, who were randomly assigned
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to either an experimental group (HIT-TRX; n = 20) or a control group (n = 20). The intervention was
conducted over an 8-week period, with training sessions performed three times per week. The experimental
group participated in a structured HIIT-TRX program incorporating bodyweight resistance and plyometric
exercises, while the control group maintained their usual physical activity. Outcome measures included
body composition assessed via bioelectrical impedance analysis, muscular strength evaluated using a back
and leg dynamometer, and muscular power assessed through the countermovement jump test. Data were
analyzed using mixed-design ANOVA, with statistical significance set at p < 0.05. The results demonstrated
significant improvements in muscular strength and muscular power within the experimental group following
the intervention (p < 0.05), whereas no significant changes were observed in the control group. However,
no statistically significant differences were found between groups in body composition variables or in the
magnitude of change between groups (p > 0.05). These findings suggest that HIIT-TRX training is effective in
enhancing neuromuscular performance, particularly muscular strength and power, in young adults. The
absence of significant changes in body composition may be attributed to the relatively short intervention
duration and the participants’ baseline physiological status. In conclusion, combined HIIT-TRX training
represents a time-efficient and practical approach to improving functional physical performance in university
populations, although longer interventions may be required to elicit significant changes in body

composition.

Keywords: TRX, resistance training, Muscle strength, Muscle power, Body composition

1. Introduction

Physical inactivity is one of the major health problems affecting young people today, especially
those pursuing education at universities. Although recommendations issued by WHO (2020) suggest
performing moderate- and vigorous-intensity exercise (150-300 min/week and 75-150 min/week,
respectively) alongside muscle-strengthening activities, many people fail to adhere to these suggestions.
According to recent data, about 31.3% of adults do not perform enough exercise; this trend appears to
continue, making it difficult to reach WHO physical activity goals by 2030 (Strain et al.,, 2024). At the same
time, the problem is aggravated by numerous factors, such as academic workload, prolonged sitting, and
lack of sleep. In turn, this results in poor physical fitness and undesirable changes in body composition,
including excessive adiposity and low cardiorespiratory capacity (Edelmann et al., 2022; Yin et al., 2025).
Consequently, a key problem that requires attention is identifying an appropriate form of physical activity
that is both effective and time-efficient.

Several emerging techniques have been suggested to address this problem, including suspension
training using TRX (Total Resistance Exercise). One advantage of this technique is its adjustable intensity
level and ability to train a variety of muscles during one session. Previous studies have confirmed that it
helps improve core stability, balance, and performance without safety risks (Blasco et al., 2024). In addition,
a number of randomized controlled trials have demonstrated the ability of this method to develop muscle
mass and strength comparable to traditional resistance training (Soligon et al,, 2020). Nevertheless,
insufficient data are available concerning its ability to develop maximal strength and muscular power (Blasco
et al,, 2024).

Moreover, exercise protocols performed during HIIT sessions usually vary from one study to
another, making the information difficult to apply in real-life conditions. HIIT (high-intensity interval training)

has been used successfully since the 1990s and is currently a widely used exercise technique that helps
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develop numerous aspects of health and fitness, such as muscular fitness and cardiovascular endurance.
Evidence from systematic reviews and meta-analyses indicates that HIIT is efficient for improving body
composition and cardiorespiratory fitness. More specifically, it can lead to considerable decreases in body
fat percentage, fat mass, and body mass index, as well as improvements in maximal oxygen uptake,
muscular fitness, and muscular strength (Khodadadi et al., 2023; Poon et al,, 2024; Yin et al., 2025). HIIT
provides effects comparable to those observed after lower-intensity exercise. Additionally, findings
presented by de Oliveira-Nunes et al. (2021) and Crowley et al. (2022) demonstrated that HIIT can produce
similar or even greater improvements in cardiorespiratory fitness, particularly maximal oxygen uptake
(VOzmax), compared with moderate-intensity continuous training (MICT), while requiring substantially less
time. HIIT protocols may be even more advantageous in some cases because of the high metabolic rate
and near-maximal effort required.

Furthermore, whole-body HIIT protocols help increase muscular strength, muscular endurance, and
performance, providing good opportunities for young people, such as university students, who have limited
time to exercise (Scoubeau et al., 2022). In turn, combining HIIT and TRX techniques may be beneficial
because their mechanisms are different and may complement each other. Specifically, HIIT focuses on
inducing metabolic stress and promoting high energy expenditure, including additional energy consumed
after exercise (excess post-exercise oxygen consumption). TRX training is designed to provide increased
neuromuscular activation resulting from instability, multi-joint coordination, and involvement of muscles
that stabilize body position (de Oliveira-Nunes et al., 2021). In addition, whole-body HIIT protocols have
demonstrated meaningful improvements in muscular strength, endurance, and movement performance,
making them particularly suitable for populations with limited time availability, such as university students
(Scoubeau et al., 2022; Viderman et al., 2025). The time-efficient nature of HIIT further enhances adherence
and feasibility in real-world settings, particularly among university students and young adults who often
report lack of time as a major barrier to regular physical activity participation (Yin et al.,, 2025; Viderman et
al., 2025).

However, limited evidence exists regarding the combined effects of HIIT and TRX training on
muscular power and strength in young, healthy populations. The majority of studies have focused on only
one technique and have been conducted in older or specialized populations. Therefore, the current study
investigates the effects of HIIT-TRX training on body composition, muscular power, and muscular strength

in young, healthy university students.

2. Materials and methods
2.1 Study Participants

A total of 40 healthy university students aged 18-25 years were recruited to participate in this
study. They were required to be free from any medical contraindications to exercise, have no history of
cardiovascular or uncontrolled metabolic diseases, and not have participated in structured resistance or
high-intensity interval training (HIIT) programs within the previous three months. The study included
individuals with a body mass index (BMI) between 18.5 and 29.9 kg/m? who provided written informed
consent prior to participation.

This study employed a randomized controlled trial (RCT) with a parallel-group design over an
8-week intervention period. Participants were randomly assigned to either an experimental group (HIIT-TRX;
n = 20) or a control group (n = 20). Sample size was calculated using G*Power software (version 3.1.9.7;

Faul et al.,, 2007) for the interaction effect (group x time) in a 2 x 2 design. The calculation assumed an
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effect size of f = 0.30 (moderate effect; partial N2 ~ 0.082), statistical power of 0.80, a significance level (O)
of 0.05, and a pre-post correlation of 0.60-0.70. The minimum required sample size was estimated to be
34-36 participants. To account for a potential dropout rate of 10-15%, a total of 40 participants were
recruited.

Participants were excluded if they had chronic musculoskeletal injuries that limited exercise
performance, were pregnant, or were unable to complete the training protocol. All participants underwent
initial screening procedures, including completion of the Physical Activity Readiness Questionnaire (PAR-Q+),
health history assessment, and baseline measurements such as body weight, height, and blood pressure.
This study was approved by the Human Research Ethics Committee of Ubon Ratchathani Rajabhat University
(Protocol No. HE681038, dated December 19, 2025).

2.2 Study Design

Participants were allocated to either the experimental or control group using BMI-stratified
block randomization to ensure balanced baseline characteristics between groups. All assessments were
conducted under standardized conditions, with participants instructed to avoid vigorous exercise, alcohol,
and caffeine before testing and to maintain their usual diet, sleep patterns, and testing schedule.

2.3 Training Protocol

2.3.1 Experimental Group (HIIT-TRX)

Participants in the experimental group performed a supervised high-intensity interval
TRX (HIIT-TRX) training program three times per week for 8 weeks. Each session lasted approximately 30
minutes.

The training session consisted of:

Warm-up: 8 minutes of dynamic mobility and muscle activation, including the TRX
squat to row, TRX alternating forward lunge with T-fly, TRX standing rollout, TRX wide hip hinge, TRX side
lunge, and TRX squat to reach.

Main interval training: 6-8 sets of TRX exercises performed for 40-45 seconds at high
intensity, followed by 20-30 seconds of rest. Exercises included the TRX row, TRX chest press, TRX squat
jump, TRX lunge, TRX hamstring curl, and TRX pike or rollout (Figure 1).
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Figure 1. Illustration of the 6 core exercises in the HIT-TRX program: (1) TRX Row, (2) TRX Chest Press,
(3) TRX Squat Jump, (4) TRX Lunge, (5) TRX Hamstring Curl, and (6) TRX Pike or Roll-out
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Cool-down: 5-7 minutes of static stretching, including the TRX chest stretch, TRX lat
stretch, TRX hip flexor stretch, TRX hamstring stretch, TRX adductor stretch, and TRX standing figure-4
stretch.

Exercise intensity was monitored using the Rating of Perceived Exertion (RPE), targeting
RPE 7-9 (approximately 85-95% HRmax) during work intervals and RPE 3-4 (60-65% HRmax) during recovery
periods. Training progression was achieved by modifying body position, range of motion, and exercise

complexity.
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Safety precautions were implemented throughout the training sessions, including
modification of plyometric intensity and immediate cessation of exercise in the presence of adverse
symptoms such as dizziness, chest pain, or localized injury.

2.3.2  Control Group (CT)

Participants in the control group were instructed to maintain their usual daily activities
and refrain from participating in any structured exercise program throughout the study period.

Assessment Tests

Body composition was assessed via bioelectrical impedance analysis (BIA) under
controlled conditions, including standardized hydration status. The variables obtained comprised body fat
percentage, fat mass (FM), fat-free mass (FFM), body mass index (BMI), and waist-to-hip ratio.

Muscular power was determined using the countermovement jump (CMJ) test without
arm swing, with hands on hips, conducted on a force platform or a validated measurement device (Kistler,
version 9287). To complement this assessment, upper-body power was assessed using a medicine ball
chest throw. Each participant performed repeated trials, with the highest value retained for subsequent
analysis.

A back and leg dynamometer (TKK, version 5402 Back-D) was used to assess maximal
isometric strength of the lower body, particularly involving the combined action of the leg and lower back
musculature.

2.4 Statistical Analysis
All data were expressed as mean * standard deviation (SD). A mixed-design ANOVA (group x
time) was used to examine interaction effects between groups and time points. Where appropriate, analysis
of covariance (ANCOVA) adjusted for baseline values was applied. To determine the magnitude of the
intervention effects, partial eta squared (partial N?) was calculated as a measure of effect size, or Hedges’

g was calculated along with 95% confidence intervals. Statistical significance was set at p < 0.05.

3. Results
The results are presented according to the primary outcomes, including baseline characteristics,
body composition, and neuromuscular performance. In addition to statistical significance, effect sizes and
practical relevance were considered to provide a more comprehensive interpretation of the findings.
3.1 Baseline Characteristics
As presented in Table 1, baseline characteristics were comparable between the experimental
and control groups, with no significant differences detected in body weight, height, or body mass index
(BMI) (p > 0.05). The effect sizes for these comparisons were trivial to small, indicating a high level of
comparability between groups at baseline. This suggests that any subsequent changes can be attributed
primarily to the intervention rather than to pre-existing differences.
3.2 Body Composition
As shown in Table 2, no statistically significant differences were found in body composition
variables, including body weight, fat percentage, and muscle mass, either within or between groups
following the 8-week intervention (p > 0.05). The observed effect sizes were small, and the confidence
intervals likely crossed zero, indicating a lack of meaningful change. Although the experimental group
demonstrated slight improvements, such as a reduction in fat percentage and a modest increase in muscle

mass, these changes were not practically significant. This suggests that the intervention, while effective for
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neuromuscular adaptations, may not have provided a sufficient stimulus or duration to induce measurable
changes in body composition.
3.3 Muscular Strength and Power

As presented in Table 3, significant improvements in neuromuscular performance were
observed in the experimental group following the 8-week intervention (p < 0.05). Specifically, maximal
muscular strength and muscular power increased significantly compared with pre-intervention values.

The magnitude of these improvements can be interpreted as moderate effect sizes, indicating
not only statistical significance but also meaningful practical relevance. In contrast, the control group
showed no significant changes, with trivial effect sizes observed across both variables. Furthermore,
between-group comparisons revealed statistically significant differences in favor of the experimental group
(p < 0.05). The associated effect sizes suggest a moderate practical impact of the HIIT-TRX intervention on
neuromuscular performance.

Importantly, the improvements observed in the experimental group are likely to be
meaningful in real-world contexts, as increases in muscular strength and power are directly associated with
enhanced physical performance and functional capacity. The confidence intervals around these estimates
are expected to exclude zero, reinforcing the reliability of the observed effects.

Table 1. Mean and standard deviation of participants’ baseline characteristics

Experimental Group (n=20) Control Group (n=20)
Participant Characteristics
mean + SD mean * SD
Weight (kg) 64.44+7.47 65.15+10.89
Height (cm) 172.33+3.08 175.90+6.77
BMI (kg/m?) 21.67+3.25 20.99+2.95

Table 2. Comparison of Mean Values, Standard Deviations, and Percentage Changes (%Change) in Body

Composition Variables Before and After an 8-Week Intervention in the Control and Experimental

Groups
Experimental Group (n = 20) Control Group (n = 20)
Variables Pre-test Post-test Pre-test Post-test p - value
%Change %Change
mean £ SD mean * SD mean £ SD mean £ SD

Weight (kg) 64.64+7.46 64.44+7.47 -0.30 65.25+10.80 65.15+£10.89 -0.15 0.715
Body fat (%) 14.86+3.53 14.30+3.42 -3.81 14.34+3.55 14.33+£3.51 -0.07 0.102
Muscle mass 51.84+5.80 52.24+6.01 0.77 51.81£5.87  51.85+5.72 0.07 0.438
(kg/m?)

*p - value < 0.05

Table 3 presents the mean values and standard deviations of maximal muscular strength and
muscular power. The results indicate that, within the experimental group, both muscular strength and
muscular power significantly improved following the 8-week training intervention compared with pre-training
values (p < 0.05).
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Table 3. Comparison of Mean Values, Standard Deviations, and Percentage Changes (%Change) in Maximal
Muscular Strength and Muscular Power Before and After the 8-Week Intervention in the TRX

Training Combined with Plyometric Training Group and the Conventional Training Group

. Experimental Group (n=20) Control Group (n=20)
Variables p-value
Pre-test Post-test %Change Pre-test Post-test %Change

Muscle strength 2.25+0.42 2.47+0.32 9.39 2.36+0.79  2.36+0.79 0.84 0.025*"
Back and Leg
Dynamometer test
(kg/kg of body weight)
Power 37.33+3.31 40.33+3.00 8.03 39.70+3.19 39.30+3.33 -1.00* 0.026*"

Countermovement
jump (CMJ) test (cm)

*p < 0.05 indicates a statistically significant difference within the group between pre- and post-intervention measurements,
whereas "o < 0.05 indicates a statistically significant difference between groups.

4. Discussion

The present study investigated the effects of an 8-week program combining high-intensity interval
TRX training and plyometric training on body composition, muscular strength, and muscular power in
university students. The findings demonstrated that the intervention produced significant improvements in
muscular strength and muscular power in the experimental group. In contrast, no significant changes were
observed in body composition variables, and the control group did not exhibit any notable improvements
across the measured outcomes. These results suggest that the HIIT-TRX protocol is effective in eliciting
neuromuscular adaptations within a relatively short training period, although its impact on body
composition appears to be limited under the current conditions.

These findings are consistent with previous research highlighting the effectiveness of resistance
training and high-intensity interval training (HIIT) in enhancing neuromuscular performance. In particular,
suspension training has been shown to increase muscle activation and improve stability due to the
instability of the training environment, which places greater demands on neuromuscular control (Snarr &
Esco, 2013; Calatayud et al., 2014). Similarly, HIIT has been widely reported to improve muscular strength
and power by stimulating fast-twitch muscle fibers and increasing metabolic stress (Gibala et al., 2012;
Dankel et al,, 2017). Importantly, the integration of TRX, HIIT, and plyometric training likely produced a
synergistic training effect. HIIT primarily enhances metabolic and cardiovascular function, TRX training
improves neuromuscular stability and coordination, and plyometric training targets explosive strength and
power. Such multi-component training programs have been shown to be particularly effective in improving
overall physical performance in young populations (Scoubeau et al., 2022).

From a physiological perspective, the improvements observed in muscular strength and power are
most likely attributable to early-stage neuromuscular adaptations rather than structural changes in muscle
mass. These adaptations may include increased motor unit recruitment, enhanced firing frequency,
improved synchronization, and greater intermuscular coordination. Furthermore, the inclusion of plyometric
exercises likely enhanced the stretch-shortening cycle, contributing to improved rate of force development
and explosive performance. The instability associated with suspension training may have further amplified
these effects by increasing the demand for core activation and dynamic stabilization. Together, these
mechanisms provide a plausible explanation for the moderate effect sizes observed in neuromuscular

performance outcomes, despite the absence of significant changes in body composition.
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In contrast, the lack of significant changes in body composition aligns with previous studies
suggesting that short-term interventions may not be sufficient to induce measurable alterations in fat mass
or muscle hypertrophy, particularly in populations with relatively normal baseline values (Keating et al.,
2017; Viana et al., 2019; Khodadadi et al., 2023). It is also important to consider that body composition is
influenced by multiple factors, including energy balance, dietary intake, and hormonal responses, which
were not controlled in the present study. Therefore, although slight improvements were observed, these
changes were neither statistically nor practically significant, reinforcing the idea that longer intervention
periods or additional nutritional strategies may be required to achieve meaningful changes in body
composition.

From a practical standpoint, the findings of this study highlight the potential of HIIT-TRX training as
a time-efficient and accessible approach to improving key components of physical fitness in university
students. Given that significant improvements in muscular strength and power were achieved within an 8-
week period, this training method may be particularly beneficial for individuals with limited time for exercise.
Moreover, the use of bodyweight-based suspension systems allows for scalable intensity and minimal
equipment requirements, making it suitable for a wide range of settings and populations. However,
practitioners should be aware that optimizing body composition may require longer training durations,
increased training volume, or the incorporation of dietary interventions.

Despite these promising findings, several limitations should be acknowledged. The relatively short
duration of the intervention may have limited the ability to detect significant changes in body composition.
Additionally, the absence of dietary control may have influenced outcomes related to fat mass and muscle
mass. The sample was restricted to healthy young university students, which may limit the generalizability
of the findings to other populations. Furthermore, although effect sizes were used to enhance
interpretation, the inclusion of confidence intervals and a larger sample size would strengthen the
robustness and external validity of the results. Future research should consider longer intervention periods,
dietary monitoring, and more diverse populations to further explore the effects of combined HIIT-TRX

training.

5. Conclusions and recommendations

The findings of this study indicate that an 8-week combined suspension-based resistance training
(TRX) and plyometric training program can effectively improve muscular strength and muscular power in
university students. These improvements are driven by neuromuscular adaptations, specifically through
augmented motor unit recruitment, enhanced intra- and intermuscular coordination between muscle
groups, and greater efficiency of the stretch-shortening cycle, all of which contribute to increased force
production and explosive performance.

In contrast, although slight improvements were observed in body composition, these changes were
not statistically significant. This suggests that, while the training stimulus was sufficient to induce
neuromuscular adaptations within the intervention period, alterations in body composition may require a
longer training duration, higher training volume, or additional control of dietary intake to produce
measurable changes. From a practical perspective, the combination of TRX and plyometric training offers a
time-efficient and functional approach to exercise that can be readily applied in university settings. This
type of training is particularly suitable for individuals with limited time, as it simultaneously targets multiple

components of physical fitness, including strength and power.
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Overall, the results support the use of combined TRX and plyometric training as an effective
strategy for enhancing physical performance in young adults. Future research should further investigate its
long-term effects and explore strategies to optimize its impact on body composition and overall health

outcomes.
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Abstract

This research and development (R&D) study aimed to develop a nursing care model for patients
undergoing open-heart surgery at Sisaket Hospital using the ASPIRE framework (Assess-Set goals—Plan-
Implement-Reassess—Evaluate) with multidisciplinary team participation. The study was conducted from
August 27, 2025, to January 27, 2026. Participants included 29 nurses, 30 patients, and 11 experts. The
research consisted of four phases: (1) situation analysis; (2) development of an integrated care model;
(3) tryout and expert evaluation; and (4) outcome evaluation in real-world practice. Data were collected

using interview guides, competency assessment forms, satisfaction questionnaires, feasibility assessment
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forms, and clinical outcome recording forms (CVI = 1.00). Quantitative data were analyzed using the
Wilcoxon signed-rank test and paired t-test, whereas qualitative data were analyzed using content analysis.
Among providers, nursing staff competency scores increased across all care phases (from 94.92% to 96.98%),
and team satisfaction improved with statistical significance (p < 0.001). The feasibility of model
implementation was rated at the highest level. Among patients, all seven incidence indicators achieved
their specified targets. Indicators achieving 100% included preoperative assessment, intraoperative
emergency reporting, and high-alert drug (HAD) management within 1 minute, and rehabilitation/discharge
planning. Indicators with zero incidence included surgery cancellation, postoperative arrhythmia, and 7-day
readmission. The findings suggest that the SOH-Care nursing care model can reduce surgery cancellations
to zero, decrease coagulopathy by 30%, and significantly improve nursing competency. It is recommended
that the model be tested in tertiary hospitals with similar contexts and that long-term outcomes be further
studied.

Keywords: Open-heart surgery, Nursing care model, ASPIRE framework, Multidisciplinary team, Research and
development

1. Introduction

Cardiovascular disease is the leading cause of death worldwide. The World Health Organization
(WHO) reported nearly 20 million deaths from cardiovascular diseases annually in 2023, with the majority
attributable to acute myocardial infarction and stroke (World Health Organization, 2023). The increasing
prevalence is driven by metabolic risk factors such as obesity, diabetes, and hypertension, compounded by
air pollution and climate change (Global Burden of Disease Collaborators, 2023). Internationally, the
management of cardiac conditions has continued to advance, emphasizing revascularization, antiplatelet
therapy, and the expanding role of specialized cardiology nursing care. Sanders et al. (2022) identified
inadequate preoperative risk assessment and fragmented interdisciplinary communication as the primary
structural drivers of cardiac surgical morbidity and mortality. Similarly, Noor et al. (2024) reported that
cardiac complications following noncardiac surgery remain a major cause of perioperative morbidity and
mortality, with urgent surgeries demonstrating a significantly higher incidence of complications than elective
procedures.

In Thailand, the number of patients undergoing open-heart surgery has continued to increase. The
Thai Thoracic Surgery Association reported that the number of open-heart surgeries increased from 9,577
in 2017 to 11,465 in 2020 (Thai Thoracic Surgery Association, 2020). Despite advances in surgical technology,
significant postoperative complications, including acute renal failure, hemorrhage, arrhythmias, and stroke,
continue to affect patient outcomes and healthcare costs. Previous studies have demonstrated that
integrated care pathways and standardized nursing protocols can significantly reduce postoperative
complications and improve patient outcomes in cardiac surgery, including clinical pathway approaches and
care bundle strategies. However, limited research has specifically addressed the development of
comprehensive, multidisciplinary nursing care models for open-heart surgery in regional tertiary hospitals in
Thailand.

Sisaket Hospital was designated as a Level Il Cardiac Surgery Center serving Health Region 10 and
began providing open-heart surgery services in 2022. Although the hospital follows established protocols
for preoperative, intraoperative, and postoperative care according to the Royal College of Surgeons of

Thailand guidelines, an analysis in 2024 identified three surgery cancellations (5.88%), exceeding the zero-
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department managed initial assessments, the anesthesiology team conducted pre-anesthetic evaluations
independently, and the ICU handled postoperative care without a shared interdisciplinary care plan or
standardized handoff protocols. Root cause analysis of 60 medical records, patient interviews, and
multidisciplinary team (MDT) consultations revealed fragmented care, inadequate inter-unit communication
during patient preparation, and the absence of unified standard clinical guidelines across multidisciplinary
teams.

Therefore, this research and development (R&D) study aimed to develop an open-heart surgery
(OHS) nursing care model at Sisaket Hospital using the ASPIRE conceptual framework (Assess—Set goals—
Plan-Implement-Reassess-Evaluate), integrated with principles of continuity of cardiac surgical care for
seamless perioperative transitions, a case management approach for individualized patient coordination,
and the nursing process for systematic clinical decision-making. The conceptual framework linking the
inputs, processes, and expected outcomes of this study is illustrated in Table 1.

2. Materials and methods
2.1 Study Design and Setting

This study employed a research and development (R&D) design comprising four sequential
phases aligned with the ASPIRE conceptual framework (Assess—Set goals—Plan—Implement-Reassess—
Evaluate): Phase 1, Situation Analysis (corresponding to Assessment); Phase 2, Model Development
(corresponding to systematic review and Planning); Phase 3, Tryout and Expert Evaluation (corresponding
to Implementation and Review); and Phase 4, Outcome Evaluation (corresponding to Evaluation). The study
was conducted at the Anesthesiology Department and Cardiovascular ICU (ICU CVT) of Sisaket Hospital, a
900-bed provincial tertiary hospital in northeastern Thailand serving as the cardiac surgery center for Health

Region 10.

Table 1. Conceptual Framework for Open-Heart Surgery Care Development at Sisaket Hospital

INPUT PROCESS OUTCOME

SOH - Care Compond ASPIRE Provider Outcomes:

Phase 1: Situation Analysis

Patient Care Concepts for
» Competency scores (5 phases)
« Staff satisfaction (t-test)

Open-Heart Surgery (Case-

Based)

» Access and admission to OHS
services

* MDT pre-anesthetic readiness
assessment

» OHS care planning

« Holistic patient care

« Patient and family
empowerment

« Continuity of care through

community

Staff/patient interviews, medical
record review

Phase 2: Model Development

Literature review, MDT collaborative

design

Phase 3: Tryout & Expert
Evaluation

Pilot testing, expert review,
refinement

Phase 4: Outcome Evaluation
Full implementation, outcome

measurement

Patient Outcomes:

« Pre-op assessment 100%

« Surgery cancellations 0%

« Emergency assessment <1 min
100%

« HAD management <1 min
100%

« Post-op arrhythmia 0%

« 7-day readmission 0%
 Rehab & discharge planning
100%

Journal of SciTech-ASEAN



‘JS_JLA‘ Volume 6 Number 2 (July-December 2026)

2.2 Participants

Provider sample: 29 nursing staff members (25 nurse anesthetists and four ICU nurses) involved in
open-heart surgery care. Patient sample: 30 patients who underwent open-heart surgery during the
implementation period (Phase 4). Medical record review: 30 records for Phase 1 retrospective analysis,
comprising records from the one year preceding model implementation. Expert panel: 11 experts for Phase
3 evaluation and five content validity experts for instrument development. Inclusion criteria for nursing staff
were registered nurses with at least one year of experience in open-heart surgery care at Sisaket Hospital
who provided informed consent. Exclusion criteria were staff on extended leave during the study period or
those who withdrew consent. Inclusion criteria for patients were adults aged >18 years scheduled for
elective open-heart surgery during the implementation period. Exclusion criteria were emergency surgical
cases, patients with cognitive impairment precluding informed consent, or patients who declined
participation.

2.3 Research Instruments

Phase 1 instruments included: (1) a structured interview guide for multidisciplinary team members,
(2) a patient experience interview guide, and (3) a clinical outcome recording form based on medical records;
all were reviewed by five experts and achieved a Content Validity Index (CVI) of 1.00. The multidisciplinary
team interview guide used open-ended questions organized into three domains: perceptions of the care
process, communication barriers, and patient preparation practices. The patient experience guide covered
five domains: fear, anxiety, and risk perception; communication and shared decision-making; continuity of
care and systematic management; holistic physical and psychological care; and confidence, concerns, and
post-discharge self-care support. The clinical outcome recording form captured perioperative complications,
ICU length of stay, use of cardiac assist devices and vasoactive medications, functional recovery at one
month, readmission, and mortality. Interview responses were analyzed using content analysis.

Phase 2 instruments included a competency assessment tool covering five care phases (29
items) using a 5-point rating scale (1 = needs improvement to 5 = excellent), with a pass criterion of >80%
of the total score, Cronbach’s alpha = 0.78, and an expanded clinical outcome recording form.

Phase 3 instruments included a Care Model Implementation Assessment Form and Problem
Documentation Form.

Phase 4 instruments included a nursing team competency assessment form (29 items across
five phases), a team satisfaction questionnaire (7 items, 5-point Likert scale, Cronbach’s alpha = 0.78),
a feasibility assessment form, and a patient clinical outcome recording form.

2.4 Data Collection Procedure

Phase 1 (Situation Analysis): Staff interviews (5-10 minutes each), patient interviews, and
retrospective medical record reviews were conducted following institutional ethics approval
(SSKH 030/2025) and informed consent.

Phase 2 (Model Development): Data synthesis, a systematic literature review using the
PICO framework (Google Scholar, Thai Journal Online, CINAHL, PubMed, and EMBASE), and MDT workshops
were conducted to co-design the care model.

Phase 3 (Tryout): Pilot testing was conducted with 11 staff members (eight nurse anesthetists,
two ICU nurses, and one operating room circulator nurse) for one month, with continuous feasibility
monitoring and refinement.

Phase 4 (Outcome Evaluation): Full model implementation was conducted with 29 nursing
staff members and 30 OHS patients for four months, with collection of competency, satisfaction, and clinical
outcome data.
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2.5 Data Analysis

Quantitative data were analyzed using descriptive statistics, including frequency, percentage,
mean, and standard deviation. For pre- and post-model comparisons of nursing competency scores (Table
2), the Wilcoxon signed-rank test was applied due to the ordinal nature of the competency percentage
data. For team satisfaction scores (Table 3), the paired samples t-test was used because satisfaction domain
scores met the assumptions of normality (Shapiro-Wilk, p > 0.05). Statistical significance was set at p < 0.05
for all tests. Qualitative data were analyzed using content analysis to identify themes and patterns from
interviews and feedback. The research activities and the corresponding tools and instruments used in each

of the four phases are summarized in Table 2.

Table 2. Research Phase Workflow

Phase / Activity Tools / Instruments
Phase 1: Situation Analysis 1. Document/data » MDT situation interview form « Patient
review 2. MDT staff interviews 3. Retrospective experience interview form « Medical record
medical record review (n = 30) outcome form (CVI = 1.00)
Phase 2: Model Development 1. MDT planning « Expert appropriateness assessment form (n = 5)
meetings 2. Literature review & evidence Outcome: Draft OHS Care Model

synthesis 3. Draft model development

Phase 3: Tryout & Evaluation 1. Pilot testing: n = « CVT pre-anesthetic visit form « Patient education
11 staff, 1 month 2. Full tryout: n = 29 staff, 4 leaflet « Care model assessment form « ICU CVT
months 3. Expert panel evaluation (n = 11) rehabilitation & discharge plan

Phase 4: Outcome Evaluation 1. Nursing » Competency assessment (29 items, 5 phases) «

compliance with care model 2. Team satisfaction Team satisfaction questionnaire « Feasibility

assessment 3. Clinical patient outcomes (n = 30 assessment form « Patient dinical outcome
patients; n = 29 nursing staff) recording form
3. Results

3.1 Phase 1: Situation Analysis

An analysis of open-heart surgery patient care at Sisaket Hospital revealed that the existing
system aligned with international anesthesia safety standards (SIMPLE framework), covering three anesthesia
phases. However, a systematic analysis identified variations in documentation and inter-unit communication
practices that affected patient readiness.

The 2024 operating room safety report identified four key problem categories: (1) preoperative
patient preparation gaps, (2) discontinuous monitoring and evaluation systems, (3) limited clinical support
resources, and (4) postoperative safety and complication outcomes (WHO, 2023). The overarching theme
was “Fragmented Holistic Care System,” reflecting inadequate system-wide integration across all care
phases.

Retrospective clinical data (n = 30 records spanning the one year preceding model
implementation; a subset of n = 30 records was randomly selected for in-depth complication profiling)
revealed that 93.34% of patients had cardiopulmonary bypass (CPB) times of 50-150 minutes. All patients
(100%) developed anemia and hypocalcemia postoperatively, 96.67% experienced hypokalemia, and 70%

had coagulopathy. Despite these expected complications, 86.67% of patients showed improved ejection
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fraction (EF) at discharge, and no patients died or were readmitted within 30 days (Sisaket Hospital medical
records, 2025).

Patient interviews (n = 10) generated five major themes: (1) fear, anxiety, and preoperative risk
perception; (2) communication support and shared decision-making; (3) care continuity and systematic
management; (4) holistic physical and psychological care; and (5) confidence, concemns, and post-discharge
self-care support.

3.2 Phase 2: Model Development — The SOH-Care Model

Based on Phase 1 findings and a systematic literature review, the research team developed
the Sisaket Open-Heart Surgery Nursing Care Model (SOH-Care Model), which comprised four integrated
components:

Phase 1 findings were combined with a systematic literature review conducted using the PICO
framework across Google Scholar, Thai Journal Online, CINAHL, PubMed, and EMBASE. Search terms
included open-heart surgery, nursing care model, ASPIRE, ERAS cardiac, pre-anesthetic assessment, and
multidisciplinary perioperative care, with an inclusion period of 2018-2024. After screening 184 records, 27
articles were appraised for evidence quality and operational relevance. Key elements extracted and
incorporated into the SOH-Care Model included: (a) structured pre-anesthetic assessment items and risk
stratification (Arjomandi Rad et al,, 2025) into the CVT form; (b) empowerment-based patient education
content (Arjomandi Rad et al., 2025) into the patient leaflet; (c) phase-aligned nursing competency domains
for cardiac surgery (Arjomandi Rad et al., 2025) into the competency tool; and (d) ERAS-cardiac early
mobilization principles and structured day-by-day rehabilitation milestones (Engelman et al., 2019) into the
ICU rehabilitation and discharge plan. These elements were then refined through three MDT co-design
workshops to ensure contextual fit at Sisaket Hospital. The resulting SOH-Care Model comprised four
integrated components.

Component 1, CVT Pre-Anesthetic Evaluation Form: A structured multidisciplinary pre-
anesthetic assessment form covering patient demographics, cardiac diagnosis, surgical history, current
medications, laboratory values, echocardiographic findings, anesthetic risk stratification, and nursing care
planning across the preoperative period. The form was designed to facilitate standardized, team-shared
documentation and replace the previously fragmented unit-based records.

Component 2, Patient Education Leaflet: An easy-language bilingual leaflet covering basic
cardiac anatomy, preoperative preparation, in-hospital conduct, and post-discharge self-care, developed
through MDT consensus.

Component 3, Competency Assessment Tool: A 29-item tool covering five care phases—pre-
preparation (three items), preoperative (seven items), intraoperative (seven items), postoperative (eight
items), and discharge (four items)—assessing technical skills, clinical decision-making, and interprofessional
collaboration.

Component 4, ICU CVT Rehabilitation and Discharge Plan (Day 0-7): A structured daily
rehabilitation protocol from the immediate postoperative period through day 7, emphasizing early
mobilization, progressive activity, patient education, and discharge preparation.

3.3 Phase 3: Expert Evaluation and Tryout

Based on the evaluation by 11 experts, all four components of the SOH-Care Model were

rated at the highest level of appropriateness, as shown in Table 3.
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Table 3. Expert Evaluation Results for SOH-Care Model Components (n = 11 experts)

Component Mean SD Rating

Overall Care Model (care process flowchart) 4.55 0.32 Highest
Pre-Anesthetic Evaluation Form (CVT) 4.92 0.21 Highest
Patient Education Leaflet 4.86 0.28 Highest
Competency Assessment Tool (overall) 4.60 0.50 Highest
Pre-preparation phase 4.61 0.48 Highest
Pre-operative phase 4.58 0.51 Highest
Intraoperative phase 4.64 0.49 Highest
Post-operative phase 4.59 0.52 Highest
Discharge phase 4.62 0.49 Highest
ICU CVT Rehabilitation & Discharge Plan (overall) 4.68 0.28 Highest
Day 0 (immediate post-op) 4.73 0.31 Highest
Day 4 a7 0.29 Highest
Day 6 (pre-discharge) 4.82 0.26 Highest

All four model components achieved mean appropriateness scores between 4.55 and 4.92,
with consistently low standard deviations indicating strong consensus among evaluators. The Pre-Anesthetic
Evaluation Form (CVT) received the highest rating (mean = 4.92, SD = 0.21), reflecting expert confidence in
its clinical comprehensiveness. Across the five phases of the Competency Assessment Tool, mean scores
ranged narrowly from 4.58 to 4.64, suggesting that the instrument achieved uniform quality across all care
phases rather than concentrating strength in any single domain. The ICU CVT Rehabilitation and Discharge
Plan showed a progressively increasing rating from Day 0 to Day 6 (4.73 to 4.82), indicating that experts
particularly valued the structured pre-discharge preparation component.

3.4 Phase 4: Outcome Evaluation
3.4.1 Provider Outcomes
The assessment of nursing staff competency before and after implementing the
SOH-Care Model (n = 29) revealed that competency scores improved in all five care phases, as shown in
Table 4.
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Table 4. Nursing Competency Scores Pre- and Post-Model Implementation (n = 29)

Care Phase Before (%) After (%) Change (%) p-value*
Pre-preparation 93.85 96.21 +2.36 < 0.05
Pre-operative 94.10 96.65 +2.55 < 0.05
Intraoperative 95.37 97.32 +1.95 < 0.05
Post-operative 94.88 97.05 +2.17 < 0.05
Discharge planning 96.38 97.66 +1.28 < 0.05

Overall 94.92 96.98 +2.06 < 0.05

*Wilcoxon signed-rank test; significance set at p < 0.05.

Competency scores improved across all five care phases following model
implementation, with overall compliance advancing from 94.92% to 96.98% (A +2.06%, p < 0.05). The
largest gain was observed in the preoperative phase (A +2.55%), while the smallest was in the discharge
planning phase (A +1.28%), a phase that had the highest baseline score (96.38%), suggesting a ceiling effect
in that domain. The statistically significant improvement across all phases indicates a consistent, model-
attributable effect rather than random variation. The qualitative findings from Phase 4 (Outcome Evaluation)
complement the quantitative results by providing deeper insights into the experiences and perceptions of
nursing staff and patients regarding the implementation of the SOH-Care Model. Content analysis of
interviews and focus group discussions revealed several key themes.

1) Enhanced Continuity and Systematic Care. Nursing staff reported that the SOH-Care
Model facilitated more continuous and systematic care across all phases from pre-preparation to discharge.
They highlighted improved adherence to standardized protocols and clearer role definitions, which reduced
ambiguity and enhanced confidence in clinical decision-making. Nurses emphasized that the model helped
minimize fragmented care and promoted a more integrated multidisciplinary approach.

2) Improved Communication and Team Collaboration. Participants noted that
communication within the multidisciplinary team became more structured and effective, particularly
through the use of standardized tools such as the pre-anesthetic evaluation form (CVT) and the competency
assessment tool. This enhanced information exchange contributed to safer patient transitions between care
phases and reduced errors related to miscommunication.

3) Patient Empowerment and Education. Patients and their families expressed
appreciation for the clear, accessible information provided through the patient education leaflet and
ongoing education during hospitalization. Themes emerged around increased understanding of the surgical
process, reduced preoperative anxiety, and greater confidence in self-care after discharge. Patients valued
the opportunities to ask questions and felt supported by the healthcare team.

4) Challenges and Areas for Further Improvement. While overall satisfaction was high,
nursing staff identified workload and resource constraints as ongoing challenges that could impact the
consistent application of the model. Some patients mentioneda need for more tailored education materials
to accommodate varying literacy levels and requested enhanced follow-up support after discharge to

address lingering concerns.
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5) Professional Development and Competency Growth. Nurses reported that the
competency assessment tool supported their professional development by clearly outlining expected
skills and behaviors across care phases. This structured evaluation encouraged reflective practice and
highlighted areas for targeted training, contributing to improved clinical competency and patient safety.
A comparison of nursing team satisfaction before and after model implementation using a paired-samples

t-test (n = 29) revealed significant improvement in all domains, as shown in Table 5.

Table 5. Nursing Team Satisfaction Before and After Model Implementation (n = 29)

Domain Before (xSD) After (x+SD) A t p-value

Clarity of model and guidelines 4.10 = 0.45 4.80 + 0.32 +0.70  6.25 < .001**
Appropriateness of the model 4.05 + 0.50 4.70 £ 0.36 +0.65  5.89 < .001**
Feasibility of implementation 4.00 + 0.47 4.65 + 0.48 +0.65 5.12 0.001**

Overall satisfaction 4.04 + 0.46 4.68 + 0.39 +0.64  6.11 < .001%**

**p < 0.01; ***p < 0.001. Paired-samples t-test.

Overall team satisfaction improved significantly from a mean of 4.04 (SD = 0.46) to 4.68 (SD = 0.39),
representing a mean gain of 0.64 points (t(28) = 6.11, p < 0.001). All three domains showed statistically
significant improvement at p < 0.01. The greatest gain occurred in clarity of model and guidelines (A +0.70,
t = 6.25, p < 0.001), which directly corresponds to the structural ambiguity identified as a key problem in
Phase 1, suggesting that the model effectively resolved the communication and role-definition deficiencies
that staff had previously experienced. The reduction in standard deviation across all domains after
implementation (e.g., overall SD: 0.46 — 0.39) indicates not only higher satisfaction but also greater
consistency of experience among nursing staff.

3.4.2 Patient Outcomes — Operational Indicators

Evaluation of patient operational outcomes before and after model implementation (n
= 30) showed that all seven operational indicators met their specified targets, as shown in Table 6.

All seven operational indicators reached their specified targets following model
implementation. Four indicators that were below target before implementation—preoperative assessment
completion, surgery cancellations, emergency assessment timeliness, and HAD management timeliness—
all achieved 100% or 0% as required. Notably, postoperative arrhythmia incidence was eliminated,
decreasing from 3.33% to 0%, and no 7-day readmissions occurred in either period. The sole indicator that
had already achieved its target before implementation—rehabilitation and discharge planning coverage—
was maintained at 100%, confirming that the model did not disrupt existing best practices while improving
areas of deficiency.
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Table 6. Operational Outcome Indicators Before and After Model Implementation (n = 30)

Indicator Target Before n (%) After n (%)

Patients received pre-op assessment by nursing team 100% 29 (96.67%) 30 (100%)
Surgery cancellations due to patient unreadiness 0% 1(3.33%) 0 (0%)
Emergency assessment reported within 1 min

(anesthesia) 100% 29 (96.67%) 30 (100%)
High-alert drug (HAD) management within 1 min 100% 29 (96.67%) 30 (100%)
Post-operative arrhythmia incidents 0% 1 (3.33%) 0 (0%)
7-day readmission incidents 0% 0 (0%) 0 (0%)
Patients received rehabilitation & discharge planning 100% 30 (100%) 30 (100%)

3.4.3 Clinical Outcomes
The incidence of coagulopathy decreased from 100% to 70%. The ICU length of stay in
the optimal 8-14-day range increased from 33.33% to 56.67%. No patients required cardiac assist devices
after model implementation, compared with 6.7% before implementation. The vasodilator requirement
decreased from 80% to 60%. At the one-month follow-up, 100% of patients could walk independently and
climb stairs, increasing from 73.33% and 83.34%, respectively, before implementation. No deaths occurred
within 30 days of the operation.

Patient satisfaction was high, with an overall mean of 4.70 (SD = 0.47). The highest-
rated domains were information received (4.77), equipment care (4.73), and staff attentiveness (4.77). No
patient was readmitted or died within 30 days post-discharge. A review of clinical outcome records found
that several postoperative complications decreased after model implementation, most notably a 30%
reduction in coagulopathy, as shown in Table 7.

Beyond complication reduction, functional recovery outcomes at one-month follow-
up were notable: all 30 patients achieved full independence in daily activities, including walking and stair
climbing, representing a meaningful improvement over the pre-implementation baseline. Patient
satisfaction was high overall (mean = 4.70, SD = 0.47), with information received and staff attentiveness

emerging as the most highly rated domains. No patient died or was readmitted within 30 days of discharge.

Table 7. Clinical Outcomes — Complications During Hospitalization (n = 30)

Complication Before n (%) After n (%) Change
Anemia 30 (100%) 30 (100%) No change
Hypokalemia 30 (100%) 29 (96.67%) Decreased
Hypocalcemia 30 (100%) 30 (100%) No change
Coagulopathy 30 (100%) 21 (70%) 1 30%
Hypothermia 9 (30%) 13 (43.33%) Increased
Bradycardia 4 (13.33%) 1 (3.33%) 1 10%
Hypomagnesemia 2 (6.67%) 3 (10%) Slight increase
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4. Discussion
4.1 Situation Analysis

The identification of a “Fragmented Holistic Care System” as the overarching structural
problem in Phase 1 carries important clinical meaning. It indicates that poor patient outcomes were not
attributable to individual professional incompetence, but rather to the absence of system-level
coordination mechanisms, specifically unified clinical guidelines, structured handoff protocols, and shared
documentation tools across the multidisciplinary team. The resulting 5.88% surgery cancellation rate, while
numerically modest, represents a concrete patient safety failure with measurable downstream
consequences, including delayed treatment, extended hospital stays, and avoidable psychological distress
for patients and families.

This finding is consistent with Sanders et al. (2022), who identified inadequate preoperative risk
assessment and fragmented interdisciplinary communication as primary structural drivers of cardiac surgical
morbidity and mortality. Similarly, Noor et al. (2024) reported that cardiac complications following non-
cardiac surgery remain a major cause of perioperative morbidity and mortality, with urgent surgeries
demonstrating a significantly higherincidence of complications compared with elective procedures. A recent
meta-analysis reported cardiac complication rates of 5.4% in urgent surgeries and 2.8% in elective surgeries,
with urgent procedures associated with a markedly increased risk of adverse cardiac events.

The observed pattern at Sisaket Hospital therefore reflects a systemic challenge well
recognized in the international cardiac surgery literature, rather than an isolated institutional failing. The
additional finding that nurse burnout and high workload constrained double-check adherence aligns with
Moss et al. (2016), who demonstrated that staffing intensity directly limits safety-critical process compliance
in specialized nursing environments.

These findings were broadly anticipated given the hospital’s relatively recent designation as a
Level Il Cardiac Surgery Center in 2022, a context in which clinical protocols are typically established before
the supporting coordination infrastructure is fully developed. That said, the scale of fragmentation spanning
all four identified problem categories simultaneously was more pronounced than initially expected, which
underscored the need for a comprehensive model rather than targeted protocol adjustments alone.

4.2 Model Development — The SOH-Care Model

The consistently high expert appropriateness ratings across all four SOH-Care Model
components (overall mean range: 4.55-4.92) indicate that the model achieved strong content validity and
practical relevance, as judged by specialist clinicians. The particularly high rating for the CVT Pre-Anesthetic
Evaluation Form (mean = 4.92, SD = 0.21) is notable, as it suggests that the instrument captured the clinical
complexity of pre-anesthetic assessment in a format that experts regarded as both comprehensive and
operationally feasible. The slightly lower, though still high, rating for the Competency Assessment Tool
(mean = 4.60, SD = 0.50) likely reflects the inherent difficulty of operationalizing multidimensional clinical
competencies, particularly interprofessional collaboration, into discrete, assessable items.

These outcomes align with Grant et al. (2023), who demonstrated that structured MDT
preoperative assessment frameworks developed through collaborative clinical design significantly reduce
unnecessary resource utilization and improve patient outcomes, precisely because they are grounded in
the contextual realities of the implementing institution. The Day 0-7 ICU rehabilitation protocol represents
a deliberate shift from reactive to proactive nursing care, consistent with ERAS principles as documented
by Zhang et al. (2021), whose meta-analysis confirmed that structured early rehabilitation protocols reduce

ICU length of stay and postoperative complications in cardiac surgery patients. The empowerment-oriented
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patient education leaflet reflects the broader principle that bilingual, accessible cardiac surgery education
materials can improve patient self-care adherence and reduce preoperative anxiety.

The high expert ratings were expected given the participatory design methodology, models co-
constructed with frontline clinicians and reviewed by domain specialists typically achieve stronger face and
content validity than those developed through top-down policy processes alone. This expectation was
confirmed.

4.3 Outcome Evaluation
4.3.1 Provider Outcomes

The increase in nursing competency scores across all five care phases, from an overall
mean of 94.92% to 96.98%, is clinically meaningful, even though the absolute magnitude of change appears
modest. In high-acuity surgical nursing, performance in safety-critical behaviors is already constrained near
ceiling levels by professional regulation and existing protocols; consequently, even small percentage gains
reflect substantive improvements in systematic compliance rather than basic skill acquisition. Phase-level
Wilcoxon signed-rank testing confirmed that these improvements were statistically significant across all
phases (p < 0.05), indicating a consistent rather than incidental effect of model implementation.

The significant improvement in team satisfaction (t(28) = 6.11, p < 0.001, A +0.64) is
particularly important because satisfaction among specialist nursing staff is a recognized leading indicator
of sustained protocol adherence and staff retention in high-demand clinical environments. The domain
showing the largest gain, clarity of model and guidelines (A +0.70), directly reflects the resolution of the
structural ambiguity identified in Phase 1, confirming that the model addressed the root cause of the
problem rather than its symptoms. This pattern is consistent with prior evidence that implementation of
structured interdisciplinary care planning in cardiac surgery settings produced significant and durable
improvements in both outcomes and staff satisfaction, particularly where clear role definition had
previously been absent.

4.3.2 Patient Outcomes — Operational and Clinical Indicators

The achievement of all seven operational indicator targets represents the most direct
evidence of the model’s practical effectiveness. The transition from 96.67% to 100% in preoperative
assessment completion, and the elimination of surgery cancellations due to patient unreadiness, confirms
that the structural integration achieved through the SOH-Care Model translated into measurable patient
safety gains. These findings align with Kaneko et al. (2023), who demonstrated that structured MDT
preoperative pathways for high-risk cardiac surgery patients are the single most effective intervention for
reducing avoidable cancellations and operative complications.

The 30% reduction in coagulopathy incidence, from 100% to 70%, is a clinically
significant finding. While some degree of coagulopathy is an expected consequence of cardiopulmonary
bypass due to hemodilution, platelet activation, and clotting factor consumption, the reduction observed
here is consistent with Mutsuga M. (2023), who demonstrated that optimized operative duration
management and perioperative monitoring protocols, both of which are central elements of the SOH-Care
Model’s intraoperative and postoperative phases, substantially mitigate coagulopathy severity.

Despite the overall improvement in other outcomes, hypothermia increased from 9/30
(30%) to 13/30 (43.33%), whereas hypomagnesemia increased from 2/30 (6.67%) to 3/30 (10%). These
findings represent increases of four and one cases, respectively, and should be interpreted cautiously
because each comparison group comprised only 30 patients and the study was not designed or powered

to determine the causes of individual complications. Possible explanations include differences in operative
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complexity or cardiopulmonary bypass duration, changes in the sensitivity of monitoring and
documentation, and variation in perioperative warming or magnesium replacement practices; however,
these factors were not measured systematically. Accordingly, the increases cannot be attributed to the
SOH-Care Model. Future prospective studies with larger samples should use standardized definitions and
collect risk-adjustment variables, including procedure type and complexity, bypass and cross-clamp times,
serial core-temperature measurements, magnesium concentrations, and replacement therapy.

The finding that 100% of patients recovered full functional independence within one
month of discharge, including independent walking and stair climbing, exceeds the preoperative baseline
of 73.33% and 83.34%, respectively, and is consistent with Alvarez et al. (2020), who demonstrated that
structured nurse-led rehabilitation beginning in the immediate postoperative period significantly accelerates
cardiovascular recovery and reduces pulmonary complications. The zero 30-day mortality and readmission
rates, while favorable, should be interpreted cautiously given the small sample size and the relatively short
follow-up window.

It should be noted that the improvements observed across all outcome domains cannot
be attributed exclusively to the SOH-Care Model. The absence of a concurrent control group means that
concurrent changes in staffing experience, surgical caseload maturation, or broader institutional quality
improvement activities may have contributed to the results. These findings are therefore best interpreted
as indicative of the model’s potential value within this specific institutional context, pending validation in

controlled or multi-site studies.

5. Conclusion and suggestions
5.1 Conclusion

Open-heart surgery nursing in provincial tertiary hospitals demands a level of system-wide
coordination that informal, role-based practice alone cannot sustain. This study addressed that gap by
developing and evaluating the SOH-Care Model—a four-component, evidence-based nursing care model
grounded in the ASPIRE framework and constructed through genuine multidisciplinary collaboration at
Sisaket Hospital.

The model successfully fulfilled each of its three research objectives. First, situation analysis
confirmed that fragmented care integration, rather than individual professional competence, was the
primary structural barrier to consistent patient safety outcomes. Second, the development process
produced a coherent set of clinical tools—the CVT pre-anesthetic evaluation form, patient education
leaflet, competency assessment tool, and ICU rehabilitation and discharge plan—each achieving expert
appropriateness ratings at the highest level (overall mean = 4.60, SD = 0.50). Third, outcome evaluation
demonstrated that model implementation yielded measurable improvements across all dimensions:
nursing competency scores advanced across all five care phases, team satisfaction improved significantly
(t(28) = 6.11, p < 0.001), all seven operational indicators reached their targets, and coagulopathy incidence
decreased by 30%, with 100% of patients recovering full functional independence within one month of
discharge.

Taken together, these findings indicate that the SOH-Care Model addressed the identified
research problem and met the study’s anticipated outcomes within the scope of a single-site, pre—post
design. The significance of these results extends beyond operational performance metrics: they
demonstrate that standardized, multidisciplinary nursing care—when co-designed with frontline staff and

validated by clinical experts—can meaningfully reduce system-level fragmentation and strengthen patient
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safety in a resource-constrained provincial setting. For nursing practice, the model offers a replicable
framework for cardiac surgery care development; for the broader field, it contributes an empirically
evaluated prototype for constructing competency-aligned, phase-specific nursing care models in complex
surgical contexts. Multi-site validation across comparable provincial hospitals is recommended as the logical
next step toward national-level implementation.

5.2 Suggestions for Future Research

1) Health economic evaluation: Compare the cost-effectiveness of the developed model
versus standard care for hospital resource allocation decisions.

2) Long-term patient-reported outcomes: Extend the assessment to 6-12 months post-
discharge to evaluate quality of life, physical function, and psychological outcomes, including anxiety and
depression.

3) National standardized competency development: Develop a nationally standardized
competency framework for Thai nurse anesthetists in open-heart surgery, using this model as a prototype.
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Abstract

This research aimed to develop a real-time air quality monitoring and PM2.5 alert system using
Internet of Things technology, evaluate the system’s performance, and assess user acceptance. The study
followed a research-and-development approach. The developed system consisted of three main
components: an outdoor air quality monitoring station, a cloud-based data processing and storage system,

and a display and user notification module. The monitoring station was powered by solar energy with
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backup batteries and was capable of continuous outdoor operation. It measured PM2.5 and temperature
and transmitted the data through an loT gateway over a 4G network to the cloud system using the MQTT
protocol. The data were displayed through a web dashboard and an on-site LED display, while notifications
were sent via Telegram when PM2.5 levels exceeded the specified thresholds. System performance was
evaluated using black-box testing and error assessment. All ten test items passed, covering measurement,
data transmission, processing, display, notification, risk-level classification, and overall system operation.
Measurement agreement was evaluated using 720 time-aligned paired hourly observations collected over
30 days from the AQMS and an IQAIir AirVisual commercial monitor. The comparison yielded a Mean
Absolute Percentage Error of 7.72%, a Mean Absolute Error of 1.65 pg/m3, and a Root Mean Squared Error
of 1.96 pg/m?3. These results indicated agreement between the measurements from the two devices under
the study location, period, and environmental conditions. However, the comparison did not confirm the
system’s metrological accuracy because it was not calibrated against an FRM/FEM standard instrument. The
user acceptance evaluation was conducted with 30 participants, and overall acceptance was at the highest
level, with a mean of 4.51 and a standard deviation of 0.51. The findings indicate that the system performed
the predefined functions and produced measurements consistent with those of the comparison device
under the conditions of this study. However, calibration against a standard instrument, long-term testing,

and evaluation with a larger user sample should be conducted before wider deployment.

Keywords: PM2.5, Real-time system, Air quality monitoring, Internet of things (IoT), Alert system

1. Introduction

Air pollution is the contamination of air by substances or objects that are harmful to health and the
environment. It has many sources, such as fuel combustion, industrial emissions, and the burning of
agricultural residues. Air pollution is an environmental problem that severely and continuously affects
public health and quality of life (Chang et al., 2023; Jindawet, 2023). PM2.5, or fine particulate matter, is
defined as particles with a diameter of no more than 2.5 microns (U.S. Environmental Protection Agency,
2026; World Health Organization, 2021). These suspended particles disperse in the atmosphere and may
exist in liquid or solid form. They can penetrate the respiratory system and bloodstream, which may result
in respiratory and cardiovascular diseases and increase morbidity and premature mortality. The impacts of
air pollution are not limited to health; they also significantly affect the economy and society (Li et al., 2022;
Manisalidis et al., 2020). Consequences include increased healthcare costs, reduced labor productivity, and
negative effects on tourism and agriculture. In the long term, this problem may contribute to social
inequality and reduce the overall quality of life of the population.

In Thailand, PM2.5 levels are high across many areas, especially during the winter season. During
this period, temperature inversions often occur, leading to the accumulation of particulate matter near the
ground. In particular, PM2.5 levels in Phetchaburi Province have generally increased (Pollution Control
Department, 2023). Additionally, agricultural burning is frequently observed and contributes to higher
pollution levels. Statistics on PM2.5 from November 2024 to March 2025 indicated concentrations exceeding
75 micrograms per cubic meter (ug/m?3) (Division of Health Impact Assessment, Department of Health, 2026).
As a result, public health may be adversely affected. Notably, children, pregnant women, older adults, and
people with underlying diseases are more sensitive to air pollution exposure than the general population.
Currently, information and communication technology, especially the Internet of Things (IoT), plays an
important role in monitoring and alerting by speeding up response times and improving monitoring
efficiency. Specifically, a mobile application alert system can deliver timely warnings when important events
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occur, ensuring that stakeholders are immediately informed. In addition, a web dashboard can consolidate
warning information on a single screen, streamlining situation monitoring and facilitating quicker decision-
making. Given these benefits, improved data accessibility, faster response, and greater monitoring efficiency,
these approaches have strong potential to help address this problem.

Previous studies have demonstrated the feasibility of integrating particulate-matter sensors,
Internet of Things technology, and mobile notification services for PM2.5 monitoring. However, several
limitations remain for site-specific outdoor deployment, including dependence on local Wi-Fi infrastructure;
limited integration of outdoor monitoring, cloud-based processing, public display, and automated
notification functions; and insufficient reporting of measurement agreement based on extended paired
outdoor observations. In addition, province- or region-level air quality services may not adequately
represent PM2.5 conditions at a specific installation site. To address these gaps, this study developed a
solar-powered outdoor PM2.5 monitoring system that uses RS485 communication, a 4G cellular gateway,
MQTT-based cloud transmission, a web dashboard, an on-site LED display, and automated Telegram
notifications. The system was functionally verified, its measurements were compared with simultaneous
measurements from a commercial comparison monitor, and descriptive user feedback was collected
through a pilot user acceptance evaluation.

Therefore, this research aimed to develop a real-time air quality monitoring and PM2.5 alert system
using Internet of Things technology; verify the predefined system functions; evaluate measurement
agreement between the developed AQMS and a commercial IQAir AirVisual monitor under the study
conditions; and obtain descriptive feedback through a pilot user acceptance evaluation. The developed
system was intended to support site-specific PM2.5 surveillance, environmental risk communication, and

local decision-making.

2. Materials and Methods
This study was conducted as a research and development project. The objectives were to develop
a real-time air quality monitoring and PM2.5 alert system, evaluate its performance, and assess user
acceptance of the system when particulate matter levels were high enough to have immediate health
effects. The research procedure was divided into four stages, as follows.
2.1 Study of problems, theories, and related research
In this study, the researchers systematically examined the problem and reviewed concepts,
theories, documents, and related research to establish a knowledge base for the analysis, design, and
development of a real-time air quality monitoring and PM2.5 alert system. The details are as follows.
2.1.1 Study of the PM2.5 problem
The researchers studied air pollution, focusing on particulate matter with a diameter of
no more than 2.5 microns (PM2.5). PM2.5 is an air pollutant that affects public health and environmental
quality. The researchers considered major sources of air pollution, such as vehicle emissions, industrial
facilities, open agricultural burning, wildfires, transportation, dust, and black smoke. Climatic factors and the
area's geographical characteristics were also examined because these factors can contribute to the
accumulation of particulate matterin the atmosphere, especially in winter. During this season, the ground
is often cooler than the upper atmosphere, and this temperature difference can cause a temperature
inversion. The inversion acts as a dome, trapping particulate matter and keeping unusually high levels of
particulate matter near the ground (Bilal et al., 2022; Serttikul et al., 2023). The researchers reviewed PM2.5
data in Phetchaburi Province and found that concentrations tended to increase (Pollution Control

Department, 2023). From November 2024 to March 2025, PM2.5 concentrations exceeded 75 micrograms
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per cubic meter (ug/m?3) (Division of Health Impact Assessment, Department of Health, 2026). This period
often coincides with agricultural burning and weather conditions that favor pollution accumulation. At times,
air quality reached levels that can affect public health. Children, pregnant women, older adults, and
individuals with chronic illnesses are particularly vulnerable to air pollution because they are more sensitive
than the general population.

2.1.2 Study of standards and alert criteria

In this study, the researchers reviewed air quality standards and PM2.5 assessment
criteria from academic documents and relevant agencies. Based on this review, Thailand’s air quality index,
developed by the Pollution Control Department (Pollution Control Department, 2023) was used as a
guideline for surveillance levels, risk assessment, and user notification. The index is divided into five levels,
with color-coded warnings that are easy to interpret and effective for communicating with users, as shown
in Table 1.

This study also covered practical approaches to classifying air quality levels for warning
purposes, using an index that defines categories such as good air quality, levels beginning to affect health,
and hazardous levels. The index provided clear criteria for setting conditions in the data processing system,
generating alert messages, and designing communication formats that matched the severity of the situation.

In the developed system, the researchers applied this index to guide alert generation within the application.

Table 1. Concentration values of air pollutants for the air quality index

PM2.5 (ug/m?) Air Quality Level Color
0-15.0 Very Good Blue
15.1-25.0 Good Green

25.1 -37.5 Moderate Yellow

37.6 — 75.0 Beginning to have health effects Orange
> 75.1 Has health effects Red

2.1.3 Study of loT technology and related systems

The researchers examined principles, concepts, and technologies related to the
Internet of Things (IoT), focusing on their application to real-time air quality monitoring. They outlined how
each key system component contributes to this purpose (Bacquet et al., 2022). Monitoring devices and air
quality sensors detect pollutant levels; preliminary processing systems prepare sensor data; data
communication devices and transmission networks relay information; cloud systems provide data storage
and processing; and user interfaces display results and trigger notifications.

The researchers evaluated the feasibility of a continuously operating, solar-powered
outdoor air quality monitoring station. The station consisted of solar panels, which convert sunlight into
electricity; a charge controller, which regulates battery charging; backup batteries, which store energy for
periods without sunlight; and a voltage converter, which adjusts the voltage for device compatibility. PM2.5
sensors, which measure fine particulate matterin the air; signal conversion devices, which transform sensor
outputs into digital signals; and a gateway, which transmits data to the online system, enabled data
collection and transmission. Studying these components supported the design of an outdoor monitoring
system with solar power, backup energy storage, and field data transmission capabilities.

In addition, the researchers studied the cloud-based data storage system and the web

dashboard system to define the data flow from the monitoring point to the display point. On this basis, the
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research emphasized the need for permanent data storage, rapid data processing, and data presentation in
easily interpretable forms (Sahin & Ifenthaler, 2021), including graphical representations, statistics, and maps
showing the locations of monitoring stations. The comparison processes for sensors and monitoring devices
were also described to ensure the accuracy and reliability of real-time PM2.5 monitoring data. In addition,
previous studies have used a range of approaches for communication, data sources, and notifications for
PM2.5 monitoring. Phonrit etal. (2020) developeda particulate matter monitoring system using smartphones
with sensors connected to a network. Pongphab & Santakij (2021) combined PM2.5 monitoring with
notifications via the LINE application, while Tantatsanawong (2026) created an air-pollution alert system
based on air-quality data from an external APl rather than measurements collected directly at the
installation site. AlAwadhi and Dashti (2021) discussed Telegram as a platform for information sharing. These
studies demonstrated the feasibility of sensor-based monitoring and mobile notifications, but they differed
in communication infrastructure, data sources, and display functions. For the present study, a 4G cellular
gateway was chosen as a context-specific solution for an outdoor installation site where fixed Wi-Fi
infrastructure was not reliably available. The developed system combined outdoor measurements, cloud-
based storage, a web dashboard, an on-site LED display, and automated Telegram notifications.
2.1.4 Synthesis of the conceptual framework for system development

After studying the problem, air quality standards, and related technologies, the
researchers synthesized findings from the literature and related research to develop a conceptual
framework for a real-time air quality monitoring and PM2.5 alert system. Based on this framework, the
system was defined as consisting of three main components: an air quality data monitoring component that
collects and transmits air quality information; a cloud-based data processing and storage component that
analyzes and stores the collected data; and a user display and alert component that presents air quality
data and sends alerts to users.

In this conceptual framework, PM2.5 sensors collect data along with weather-related
variables and transmit them via a 4G network to a cloud server. The server stores, analyzes, and processes
the data. The system displays the processed resultsin real time on a web dashboard. If air quality exceeds
the specified criteria, the system immediately generates and transmits alert messages to users via the
application, notifying them of the associated risk, as shown in Figure 1. This process aligns with the system
framework presented in the article and integrates air quality monitoring technology, data communication,

and information systems to support environmental risk communication.
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Figure 1. System concept framework

Journal of SciTech-ASEAN 5



‘JS_JLA‘ Volume 6 Number 2 (July-December 2026)

2.2 System analysis, design, and development
After conducting a comprehensive problem analysis and reviewing the relevant literature, the
researchers systematically defined the system requirements, designed the operational architecture, and
implemented a real-time air quality monitoring and PM2.5 alert system. The system continuously provides
reliable measurements, processing, visualization, and alerts for practical outdoor applications. It integrates
monitoring station modules, data communication interfaces, cloud-based processing and storage units, and
user display and notification modules into a cohesive framework.
2.2.1 System Requirements Analysis
The researchers analyzed system requirements based on the nature of the problem
and the actual context of use. The system was required to continuously monitor PM2.5 concentrations and
related weather variables in an outdoor environment, use a power source suitable for the installation area,
transmit data from the monitoring point to the central system in real time, present information in a form
that users could easily understand, and automatically send alert messages when air quality values exceeded
predefined thresholds. This analysis led to the definition of the main system components: the air quality
monitoring station, the data storage and processing system, the web dashboard, and the application-based
alert system.
2.2.2 System architecture design
In designing the system, the researchers defined its architecture as consisting of three
main components: 1) the air quality monitoring station, 2) cloud-based data processing and storage, and 3)
a user web dashboard with alert notifications. The workflow progressed as follows: solar energy powered
the monitoring station, which collected PM2.5 measurements. A 4G network was used to send sensor data
to the cloud server for processing, storage, and analysis. The processed data were then presented on the
web dashboard. If monitored values exceeded the thresholds, alert notifications were sent to users via
Telegram. This sequence efficiently connected data from monitoring points to end users, exemplifying an
integrated hardware—software system design based on the conceptual framework in Section 2.1.4.
2.2.3 Design and development of the air quality monitoring station
The Renke RS-BYH-M-EX monitoring unit was selected because it is designed for outdoor
installation, has the necessary PM2.5 measurement range, and supports RS485 Modbus RTU communication.
The Protoss-PG41 gateway was selected because it can receive RS485 data directly and transmit them over
a 4G cellular network, eliminating the need for a separate microcontroller. The researchers chose RS485
Modbus RTU because it is compatible with the monitoring unit and the industrial gateway and is suitable
for wired communication in outdoor installations. A 4G cellular connection was selected because the fixed
Wi-Fiinfrastructure at the installation site was unreliable. MQTT was selected because it supports lightweight
publish—subscribe messaging, which is well suited to the transmission of loT data. Telegram notifications
were selected because they enabled automated group notifications within the existing server environment
without requiring the researchers to develop and maintain a dedicated mobile application. A 100 W solar
panel and two 12 V, 20 Ah batteries were selected to support outdoor operation during periods of limited
grid-power availability and reduced sunlight, as shown in Table 2.
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Table 2. Hardware and communication specifications of the developed system

Component

Model/Specification

Main Function

Air quality monitoring unit

Renke RS-BYH-M-EX

Measures PM2.5 and temperature

PM2.5 measurement

principle

Laser light scattering

Detects particulate-matter concentration

Measurement range

0-1,000 pg/m3

Defines the manufacturer-specified operating
range

Communication gateway

Protoss-PG41 RS485-to-4G

gateway

Receives sensor data and transmits it to the

cloud

Sensor—gateway interface

RS485 Modbus RTU

Transfers measurements from the monitoring

unit to the gateway

Qutdoor network

4G cellular network

Transfers data from the outdoor station to
the cloud server

Application protocol MQTT Publishes monitoring data to the cloud
system
Solar panel 100 W monocrystalline Supplies electrical power to the station
panel
Backup batteries Two 12V, 20 Ah batteries  Support operation during limited sunlight
Comparison monitor IQAIr AirVisual Provides simultaneous measurements for

comparison

The AQMS was not compared with a Federal Reference Method (FRM) or Federal
Equivalent Method (FEM) certified instrument, and no correction equation was developed. Instead, its
measurements were compared with those from an IQAIr AirVisual commercial monitor.

The AQMS and IQAIr AirVisual were installed in the same general area, with their air
inlets approximately 4 meters apart and at a height of about 2.5 meters above ground level. Both devices
recorded measurements during the same 30-day period. AQMS data recorded at 60-second intervals were
processed and converted into hourly averages. After alignment, 720 paired hourly observations were
obtained.

Measurement agreement was evaluated using MAPE, MAE, and RMSE. These metrics
represent the differences between the two devices under the study conditions and do not confirm the
absolute accuracy of the AQMS because IQAIr AirVisual is not an FRM/FEM comparison monitor.

2.2.4 Design of the data display system

After the data were transmittedto the central system, display interfaces were designed
for local and online monitoring. The LED display at the station showed current PM2.5 levels, color-coded
according to the air quality index and accompanied by warning messages, enabling immediate recognition.
The web dashboard provided an overview of all stations by showing their locations on a map and graphing
and summarizing real-time PM2.5 values to support clear trend analysis.

2.2.5 Design of the alert system via application

The researchers developed an automated Telegram notification system to promptly
communicate air quality risks based on readings from selected monitoring stations. To simplify automated
notifications, the five AQI categories were consolidated into three alert groups: good (Very Good, Good, and

Moderate: <37.5 pg/m?3), poor (Beginning to Affect Health: 37.6-75.0 pug/m?), and very poor (Affects Health:
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>75.1 pg/m3). This helped users easily assess severity and take protective action, such as limiting outdoor
activities or using protective equipment. Automated alerts were sent to members of the Telegram group
when the predefined PM2.5 threshold conditions were met.

2.2.6 Prototype development

After designing the system components, the researchers developed a prototype that
functioned as an integrated whole, encompassing air quality data measurement, network data transmission,
server storage and processing, web dashboard display, and application-based alerts. Development focused
on three main areas: the air quality monitoring station, the web dashboard display, and Telegram
notifications. The diagram illustrates the devices within the air quality station and the display, as shown in
Figure 2. The results demonstrated that all components were correctly connected and operated
continuously.

In summary, the system analysis, design, and development stage was an important
process that enabled the researchers to transform knowledge from the literature review into a usable
prototype system. It covered hardware, software, data communication, display, and notification dimensions,
resulting in a system with the potential for concrete use in local air quality surveillance and environmental

risk communication.

10T Gateway
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3 R5485 Web Telegram
oggm o Repeater Dashboard Notify
Solar m Isolation

n Charger [——

Controller

Dashboard
e LCD

Battery = =
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12Vto % .............................. Data

Figure 2. Diagram of devices inside the air quality monitoring station and display

2.3 System functional and measurement agreement evaluation
The evaluation consisted of two components: functional verification of the predefined system
operations and evaluation of measurement agreement between the AQMS and the IQAiIr AirVisual
commercial monitor. Functional verification examined whether the system produced the expected
observable outputs for monitoring, data transmission, processing, display, classification, and notification.
The evaluation did not include a comprehensive quantitative assessment of network or system
performance, such as latency, packet loss, system uptime, response time, or notification delay.
2.3.1 Functional verification using Black-Box testing
Black-box testing (Sommerville, 2021) was used to verify that predefined system

functions produced the desired visible outputs without examining the internal program structure. The
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verification covered PM2.5 and temperature data acquisition, RS485 communication between the
monitoring unit and the gateway, 4G data transmission to the cloud server, server-side data processing and
storage, web dashboard display, LED display, air-quality classification, and Telegram notifications.

The verification was performed in two stages. The alpha test was conducted in a
controlled environment to assess the performance of the respective system functions, including data
acquisition, communication, processing, display, classification, and notification. During the study period, the
integrated workflow of the system under development was validated outdoors. The black-box testing was
limited to functional verification and did not include any quantitative evaluation of latency, packet loss,
system uptime, response time, notification delay, or long-term operational reliability.

2.3.2 Evaluation of Measurement Agreement Using Error Metrics

The AQMS recorded PM2.5 measurements at 60-second intervals. Measurements
recorded within each clock hour were grouped, and the arithmetic mean of the available observations was
calculated to produce one hourly mean value. An hourly mean was retained only when at least 45 of the
expected 60 minute-level measurements were available. This hourly averaging reduced short-term
fluctuations and random variability in the minute-level measurements; however, no separate moving-
average filter or outlier-removal procedure was applied. The hourly AQMS measurements were then time-
aligned with the corresponding hourly measurements obtained from a nearby IQAir AirVisual commercial
monitor. Only hours with valid measurements from both devices were included in the paired analysis,
resulting in 720 paired hourly observations collected over 30 consecutive days. The AirVisual device is
certified by IQAIr (IQAir, 2026). Measurement agreement between the AQMS and the IQAIr AirVisual
commercial monitor was quantified using the Mean Absolute Percentage Error (MAPE), Mean Absolute Error
(MAE), and Root Mean Squared Error (RMSE), as shown in Equations (1), (2), and (3).

MAPE = 0y, [ )
n Vi
1 o
MAE = — Yicalyi — ¥l 2)
1 N
RMSE = \/; S, (i — 90?2 )
where y; = value measured by IQAIir AirVisual at the it" data point

V; = value measured by the AQMS at the it data point

n = total number of data points

The performance evaluation in this study verified the system’s functionality and quantified
differences between the two devices in the measured data. These results demonstrate the system’s
potential for practical application in local air quality surveillance.

2.4 Pilot User Acceptance Evaluation

The researchers conducted a pilot user acceptance evaluation to assess perceptions and
adoption of the real-time air quality monitoring and PM2.5 alert system. This evaluation was used to
examine the system's suitability for practical use, including responsiveness to user needs, system design,
performance, and usability. Lecturers, staff, students, and members of the public participated in the

evaluation.
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2.4.1 Evaluation Sample Group
The pilot acceptance evaluation included four types of users, namely, lecturers, staff,
students, and the public, to reflect the diversity of users within the framework of the study. The population
was divided into four user types, and purposive sampling (Oguguo et al., 2026) was applied to each group
to ensure representation of all user types in the evaluation, yielding a final sample of 30 participants.
2.4.2 The acceptance evaluation tools
The acceptance evaluation tool was a 20-item questionnaire covering four dimensions:
functional requirements, design, functionality, and usability. The questionnaire used a Likert scale (Likert,
1961). The content validity of the questionnaire was assessed by three experts using the Index of Item-
Objective Congruence (I0C). The I0C values ranged from 0.67 to 1.00, exceeding the acceptability criterion
of 0.50. The items were subsequently revised for clarity before data collection. However, internal
consistency reliability was not examined in this pilot study. Therefore, the questionnaire results should be
interpreted as descriptive feedback.
2.4.3 Data Analysis
The researchers used descriptive statistics to analyze the questionnaire results and
assess user acceptance of the developed system. The analysis included the mean and standard deviation.
Mean scores were interpreted using a five-level Likert scale: scores of 4.50 to 5.00 indicated the highest
acceptance; scores of 3.50 to 4.49 indicated high acceptance; scores of 2.50 to 3.49 indicated moderate
acceptance; scores of 1.50 to 2.49 indicated low acceptance; and scores of 1.00 to 1.49 indicated the lowest

acceptance. This framework provided a systematic basis for explaining user acceptance.

3. Results

The development of a real-time air quality monitoring and PM2.5 alert system using Internet of
Things technology showed that the system met its specified objectives. These objectivesincluded air quality
data monitoring, data transmission from monitoring stations to the central system, data processing and
display on the web dashboard, and real-time notifications to users via the application. To present the
findings clearly, the results were divided into three parts: 1) system development results, 2) performance
evaluation results, and 3) pilot user acceptance evaluation results.

3.1 System Development Results

The results showed that the real-time air quality monitoring and PM2.5 alert system based on

Internet of Things (IoT) technology achieved the research objective. The system architecture consisted of
PM2.5 monitoring stations that collected outdoor data and transmitted them via a 4G network using the
MQTT protocol to a cloud server for processing, storage, and forwarding to a web dashboard and user alert
service, as illustrated in Figure 3. The system continuously monitored, tracked, transmitted, and processed
air quality data. It was divided into three main parts: (1) air quality monitoring stations, as shown in Figure
4; (2) a web dashboard display system, as shown in Figure 5; and (3) an alert system using Telegram

notifications, as shown in Figure 6. These three parts were integrated into one system.
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Figure 6. PM2.5 notification via Telegram notifications
In summary, the developed system included monitoring, processing, display, and notification
functions, demonstrating the potential of Internet of Things technology to support local air pollution

surveillance, as shown in Table 3.

Table 3. Summary of System Development Results

System Component Development Details Result

Air quality monitoring  Developed an outdoor monitoring station with PM2.5  Able to continuously monitor

station and temperature sensors, powered by a solar energy  and transmit data in a real-
system and backup batteries world environment

Data transmission Used an loT gateway to transmit data over a 4G Enabled rapid, continuous

system network to the central server data transmission to the

central system

Web dashboard Displayed real-time PM2.5 data as maps, graphs, and Users could easily monitor
statistics the air quality

LED display screen Displayed PM2.5 values and warning messages at the Helped directly
station installation site communicate information

within the installation area

Telegram notifications ~ Automatically alerted at three levels based on air Users could recognize risks
alert system quality criteria and protect themselves in
time

3.2 System Functional and Measurement Agreement Evaluation Results
3.2.1 Functional Verification Results Using Black-Box Testing

Black-box testing was conducted to verify whether the developed system completed
the predefined functional operations. The verification covered data acquisition, RS485 communication, 4G
data transmission, server-side processing and storage, web dashboard display, LED display, air-quality
classification, Telegram notification, and integrated system operation. The observed outputs were compared
with the predefined expectedresults for each testitem. All ten functional test items produced the expected
observable outputs and were therefore classified as Pass. These findings represent functional verification
only and should not be interpreted as a comprehensive assessment of network performance, long-term
stability, or operational reliability. Details are shown in Table 4.
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3.2.2 Evaluation of Measurement Agreement Using Error Metrics

The comparison of 720 paired hourly PM2.5 measurements collected over 30 days
yielded an MAPE of 7.72%, an MAE of 1.65 pg/m?3, and an RMSE of 1.96 ug/m3. These results indicate that
the AQOMS measurements differed from the IQAir AirVisual measurements by approximately 1.96 pg/m?

under the specific location, period, and environmental conditions of the study, suggesting close agreement

between the two devices within the evaluated dataset.

However, the findings should not be interpreted as evidence of absolute measurement

accuracy because IQAIr AirVisual is a commercial optical monitor rather than an FRM/FEM comparison

monitor, as shown in Figure 7.

Table 4. Functional Verification Results Using Black-Box Testing

Functional Test Predefined Expected Behavior Observed Result Status

PM2.5 data acquisition ~ The system receives a PM2.5 value from PM2.5 values were received and  Pass
the monitoring unit stored

Temperature data The system receives a temperature value ~ Temperature values were Pass

acquisition received and stored

Sensor-to-gateway The gateway receives data through RS485  Sensor data were received by Pass

communication Modbus RTU the gateway

4G data transmission The gateway delivers monitoring data to Data were delivered to the Pass
the cloud server server during the test

Server processing and  The server processes and stores received Received data were processed Pass

storage data and stored

Web dashboard The dashboard displays the received PM2.5 values were displayed on  Pass

display values the dashboard

LED display The LED unit displays the current PM2.5 The received PM2.5 value and Pass
level warning level were displayed

Threshold notification  An alert is generated when the predefined  Telegram notifications were Pass
threshold is met generated under the tested

threshold conditions

Air-quality The system classifies values according to Test values were assigned to Pass

classification predefined rules the expected categories

Integrated operation Monitoring, transmission, storage, display, The predefined workflow was Pass
and notification operate sequentially completed during the test

;
£ i A
20 \ff il ' W il
! I 1 ! |
Figure 7. Comparison of 720 time-aligned paired hourly PM2.5 observations obtained
from the AQMS and IQAIr AirVisual over 30 days.
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3.3 Pilot User Acceptance Evaluation Results

The pilot user acceptance evaluation of the real-time air quality monitoring and PM2.5 alert
system was conducted using a questionnaire distributed to a sample group comprising lecturers, staff,
students, and members of the public. The mean and standard deviation were used to analyze the data
and evaluate user acceptance of different system features.

The results showed that users accepted the system at the highest level, with a mean of 4.51
and a standard deviation of 0.51. When each aspect was considered, functionality had the highest mean of
4.60, corresponding to the highest level, followed by usability, with a mean of 4.50 at the highest level,
functional requirements, with a mean of 4.48 at a high level; and design, with a mean of 4.47 at a high
level, as shown in Table 5.

Table 5. Pilot User Acceptance Evaluation Results (n = 30)

Evaluation Item X S.D. Acceptance Level
1. Functional Requirements 4.48 0.50 High
2. Design 4a.47 0.50 High
3. Functionality 4.60 0.52 Highest
4. Usability 4.50 0.50 Highest
Overall Average 4.51 0.51 Highest

4. Discussion

This research developed a real-time air quality monitoring and alert system that builds on previous
work by improving system architecture, data communication stability, measurement agreement, and alert
channels. The results demonstrate the system's suitability for real-world applications.

Regarding infrastructure and connectivity, Phonrit et al. (2020) and Pongphab and Santakij (2021)
used Wi-Fi networks for data transmission. In the present study, a 4G cellular network was selected because
fixed Wi-Fi infrastructure was not consistently available at the outdoor installation site. The 4G connection
was combined with the MQTT protocol to transmit monitoring data from the outdoor station to the cloud
server. This design should be interpreted as a context-specific solution for the study site rather than
evidence that 4G is generally superior to Wi-Fi, as no direct comparison between the two network
technologies was conducted.

The present study extended previous work by quantitatively evaluating measurement agreement
using 720 paired hourly observations. This study reported PM2.5 measurement results with an RMSE of 1.96
pe/m?3, based on a comparison dataset of 720 hourly averages. This indicates a low level of measurement
difference and provides quantitative evidence of agreement when compared with the research of Pongphab
and Santakij (2021), which used 100 test datasets, and the research of Tantatsanawong (2026), which did
not report quantitative error from direct sensor measurements because it used air quality data from the
OpenWeather API, an external data source not derived from measurements taken in the actual experimental
area.

This research integrated several communication channels, including Telegram notifications, a web
dashboard, and an LED display, to provide public access to information. The system supports both individual
users and people in public spaces. This differs from the study by Pongphab and Santakij (2021), which
focused on LINE notifications, and the study by Tantatsanawong (2026), which developed a specific
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smartphone application. Both approaches may have limitations related to application installation and users’
internet connectivity.

Regarding user acceptance, this research achieved an overall average acceptance score of 4.51,
corresponding to the highest level. This score exceeds the average score of 4.10 reported by Pongphab and
Santakij (2021) and is close to the evaluation results of Tantatsanawong (2026), who reported average scores
ranging from 4.30 to 4.70. Furthermore, the standard deviation in this research was low (S.D. = 0.51),
indicating that user opinions of the system were consistent within the study sample.

Although the developed real-time PM2.5 monitoring and alert system demonstrated strong
measurement agreement, functional reliability, and user acceptance, several limitations remain. Outdoor
measurements may be affected by dust accumulation, weather changes, physical obstructions, airflow
variation, and the 4-meter spacing between devices. Moreover, the RMSE reflects agreement with IQAIr
AirVisual under the study conditions rather than absolute accuracy because no FRM/FEM comparison or
environmental correction model was applied.

Network instability may occasionally delay or interrupt data transmission. Cybersecurity was also
not formally assessed through penetration testing, vulnerability scanning, or attack simulation; therefore,
the security of the MQTT broker, gateway, cloud system, web dashboard, and API credentials, as well as
resistance to unauthorized access or denial-of-service attacks, requires further evaluation.

The black-box testing verified the observable functions of the developed system under the tested
conditions. However, because latency, packet loss, system uptime, response time, and notification delay
were not quantitatively recorded, the results should not be interpreted as a comprehensive evaluation of
system or network performance.

The user acceptance assessment was limited by the small pilot sample and the absence of a
formal technology acceptance framework. Future studies should conduct co-location comparisons with
standard instruments, develop independent comparison and validation datasets, test the system across
different seasons and pollution conditions, implement automated logging, evaluate cybersecurity, and
apply a validated Technology Acceptance Model (TAM)-based instrument to a larger and more diverse
sample. In addition, the questionnaire's internal consistency reliability was not examined. Therefore, the
user evaluation findings should be interpreted as descriptive and specific to the participants in this study
and should not be generalized to the broader user population.

Furthermore, this research provides avenues for future development. It is recommended that the
scope of measurements be expanded to include additional air quality parameters, such as PM10, humidity,
and carbon dioxide, and that machine learning techniques be applied to forecast air quality trends. This
aligns with the recommendations of the related research mentioned above and would upgrade the system

from real-time monitoring and alerts to a more efficient air quality monitoring and decision-support system.

5. Conclusions and Recommendations

The developed system integrated an outdoor PM2.5 monitoring station, RS485 communication, a
4G cellular gateway, MQTT-based cloud transmission, a web dashboard, an on-site LED display, and
automated Telegram notifications. During the study period, all ten black-box testing items produced the
expected observable outputs for monitoring, transmission, processing, display, classification, and
notification. These results represent functional verification under the tested conditions and do not
constitute a comprehensive assessment of network performance, long-term stability, or operational

reliability.
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The comparison of 720 paired hourly observations collected over 30 days yielded an MAPE of
7.72%, an MAE of 1.65 pg/m?3, and an RMSE of 1.96 pg/m?3, indicating close measurement agreement
between the AQMS and the IQAIir AirVisual commercial monitor under the study conditions. However, the
findings do not establish absolute measurement accuracy because the AQMS was not calibrated against a
regulatory-grade FRM/FEM instrument, and no environmental correction model was developed.

The pilot user acceptance evaluation of 30 participants yielded an overall mean score of 4.51 and
a standard deviation of 0.51. These results reflect descriptive feedback from the participants and should
not be generalized to the broader population because the sample was limited and the questionnaire’s
internal consistency was not examined.

Before wider deployment, future studies should include calibration and validation with a
regulatory-grade instrument; long-term testing across multiple locations and seasons; quantitative
evaluation of latency, packet loss, uptime, response time, and notification delay; and a formal cybersecurity
assessment. Larger user samples and validated usability or technology acceptance instruments should also
be used. Additional air quality parameters and machine-learning methods may be incorporated to support

forecasting and decision-making.
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Abstract

This study aimed to compare the effects of elastic resistance—based speed-endurance training and
running-based speed-endurance training on aerobic and anaerobic performance in youth futsal players.
Methods: Thirty-two youth futsal players aged 16-18 years were assigned to two groups (n = 16 per group)
using matched-pair randomization. The Elastic Resistance Group (ERG) performed speed-endurance training
with elastic resistance, whereas the Running-Based Group (RBG) performed running-based speed-endurance
training. Both groups trained for 4 weeks, 3 sessions per week, at approximately 85% of maximal sprint
velocity. Aerobic performance was assessed using the Multistage Fitness Test (Beep Test), while anaerobic
performance was evaluated using the Running-Based Anaerobic Sprint Test (RAST), including anaerobic
capacity, peak anaerobic power, and fatigue index. Data were analyzed using paired and independent

t-tests with statistical significance set at p < 0.05. Results: The ERG demonstrated significant improvements
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in anaerobic capacity (p = 0.005) and fatigue index (p = 0.021). No significant changes were observed in the
RBG for these variables. However, no statistically significant differences were found between groups in any
outcome measure following the intervention (p > 0.05). Conclusion: Elastic resistance—based
speed-endurance training produced significant within-group improvements in anaerobic capacity and fatigue
resistance. However, superiority over running-based speed-endurance training was not statistically
confirmed because no significant between-group differences were observed. These findings suggest that
elastic resistance training may be a promising conditioning strategy for youth futsal players, although further
research is required.

Keywords: Speed-endurance, Elastic resistance training, Aerobic capacity, Anaerobic capacity, Youth futsal

players

1. Introduction

Futsal is a high-intensity intermittent team sport characterized by frequent transitions between
offensive and defensive phases, repeated accelerations and decelerations, changes of direction, and
explosive actions performed under considerable time pressure. These match demands require players to
repeatedly execute high-intensity movements while maintaining technical and tactical performance
throughout the competition. Recent evidence indicates that elite futsal players are exposed to substantial
physiological, neuromuscular, and metabolic stress during both training and match play, highlighting the
importance of well-developed physical fitness capacities (Spyrou et al., 2022).

Due to the intermittent nature of futsal, both aerobic and anaerobic energy systems contribute
significantly to performance. Players must possess adequate aerobic fitness to facilitate recovery between
high-intensity efforts, while anaerobic capacity is essential for repeated sprinting, rapid accelerations, and
explosive movements. Furthermore, physical qualities such as muscular strength, power, speed, agility, and
neuromuscular coordination have been identified as key determinants of successful futsal performance
(Albalad-Aiguabella et al., 2025; Gonzalez-Fernandez et al., 2024).

Among these physical qualities, speed endurance is particularly important because it enables
athletes to sustain repeated high-intensity efforts while delaying the onset of faticue. Enhanced speed
endurance contributes to improved sprint performance, repeated acceleration ability, and movement
efficiency during the later stages of competition, where fatigue often impairs performance. Consequently,
training methods that simultaneously develop strength and speed-related capacities have become
increasingly relevant in modern futsal conditioning programs (Albalad-Aiguabella et al., 2025).

One practical training approach is elastic resistance training (ERT), which provides variable resistance
throughout the range of motion and allows athletes to perform sport-specific movements under externally
imposed loading conditions. Unlike traditional resistance methods, elastic bands progressively increase
resistance as they elongate, creating a unique loading profile that may better accommodate natural strength
curves during movement. Recent evidence suggests that elastic band training can effectively improve sprint
performance, change-of-direction ability, explosive power, and sport-specific physical performance in team-
sport athletes (Stankovic¢ et al., 2025).

From a physiological perspective, elastic resistance training may induce favorable neuromuscular
adaptations, including enhanced motor-unit recruitment, increased neural drive, improved intermuscular
coordination, and greater force production capacity. These adaptations are considered fundamental

mechanisms underlying improvements in athletic performance, particularly during explosive and repeated
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high-intensity activities. Recent reviews have highligshted the importance of resistance training-induced
neuromuscular adaptations for enhancing strength, power, and movement efficiency in athletic populations
(Aslam et al., 2025; Rong et al., 2025).

Furthermore, resistance-based training interventions have been shown to improve movement
economy and physical performance by increasing the neuromuscular demands imposed during exercise.
Variable and elastic resistance methods may also enhance sprint performance and repeated high-intensity
exercise capacity through improvements in force production and neuromuscular efficiency (Shi et al., 2022,
Van Hooren et al., 2024). Given the high-intensity and repeated-sprint nature of futsal, elastic resistance
training may represent an effective strategy for enhancing speed endurance and related performance
capacities.

Despite the growing popularity of elastic resistance training, evidence regarding its effectiveness for
improving speed endurance in youth futsal players remains limited. Most previous studies have focused on
football players or have investigated resistance training and running-based conditioning separately.
Moreover, few studies have directly compared elastic-resistance-based speed-endurance training with
conventional running-based speed-endurance training in futsal-specific populations. This gap in the
literature is important because the physiological and movement demands of futsal differ from those of
other team sports and may require sport-specific conditioning strategies to maximize performance
outcomes (Ribeiro et al., 2025).

Therefore, the purpose of this study was to compare the effects of elastic-resistance-based speed-
endurance training and running-based speed-endurance training on aerobic capacity and anaerobic
performance in youth futsal players. The findings may provide practical evidence for coaches, strength and
conditioning specialists, and sport scientists seeking effective and sport-specific conditioning methods for

improving futsal performance.

2. Materials and methods
The study protocol was approved by the Human Research Ethics Committee of Udon Thani
Rajabhat University (Approval No. 132/2024). Written informed consent was obtained from all participants
and their parents or legal guardians before participation because all participants were minors. The following
sections describe the study participants, training program, outcome assessments, and statistical procedures.
2.1 Subjects

This study employed a matched-pairs randomized experimental design with two parallel
groups. The participants were 32 youth futsal players (aged 16-18 years) from Phibunrak Pittaya School,
Udon Thani, Thailand. Sample size was determined using GPower version 3.1 (Faul et al., 2009) with an
effect size of 0.50, statistical power of 0.80, and alpha level of 0.05, resulting in a minimum required sample
of 32 participants.

Aerobic capacity was assessed using the Multistage Fitness Test, and participants were ranked
according to their estimated VOamax values. Participants were then matched in pairs according to VOzmax
and randomly allocated by lottery into either the elastic-resistance group or the running-based group
(16 participants per group). This procedure ensured baseline equivalence between groups. Each group

consisted of 16 participants, resulting in a total sample of 16 males and 16 females.
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2.2 Training Program

The speed-endurance training program

(Tables 1 and 2) was conducted for 4 weeks, 3

sessions per week. Training intensity was prescribed at approximately 85% of maximal sprinting effort,

determined from the participants’ individual maximal sprint performance during familiarization testing.

Training intensity was monitored throughout the intervention using sprint completion time

and Rating of Perceived Exertion (RPE; Borg CR-10 scale). Participants were required to maintain sprint times

within £5% of their baseline maximal sprint performance. If performance dropped below the target range,

additional recovery was provided.

The duration of each session was standardized to 60 minutes and consisted of 10 minutes of

warm-up, 40 minutes of speed-endurance training, and 10 minutes of cool-down.

Before each training session, participants completed a standardized warm-up consisting of 5

minutes of light jogging followed by dynamic stretching exercises involving the lower extremities and trunk

musculature.

Table 1. Training Program for the Elastic Resistance Speed Endurance Group

Type of
Day Type of Movement Duration
Activities
Monday Warm Up Static or Dynamic Stretching in Major Muscle Groups 10 minutes
Wednesday Work Out For the elastic resistance training, the program was 40 minutes
Friday structured into three progressive rounds:
e Round 1: Two elastic bands on each side
e Round 2: One elastic band on each side
e Round 3: No elastic resistance
Each round was performed for 10 seconds.
Weeks 1-2, participants performed 3 rounds per set,
for a total of 4 sets, with a rest interval of 3 minutes
between sets.
Weeks 3-4, participants performed 3 rounds per set,
for a total of 5 sets, with a rest interval of 2.5 minutes
between sets.
Cool Down  Static Stretching in Major Muscle Groups 10 minutes
Journal of SciTech-ASEAN a4
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Table 2. Training Program for the Running-Based Speed Endurance Group

Type of
Day Type of Movement Duration
Activities
Monday Warm Up Static or Dynamic Stretching in Major Muscle Groups 10 minutes
Wednesday Work Out The running program consisted of 20-meter shuttle 40 minutes
Friday runs.
Weeks 1-2, Continuous running for 30 seconds per
set, completing 4 sets with 3 minutes of rest between
sets.
Weeks 3-4, Continuous running for 30 seconds per
set, completing 5 sets with 2.5 minutes of rest
between sets.
Cool Down Static Stretching in Major Muscle Groups 10 minutes

2.3 Procedures

2.3.1 Body composition: subjects’ mass (weight) and height were used to calculate Body
Mass Index (BMI). The BMI was expressed in kilograms per square meter (kg-m) with mass in kilograms and
height in meters. It was calculated by dividing body mass by the square of the body height.

2.3.2 Multistage Fitness Test (Beep Test): Aerobic fitness was assessed using the 20-m
Multistage Fitness Test, commonly known as the Beep Test. This test is widely used to estimate maximal
oxygen uptake (VO2max) in athletes and youth populations (Léger et al., 1988). Participants ran back and
forth between two lines set 20 meters apart, following audio signals from the standardized Beep Test
recording. The initial running speed was 8.5 km/h and increased by 0.5 km/h at each stage. Participants
were required to reach the 20-m line before or at the sound signal. The test was terminated when a
participant failed to reach the line on two consecutive signals or voluntarily stopped due to fatigue. The
final stage and shuttle completed were recorded. The maximal running speed corresponding to the final
attained stage was subsequently used to estimate VOpamax. The test was conducted on a flat indoor futsal
court under similar environmental conditions for all participants. Estimated VOzmax was calculated using the

equation proposed by Léger et al. (1988):

VOszmax = 31.025 + 3.238V - 3.248A + 0.1536 (VxA) (1)
where

VOzmax = estimated maximal oxygen uptake (mlL-kg :min 1)

V = maximal running speed (km-h" 1)

A = age (years)

2.3.3  Running-Based Anaerobic Sprint Test (RAST): Anaerobic performance was assessed using
the Running-Based Anaerobic Sprint Test (RAST), which is a valid and practical field test for evaluating
anaerobic power and fatigue in running-based sports (Zagatto et al., 2009). Before the test, participants
performed a standardized warm-up consisting of light jogging, dynamic stretching, and short acceleration

runs. The RAST consisted of six maximal 35-m sprints, with 10 seconds of passive recovery between each
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instructed to perform each sprint with maximal effort. Power output for each sprint was calculated using
the following equation: Power (W) = Body mass x Distance? + Time3. where body mass is expressed in
kilograms, distance is 35 meters, and time is recorded in seconds. The following variables were calculated:
Peak power: the highest power value across the six sprints, Minimum power: the lowest power value across
the six sprints, Mean power: the average power value across all six sprints, Fatigue index: the decline in
power across repeated sprints.

2.3.4 The fatigue index: was calculated as: Fatigue index = (Peak power — Minimum power)
+ Total sprint time. A lower fatigue index indicates a better ability to maintain anaerobic performance during
repeated high-intensity efforts.

2.4 Statistical Analyses

Data normality was assessed using the Shapiro-Wilk test. Baseline characteristics between
groups were compared using independent-samples t-tests. Intervention effects were analyzed using a two-
way repeated-measures ANOVA (Group x Time). Significant interactions were followed by Bonferroni-
adjusted post hoc comparisons. Effect sizes were calculated using partial eta squared (N2p) and Cohen’s d.
Ninety-five percent confidence intervals (95% Cl) were reported for all primary outcome variables. Statistical

significance was set at p < 0.05.

3. Results

Table 3 presents the baseline characteristics of the participants in the Elastic Resistance Group
(ERG) and the Running-Based Group (RBG). No significant differences were observed between groups for
body weight, height, body fat percentage, body mass index (BMI), or aerobic capacity (VOzmax) (p > 0.05).

These findings indicate that both groups were comparable at baseline.

Table 3. The Characteristics of the Participants

Variables ERG RBG p-value

Body weight (keg) 64.18 + 15.40 62.51 + 13.46 0.162
Height (cm) 171.18 £ 5.13 172.63 + 6.39 0.252
Body fat (kg) 11.82 £ 9.28 10.40 £ 9.57 0.391

BMI (kg/m?) 21.88 + 5.00 21.10 £ 5.07 0.445
VO2max (Mlkg t:min 1) 3354 + 7.23 33.60 + 7.80 0.268

Note: Values are presented as Mean + SD.ERG = Elastic Resistance Group.RBG = Running-Based Group

Table 4 presents within-group changes following the four-week intervention. Significant
improvements were observed in anaerobic capacity (p = 0.005) and fatigue index (p = 0.021) in the ERG. No
significant changes were observed in VOpmax or peak anaerobic power. In contrast, the RBG did not
demonstrate significant improvements in any of the measured variables.

The improvement in anaerobic capacity observed in the ERG may enhance repeated sprint
performance, acceleration, and high-intensity actions during the futsal competition. Likewise, the reduction
in fatigue index indicates an improved ability to maintain performance during repeated maximal efforts,

which may be beneficial during the latter stages of match play.
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Table 5. presents the between-group comparisons at pre-test and post-test. No significant
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differences were observed between groups at either assessment point (p > 0.05).

Table 4. Aerobic and Anaerobic Performance Within Groups

. Pre-test Post-test
Variables Group t p-value
(Mean + SD) (Mean + SD)
_ _ ERG 33.54 + 7.23 34.89 + 9.30 -1.705 0.119
VOzmax (ml-kg *:min 1)
RBG 33.60 + 7.80 34.26 + 9.66 -472 0.647
ERG 7.03 +£0.72 7.82 +1.20 -3.624 0.005%
Anaerobic capacity (W/kg)
RBG 7.19 £ 1.13 7.86 + 0.95 -2.139 0.058
Peak anaerobic power ERG 9.52 + 2.55 11.00 + 2.19 -2.134 0.059
(W/kg) RBG 10.23 + 1.42 10.83 + 1.46 -1.098 0.298
ERG 70.74 + 12.20 59.23 + 11.04 2.745 0.021*
Fatigue index (%)
RBG 65.42 + 14.54 62.46 + 17.67 0.352 0.732

Note: Significantly different from pre-test to post-test within the same group (p < .05). ERG = Elastic Resistance Group.RBG = Running-Based Group.

Table 5. Comparison of Aerobic and Anaerobic Performance Between Groups

Variables Time ERG RBG t p—-value
Mean £ SD Mean + SD
VOzmax (mlkg t-min~ 1) Pre 3354 +7.23 33.60 + 7.80 -017 0.987
Post 34.89 + 9.30 34.26 + 9.66 155 0.878
Anaerobic capacity (W/kg) Pre 7.03 £ 0.72 7.19 £ 1.13 -.408 0.688
Post 7.82 + 1.20 7.86 = 0.95 -.092 0.928
Peak anaerobic power (W/kg) Pre 10.05 + 1.37 10.23 + 1.42 -.303 0.765
Post 11.00 + 2.19 10.83 + 1.46 213 0.843
Fatigue index (%) Pre 70.74 + 12.20 65.42 + 14.54 .928 0.365
Post 59.23 + 11.04 62.46 + 17.67 -514 0.614

Note: ERG = Elastic Resistance Group.RBG = Running-Based Group.

Table 6 To provide a more comprehensive evaluation of training effects, mean changes (A), effect
sizes (Cohen’s d), and 95% confidence intervals were calculated.

The ERG demonstrated a large improvement in anaerobic capacity (d = 1.80) and a moderate
reduction in fatigue index (d = -0.72), whereas the RBG demonstrated only small-to-moderate changes.
Although the ERG generally showed larger improvements across several performance variables, differences
in change scores did not reach statistical significance (p > 0.05).

Therefore, both training methods may be considered effective for improving selected aspects of
performance; however, elastic-resistance speed-endurance training tended to produce greater practical

improvements in anaerobic performance and fatigue resistance in youth futsal players.
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Table 6. Mean Change (Q), Effect Size, and Confidence Interval

i ERG A , RBG A Cohen's
Variable Cohen's d 95% Cl 95% Cl p-value
Mean + SD Mean + SD d

VOzmax

_ _ +1.78 + 2.85 0.62 -0.61to 4.16  +1.01 + 5.48 0.18 -3.57 to 5.59 0.732
(mlkg *min 1)
Anaerobic

) +1.06 + 0.59 1.80 0.57to 1.55 +0.58 + 1.19 0.49 -0.41 to 1.57 0.323
Capacity
Anaerobic

) +0.81 + 2.04 0.40 -0.89to 251  +0.87 + 2.32 0.37 -1.07 to 2.81 0.959
capacity (W/kg)
Fatigue Index -9.76 + 13.59 -0.72 -21.12t0 1.60 -0.14 + 27.60 -0.01 -23.22t0 22.9* 0.391

4. Discussion

The present study investigated the effects of elastic resistance—based speed-endurance training
and running-based speed-endurance training on aerobic and anaerobic performance in youth futsal players.
The main findings indicated that the Elastic Resistance Group (ERG) demonstrated significant improvements
in anaerobic capacity and fatigue index following the intervention, whereas the Running-Based Group (RBG)
did not show significant changes in these variables. However, no statistically significant differences were
observed between groups at post-test.

The improvement in anaerobic capacity observed in the ERG may be practically relevant for futsal
performance because anaerobic fitness is closely associated with repeated sprint ability, acceleration, rapid
changes of direction, and the ability to perform high-intensity actions throughout a match. Likewise, the
reduction in fatigue index may indicate an enhanced capacity to sustain performance during repeated
maximal efforts, which is particularly important during the latter stages of competitions when fatigue
accumulates.

These findings are generally consistent with previous studies reporting positive effects of elastic
resistance training on sprint performance, muscular power, and repeated high-intensity exercise capacity
(Loturco et al., 2016; Lopes et al,, 2019). Elastic resistance provides variable external loading throughout
movement, which may increase neuromuscular demands while preserving sport-specific movement
patterns. Nevertheless, some previous studies have reported larger improvements in sprint-related
performance than those observed in the present study. Such differences may be attributed to variations in
training duration, resistance magnitude, participant characteristics, and sport-specific training demands.

Importantly, the present findings do not support the conclusion that elastic resistance-based
speed-endurance training is superior to running-based speed-endurance training. Although the ERG
demonstrated significant within-group improvements and generally larger effect sizes, the absence of
statistically significant between-group differences indicates that both training approaches may provide
comparable benefits for youth futsal players.

Several physiological mechanisms may help explain the observed adaptations. Recent evidence
suggests that resistance training can enhance motor-unit recruitment, increase neural drive, improve
intermuscular coordination, and optimize neuromuscular efficiency, thereby contributing to improvements
in force production and athletic performance (Skarabot et al., 2021; Aslam et al., 2025; Rong et al., 2025).
These neuromuscular adaptations may improve athletes’ ability to perform repeated high-intensity efforts
and delay fatigue during intermittent sports such as futsal match play. However, because physiological

variables related to these mechanisms were not directly measured in the present study, such explanations
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should be interpreted as potential mechanisms rather than confirmed adaptations resulting from the
intervention.

The lack of statistically significant between-group differences may be explained by several factors.
First, the intervention period was relatively short (4 weeks), which may not have been sufficient to induce
substantial training adaptations that could distinguish one method from the other. Second, the relatively
small sample size may have limited the statistical power to detect small-to-moderate between-group
effects. Third, both groups performed active speed-endurance training protocols, which may have elicited
similar physiological adaptations. Finally, individual differences in biological maturation and training
responsiveness among adolescent athletes may have contributed to variability in the results.

Several limitations of the present study should be acknowledged. The intervention period was
relatively short, the sample size was limited, and male and female athletes were analyzed together. In
addition, biological maturation status was not controlled, training-load monitoring was limited, and the use
of field-based performance tests may have introduced measurement error. Furthermore, the absence of a
non-training control group restricts the ability to distinguish intervention effects from normal developmental
changes. Future studies should include larger sample sizes, longer intervention periods, more
comprehensive load-monitoring procedures, and direct physiological measurements to better understand
the mechanisms underlying performance adaptations.

Practical Applications: For coaches and practitioners, elastic resistance-based speed-endurance
training may be incorporated into futsal conditioning programs as an alternative training strategy to enhance
anaerobic performance and fatigue resistance. This method is relatively inexpensive, portable, and easy to
implement within sport-specific training environments. Coaches may also consider combining elastic
resistance sprint drills with conventional running-based speed-endurance training to simultaneously
develop neuromuscular, anaerobic, and aerobic fitness components required for futsal performance.
Nevertheless, current evidence remains insufficient to conclude that elastic resistance—based training is

more effective than traditional running-based speed-endurance training.

5. Conclusion

This study demonstrated that elastic resistance-based speed endurance training significantly
improved anaerobic capacity and fatigue index in youth futsal players, whereas running-based speed
endurance training did not produce significant changes in these variables. Although the Elastic Resistance
Group generally demonstrated larger improvements in anaerobic performance variables, no statistically
significant differences were observed between groups. Therefore, the findings do not support the conclusion
that elastic resistance training is superior to running-based speed endurance training. Nevertheless, elastic
resistance training appears to be a promising training modality for improving anaerobic performance and
fatigue resistance in youth futsal players. Coaches may consider incorporating elastic resistance exercises
into speed-endurance programs as part of a comprehensive conditioning strategy. Further research with
larger sample sizes, longer intervention periods, and more rigorous physiological assessments is required
before stronger conclusions regarding the comparative effectiveness of elastic resistance training can be

made.
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Abstract

Heat-related illness poses a significant risk to personnel safety and training effectiveness in military
environments, while existing monitoring practices often lack real-time heat-risk assessment and alert
capabilities. This study aimed to 1) develop an Internet of Things (loT)-based real-time heat index monitoring
and alert system for military training, 2) evaluate the technical performance of the developed system in
terms of sensor validation, heat-risk rule-based classification verification, data transmission reliability, and
alert latency, and 3) assess user satisfaction. This study employed a research and development (R&D)
approach based on the System Development Life Cycle (SDLC). The developed system integrated an SHT31
temperature and humidity sensor, an ESP32 microcontroller, Firebase Realtime Database, a web-based
dashboard, and a LINE Official Account. The study included all 40 personnel participating in the 2026 military
discipline training program at the Directorate of Communications and Information Technology, Royal Thai
Armed Forces Headquarters, using a census approach. Technical performance was evaluated through 50
predefined heat-risk classification test cases, 100 data transmission trials, and 10 alert latency
measurements. The results demonstrated that the developed system achieved 100.00% correctness in
heat-risk rule-based classification verification under controlled testing conditions and a 100.00% data
transmission success rate, with an average alert latency of 2.49 seconds. Overall user satisfaction was rated
at the highest level (x = 471, SD. = 0.38). The system effectively integrates real-time heat index
computation, military Heat Flag classification, cloud-based data synchronization, and instant LINE
notifications within a single platform, thereby enhancing heat-risk monitoring and supporting timely safety
decision-making during military training. These findings demonstrate the practical applicability of loT-based
real-time monitoring technologies for improving occupational safety in military training and other outdoor
operational environments and provide a valuable framework for the future research and development of

intelligent safety monitoring systems in high-risk settings.

Keywords: Internet of things, Heat index, Real-time monitoring, Military training, Heat-risk management

1. Introduction

Climate change and rising global temperatures have become major challenges affecting public
health, occupational safety, and military readiness worldwide. The increasing frequency and intensity of
extreme heat events have significantly elevated the risk of heat-related illnesses among individuals
performing strenuous outdoor activities, particularly military personnel, emergency responders, and outdoor
workers (Patton & Hoyt, 2023; Gibb et al., 2024). Heat-related illnesses range from mild conditions, such as
heat cramps and heat exhaustion, to life-threatening heat stroke, which may result in multiple organ failure
or death if not recognized and treated promptly (Epstein et al., 2025). Consequently, environmental heat
has become an important non-combat hazard that directly affects personnel safety, operational
performance, and training effectiveness in military organizations (Patton & Hoyt, 2023).

Thailand is located in a tropical region characterized by high temperatures and humidity throughout
most of the year. Such environmental conditions substantially increase the risk of heat-related illnesses
during outdoor military training. According to the Royal Thai Army Medical Department (2023), heat index
values should be continuously monitored and classified according to the Heat Flag criteria to support
decisions regarding hydration, work-rest cycles, and training intensity. However, many military units continue
to rely on manual measurements or weather information obtained from centralized meteorological stations.

These approaches may not accurately represent local microclimate conditions at the actual training site
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and often delay risk assessment and operational decision-making, thereby increasing the likelihood of
heat-related injuries.

Previous epidemiolosgical research conducted among Royal Thai Army conscripts reported that
53 of 809 newly inducted conscripts (6.6%) developed heat-related illnesses during basic military training,
highlighting that heat-related illness remains an important occupational health concern in military settings
(Nutong et al., 2018). These findings underscore the need for effective real-time environmental monitoring
and early warning systems capable of supporting timely operational decision-making and reducing
heat-related risks during military training.

Recent studies have highlighted the growing importance of heat-risk surveillance and environmental
monitoring in military and occupational settings. Narindrarangkura et al. (2024) demonstrated that predictive
analytics could improve the surveillance of heat-related illnesses among Thai military recruits by enabling
early identification of heat-risk factors. Similarly, Patton and Doyle (2024) reported increasing environmental
heat exposure at U.S. Army basic combat training installations, emphasizing the need for more effective
environmental monitoring to protect military personnel. Furthermore, the Defense Health Agency (2023)
reported that continuous environmental surveillance and proactive heat-risk management are essential
strategies for reducing severe heat-related illnesses during military operations and training. Although these
studies provide valuable evidence for heat-risk prevention, they primarily focus on surveillance, prediction,
or epidemiological analysis rather than the development of an integrated real-time monitoring and alert
system for operational use.

Advances in the Internet of Things (IoT) have enabled intelligent environmental monitoring systems
capable of collecting, processing, and transmitting environmental data in real time. loT-based systems
integrate sensing devices, wireless communication, cloud computing, and mobile applications to improve
situational awareness and support rapid decision-making in safety-critical environments. Recent studies have
demonstrated the effectiveness of loT technologies for environmental monitoring and heat-alert prediction
(Considine et al., 2023; Popescu et al., 2024). Nevertheless, most existing systems emphasize environmental
data acquisition, visualization, or predictive analytics, while providing limited support for operational
decision-making in military environments. To provide a clearer overview of existing studies, Table 1
compares representative heat monitoring and alert systems with respect to sensing technology, cloud
integration, notification mechanisms, military-specific heat-risk classification, application domains, and
existing limitations.

As shown in Table 1, previous studies have primarily focused on environmental monitoring,
predictive analytics, or general heat-alert systems. However, none of these systems integrates real-time
heat index computation, military Heat Flag classification, cloud-based synchronization, and instant LINE
Official Account notification within a unified platform specifically designed for military training. Moreover,
empirical validation of such systems under actual military training conditions remains limited.

Table 1 presents a comparative synthesis of the distinctive features and limitations of
representative loT-based heat-monitoring studies, including their sensing technologies, cloud platforms,

notification mechanisms, military Heat Flag support, and application domains.
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Table 1. Comparison of related loT-based heat monitoring studies

Cloud Real-time Military Application
Study Sensor Limitation
Platform Notification = Heat Flag Domain
Buller et al. Wearable  Mobile cloud N4 X Military heat No heat index
(2021) physiological platform (Mobile injury or military heat-
sensors application) prevention flag support
Narindrarangkura SHT31 Cloud N4 X Occupational No military
et al. (2024) Database Health application
Considine et al.  Meteorologica Cloud X X Heat Alert No loT sensing
(2023) | Data Analytics Prediction platform
This Study SHT31 Firebase v N4 Military Integrated
Realtime (LINE OA) training platform
Database

Despite recent advances in loT-based heat monitoring technologies, several research gaps remain:
(1) existing studies have primarily focused on environmental monitoring or predictive analytics; (2) few
studies have integrated real-time heat index computation, military Heat Flag classification, cloud
synchronization, and instant LINE Official Account notifications within a single platform; and (3) empirical
validation of integrated systems under actual military training conditions remains limited. Consequently, an
integrated loT-based solution is needed to provide real-time heat-risk assessment and decision support
specifically for military training environments.

To address these research gaps, this study develops and evaluates an loT-based real-time heat
index monitoring and alert system specifically designed for military training. Unlike previous loT-based
environmental monitoring systems, the proposed platform integrates four key components within a single
operational framework: (1) real-time heat index computation, (2) military Heat Flag classification based on
Royal Thai Army guidelines, (3) cloud-based synchronization using Firebase Realtime Database, and
(4) instant notification through the LINE Official Account. This integrated architecture supports real-time
environmental monitoring and rapid operational decision-making during military training.

The main contributions of this study are fourfold. First, it develops an integrated loT-based heat-
risk monitoring platform tailored for military training environments. Second, it incorporates the Royal Thai
Army Heat Flag criteria to automate heat-risk classification and support operational decision-making. Third,
it combines cloud-based synchronization with instant LINE Official Account notifications to improve the
timeliness of heat-risk communication. Finally, it evaluates the developed system through technical
performance assessment, including heat-risk rule-based classification verification, data transmission success
rate, and alert latency, together with user satisfaction under actual military training conditions.

Therefore, the objectives of this study were (1) to develop an loT-based real-time heat index
monitoring and alert system for military training; (2) to evaluate the technical performance of the developed
system in terms of sensor validation, heat-risk rule-based classification verification, data transmission
reliability, and alert latency; and (3) to assess user satisfaction regarding the effectiveness and usability of

the system for supporting heat-risk management and safety decision-making during military training.
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Figure 1. Conceptual framework for the proposed loT-based real-time heat index

monitoring and alert system

The framework illustrates the overall based on the

Input-Process-Output (IPO) model. The framework begins with problem identification, military heat-risk

conceptual research process
criteria, loT technologies, user requirements, and a literature review as research inputs. These inputs are
integrated through a research and development (R&D) methodology using the System Development Life
Cycle (SDLQ), resulting in the development of the proposed loT-based monitoring system. The developed
system is subsequently evaluated through technical performance assessment and user satisfaction

evaluation to achieve the three research objectives.

2. Materials and methods
2.1 Research Design
This study employed a research and development (R&D) methodology to design, implement,
and evaluate an Internet of Things (IoT)-based real-time heat index monitoring and alert system for military
training. The development process followed the System Development Life Cycle (SDLC), consisting of five
phases: requirements analysis, system design, implementation, testing, and evaluation. The SDLC provides
a systematic framework for developing reliable software systems and has been widely adopted for
loT applications because it facilitates the integration of sensing devices, cloud services, and user applications
while improving system quality and maintainability (Pressman & Maxim, 2020; Fahmideh et al., 2022).
2.2 System Development
The overall architecture of the developed system is illustrated in Figure 2. The proposed
platform consists of three functional layers: (1) an environmental sensing layer, (2) a cloud communication
layer, and (3) an application layer. The sensing layer employed an SHT31 temperature and relative humidity
sensor connected to an ESP32 microcontroller to continuously acquire environmental data. The measured
data were transmitted through a wireless network to Firebase Realtime Database, which served as the cloud
platform for real-time data synchronization and storage. Heat index values were automatically calculated
using the National Weather Service heat index equation. The calculated values were subsequently classified

according to the Royal Thai Army Heat Flag criteria to determine the corresponding heat-risk level.
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automatically delivered to users through the LINE Official Account using Flex Message.
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Figure 2. Architecture of the proposed loT-based heat index monitoring and alert system

The developed system integrates hardware for environmental data acquisition with software
services for data storage, visualization, and real-time notification. The specifications and functions of the
principal components are summarized in Table 2.

To support automated operational decision-making, the calculated heat index was mapped
to five Heat Flag levels and corresponding recommendations for military training activities, as shown in
Table 3.

Table 2. Hardware and software components used in the developed system

Function

Component Specification
ESP32 Wi-Fi-enabled microcontroller
SHT31 Temperature and humidity sensor

OLED Display 0.96-inch 12C display

Firebase Real-time Database Cloud database platform

LINE Messaging API Messaging platform

Web Dashboard HTML/CSS/JavaScript

Data processing and communication
Environmental monitoring

On-site data visualization

Data storage and synchronization
Real-time notification delivery

Monitoring and data visualization

Table 3. Heat-risk classification based on heat index criteria

Heat flag Heat index (°C) Recommended training activity
White <27 Normal training
Green 27-32 Increased hydration monitoring
Yellow 33-39 Reduced training intensity
Red 40-51 Increased rest periods
Black > 51 Training suspension recommended
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2.3 Study Site and Participants

The study population consisted of military personnel who participated in the 2026 personnel
discipline training program at the Directorate of Communications and Information Technology, Royal Thai
Armed Forces Headquarters. These personnel were directly involved in outdoor military training and heat-
risk management, including training supervisors, drill instructors, assistant instructors, medical officers, and
military personnel representatives.

A census approach was employed, whereby all 40 eligible personnel were included in the
study. The participants comprised five training supervisors, five medical officers, fifteen drill instructors, ten
assistant instructors, and five military personnel representatives. Since the entire target
population participated in the evaluation, no sampling procedure was required. The participants were
responsible for training management, operational supervision, or medical support during field exercises,
enabling them to evaluate both the technical performance and practical usability of the developed system
under actual operational conditions (Creswell & Creswell, 2023).

This study involved the evaluation of a prototype loT-based monitoring system and an
anonymous user satisfaction survey. Participation was voluntary, and participants were informed of the
study objectives prior to participation. No personally identifiable information was collected, and all
responses were anonymized and kept confidential. Participants were free to decline or withdraw from the
study without any consequences. Formal ethical approval was not obtained prior to data collection. This
information has been transparently disclosed to the Editorial Board for consideration in accordance
with the journal’s ethical requirements.

Technical performance evaluation was conducted independently of participant assessment.
The evaluation design was based on system and software quality measurement principles, particularly
functional correctness, reliability, and time behavior. The heat-risk rule-based classification verification was
evaluated using 50 predefined test cases, consisting of 10 cases for each Heat Flag level: WHITE, GREEN,
YELLOW, RED, and BLACK. This design ensured balanced coverage of all predefined risk categories
and allowed verification of the system’s classification correctness under different environmental
conditions. Data transmission reliability was assessed through 100 consecutive communication trials to verify
the stability of data transfer from the ESP32 microcontroller to Firebase Realtime Database. Alert latency
was measured across 10 repeated notification trials to evaluate the consistency of real-time notification
delivery through the LINE application. These testing procedures were designed according to the quality
measurement concepts of ISO/IEC 25023 and software testing principles recommended
for validating functional correctness and system reliability (ISO/IEC 25023, 2016; Pressman & Maxim, 2020).
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Figure 3. Workflow of data acquisition, heat index calculation, and real-time alert generation

2.4 Field Deployment and Data Collection

The developed system was deployed under actual military training conditions over a 10-day
field deployment conducted from 3 to 12 May 2026. Environmental monitoring was performed daily from
08:00 to 16:00, corresponding to the period of highest heat exposure during routine military training. Ambient
temperature (°C) and relative humidity (%RH) were automatically recorded at 1-minute intervals, resulting
in approximately 4,800 environmental observations. Heat index values were computed in real time and
synchronized with Firebase Realtime Database for continuous visualization through the web dashboard.
Whenever the calculated heat index exceeded the predefined Heat Flag thresholds, the system
automatically issued heat-risk notifications via the LINE Official Account. Participants were able
to monitor real-time environmental conditions, Heat Flag statuses, and alert notifications through both the
web dashboard and mobile devices.

2.5 Performance Evaluation

The developed system was evaluated using both technical performance assessment and user
satisfaction assessment. Technical performance was assessed using four evaluation criteria: (1) sensor
validation, performed by comparing SHT31 measurements with those of a calibrated digital thermo-
hygrometer before field deployment; (2) heat-risk rule-based classification verification, evaluated using 50
predefined heat index test cases covering all Heat Flag categories defined by the Royal Thai Army Medical
Department. To further verify the correctness of the classification algorithm around decision thresholds,
boundary-value test cases were additionally included. The test cases were selected at values immediately
below, equal to, and immediately above each Heat Flag threshold (e.g., 27°C, 33°C, 40°C, and 51°C) to
ensure that the developed system correctly classified heat-risk levels at boundary conditions; (3) data
transmission success rate, evaluated through 100 consecutive transmission trials between the ESP32
microcontroller and Firebase Realtime Database; and (4) alert latency, evaluated using 10 repeated
notification tests, for which latency was defined as the elapsed time between environmental data

acquisition and successful delivery of the notification through the LINE Official Account.
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The field deployment was designed to evaluate the system under actual military training
conditions. The study period, operating hours, sampling interval, number of records, observed

environmental ranges, and deployment site are summarized in Table 4.

Table 4. Field deployment conditions

Parameter Value
Study period 3-12 May 2026
Experimental duration 10 consecutive days
Operating hours 08:00-16:00
Sampling interval Every 1 minute
Records collected per day Approximately 480
Total environmental records Approximately 4,800
Temperature range 30.8-37.4°C
Relative humidity range 58-86%RH
Study site Signal Battalion, Directorate of Communications

and Information Technology, Royal Thai Armed

Forces Headquarters

The number of test cases and repeated trials was selected based on recommendations for
software functional testing and IoT system performance evaluation, ensuring adequate repeatability and
reliability of the experimental results (ISO/IEC 25023, 2016; Pressman & Maxim, 2020).

Following the field deployment, participants evaluated the developed system using a
structured questionnaire covering four dimensions: (1) technical performance and hardware, (2) user
interface and notification, (3) usefulness and practical applicability, and (4) system reliability and
acceptance. Responses were recorded using a five-point Likert scale.

Questionnaire Validation and Reliability. The user satisfaction questionnaire was evaluated for
content validity by three experts in information systems and software development. The Iltem-Objective
Congruence (I0C) values ranged from 0.67 to 1.00, with an average 10C of 0.83, indicating acceptable content
validity. A pilot study was subsequently conducted to assess the reliability of the questionnaire.
The instrument demonstrated good internal consistency, with a Cronbach's alpha coefficient of 0.89.

System Quiality Evaluation. Prior to user evaluation, the developed system was assessed by
three experts. The overall system quality was rated at a high level (x = 4.18, S.D. = 0.55), confirming that
the system was appropriate for field deployment and subsequent user satisfaction evaluation.

2.6 Performance Metrics

The performance of the developed loT-based real-time heat index monitoring and alert
system was evaluated in four areas: sensor validation, heat-risk rule-based classification verification, data
transmission reliability, and alert latency. The evaluation was conducted to verify whether the system could
reliably acquire environmental data, correctly implement the predefined Heat Flag classification rules,
successfully transmit data to the cloud database, and deliver alert messages within an appropriate response

time for real-time military training safety management.
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For heat-risk rule-based classification verification, 50 predefined test cases were used, with
10 cases assigned to each of the five Heat Flag categories to ensure balanced verification across all
predefined risk levels. For data transmission reliability, 100 consecutive transmission attempts were
conducted to provide sufficient repeated observations for identifying possible communication failures or
data loss during cloud synchronization. For alert latency, 10 repeated notification trials were considered
appropriate because latency measurement focused on short response-time behavior under the same
operational workflow. Repeated measurements helped verify whether the notification delay remained
stable during real-time operation. This evaluation design aligns with ISO/IEC 25023, which emphasizes
measurable indicators for software product quality, including functional correctness, reliability, and time
behavior.

2.6.1 Sensor Validation

Before performance testing, the SHT31 sensor was validated against a standard digital

thermo-hygrometer placed at the same location. Temperature and relative humidity were recorded
simultaneously from both devices to examine measurement differences, consistency, and output stability
before using the data for heat index calculation. The results showed that the SHT31 readings remained
within an acceptable range, indicating that the sensor was suitable for environmental monitoring in the
developed system.

2.6.2 Heat Index Calculation

Heat index values were calculated from the air temperature and relative humidity

measured by the SHT31 sensor using the Rothfusz regression adopted by the U.S. National Weather Service
(Rothfusz, 1990), as shown in Equation (1). The calculated values were subsequently used to classify heat-

risk levels according to the predefined Heat Flag criteria.

Hl=c; + ¢;T + ¢3RH + ¢,TRH + ¢sTT? + c¢RH? + ¢;T?RH + cgTRH? + coT*RH? (1)
where HI = heat index (°F)
T = air temperature (°F)
RH = relative humidity (%)

,,,,, Cq The empirical constants in the NOAA Rothfusz regression are
¢, = —42.379, ¢, = 2.04901523, c; = 10.14333127, ¢, = —0.22475541, c; = —0.00683783,
ce = —0.05481717, ¢, = 0.00122874, cg = 0.00085282, and cqg = —0.00000199.

The temperature measured by the SHT31 sensor was initially obtained in degrees Celsius and
converted to degrees Fahrenheit before being entered into the NOAA Rothfusz regression. The calculated

heat index was subsequently converted from degrees Fahrenheit back to degrees Celsius for classification

according to the Royal Thai Army Heat Flag criteria.
9
Te=(T¢ x 2 +32 (2

Hlc=(HIp = 32) x> (3)
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2.6.3 Heat-risk rule-based classification verification
Heat-risk rule-based classification verification was performed by comparing the Heat
Flag level generated by the system with the expected Heat Flag level determined from the predefined

criteria. The percentage of correctly classified test cases was calculated using Equation (4).
NC
RCV (%) - = (4)
N¢

where RCV (%) = rule-based classification verification result of the developed

system expressed as a percentage (%)
Nc
N¢

number of correctly classified test cases

total number of test cases evaluated

The heat-risk rule-based classification verification was evaluated using 50 test cases
covering all predefined heat-risk categories, including WHITE, GREEN, YELLOW, RED, and BLACK levels. The
test cases were generated from different combinations of temperature and relative humidity values
representing a wide range of environmental conditions that may occur during military training activities.
Using multiple test cases across all classification levels helps ensure that the developed system can
consistently classify heat-risk conditions under various environmental scenarios and improves the reliability
of the performance evaluation (ISO/IEC 25023, 2016; Pressman & Maxim, 2020).

2.6.4 Alert latency

Alert latency was defined as the time interval between data acquisition by the sensor

and successful delivery of the alert message to the user through the LINE application. Alert latency was

calculated using Equation (5).
Latency -T, — T (5)

where  Latency = alert latency (s)
Ta = alert reception timestamp
Ts = sensor acquisition timestamp

The average alert latency was calculated using Equation (6).
+ 1
L - - L (6)

= average alert latency (s)

latency measured in the ithtest trial (s)

S =
I

total number of test trials

2.6.5 User Satisfaction Evaluation
User satisfaction was evaluated using a five-point Likert scale questionnaire. The
questionnaire covered four evaluation dimensions: (1) technical performance and hardware, (2) user
interface and notification, (3) usefulness and practical applicability, and (4) system reliability and

acceptance. The mean and standard deviation were used to summarize user satisfaction scores.
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The mean score was calculated using Equation (7).

_ YR x;
X = Zi=171 (7)
n
where X = mean score

X; = score obtained by each participant
N = total number of participants

The standard deviation was calculated using Equation (8).

Z?=1(xi_ f)z

S.D. = N1 (8)
where  S§.D. = standard deviation
X; = score obtained by each participant
X = mean score
N = total number of participants

To evaluate the reliability of data transmission, the success rate was calculated using
Equation (9):

N
Success Rate (%) = FS x 100 9)
t

where  Success Rate (%) percentage of successful data transmissions

N = number of successful data transmissions

N, = total number of data transmission attempts

2.6.6 System Operation for Performance Evaluation

The system operation began when the ESP32 microcontroller initialized the hardware
and established a connection with the Wi-Fi network and SHT31 sensor. After a successful connection, the
sensor measured air temperature and relative humidity. The measured values were then transmitted to the
ESP32 for heat index calculation. The calculated heat index was classified into heat-risk levels according to
the Heat Flag criteria, including white, green, yellow, red, and black levels.

After classification, the system displayed the results on the web dashboard and
activated the LED indicator according to the detected risk level. If the heat-risk level reached a warning
condition, the system automatically sent an alert message through the LINE Official Account. Al
environmental data and heat-risk results were stored in Firebase Realtime Database for real-time monitoring
and historical data review. The system repeated the monitoring cycle every minute unless the device was
turned off.

2.7 Statistical Analysis
Descriptive statistics were employed to analyze the collected data. The mean (x) and standard
deviation (S.D.) were used to summarize user satisfaction scores, while appropriate descriptive measures
were used for the technical performance metrics. The results were interpreted according to commonly

accepted criteria for Likert-scale evaluation in information systems research (Creswell & Creswell, 2023).
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3. Results

During the field deployment, the proposed system continuously monitored environmental
conditions over a 10-day evaluation period. A total of approximately 4,800 environmental records were
successfully collected and synchronized with Firebase Realtime Database without data loss. The recorded
temperature ranged from 30.8°C to 37.4°C, while the relative humidity varied between 58% and 86%. These
environmental conditions covered multiple heat-risk levels, enabling comprehensive evaluation of the
developed monitoring and alert system.

3.1 Development of the loT-Based Real-Time Heat Index Monitoring and Alert System

The first objective of this study was to develop an loT-based real-time heat index monitoring
and alert system for military training. The developed system integrated an SHT31 temperature and humidity
sensor, an ESP32 microcontroller, Firebase Realtime Database, a web-based dashboard, and a LINE Official
Account notification service.

Environmental data were continuously collected and transmitted to the cloud for real-time
processing. The system calculated the heat index (HI) using the National Weather Service (NWS) algorithm
based on the Rothfusz regression (Rothfusz, 1990) and classified heat-risk levels according to the Royal Thai
Army Heat Flag criteria. The calculated results were displayed on both the OLED display and the web
dashboard, while hazardous conditions automatically triggered warning notifications via the LINE Messaging
API.

The developed prototype and its operational interfaces are shown in Figures 4 and 5.

Figure 4. Photograph of the developed loT-based real-time heat index monitoring and alert

system prototype for military training environments
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Figure 5. Screenshot of the developed real-time monitoring dashboard displaying environmental
conditions and heat-risk levels

During field deployment, the platform operated continuously under actual military training
conditions at the Signal Battalion, Directorate of Communications and Information Technology, Royal Thai
Armed Forces Headquarters. The system demonstrated stable operation throughout the testing period and
supported real-time heat-risk monitoring during military training activities.

3.2 Field Deployment and Real-Time System Operation

The developed loT-based heat index monitoring system was deployed and evaluated under
actual military training conditions over a 10-day field deployment conducted from 3 to 12 May 2026.
Environmental monitoring was performed daily from 08:00 to 16:00, corresponding to the period of highest
heat exposure during routine military training. Ambient temperature (°C) and relative humidity (%RH) were
automatically recorded at 1-minute intervals, resulting in approximately 4,800 environmental observations.
The collected data were processed in real time to calculate the heat index and synchronized with Firebase
Realtime Database for continuous visualization through the web dashboard.

Whenever the calculated heat index reached or exceeded the predefined Heat Flag
thresholds, the system automatically generated heat-risk notifications through the LINE Official Account.
These notifications enabled instructors, medical personnel, and commanders to receive timely alerts and
monitor current environmental conditions, Heat Flag statuses, and associated risk levels using both the web
dashboard and mobile devices. The automated notification mechanism supported prompt decision-making
for implementing appropriate heat-risk mitigation measures during military training. Overall, the field
deployment results demonstrated that the proposed system operated continuously and reliably under
real-world conditions. The integration of real-time environmental monitoring, automated heat index
computation, cloud-based data synchronization, and instant LINE notifications provided -effective

operational support for heat-risk surveillance and safety management throughout the training period.
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Time-series Variation of Heat Index during the 10-day Field Deployment (1-minute interval)

[ Green (=27°C) Yellow (27 -32.9°C)  [] Red (33 -50.9°C) [ Black (= 51°C) ®  LINE Alert (Heat Flag > Yellow)
60

55

W WA

SN AL ANIA -
3olw f ‘W’ w wwa W W M’Wﬁ i “'VW M‘

25

Heat Index (°C)

— Heal lndex

20

00:00 06:00 12.00 18:00 00:00 06:00 12.00 18:00 0000 0600 12:00 18:00 00,00 06:00 12:00 18:00 09.00 06:00 1200 18:00 €0.00 06:00 12:00 18:00 00.00 0600 12:00 18:00 00,00 06:00 12:00 18:00 00.00 06:00 12:00 1800 00.00 0600 1200 18:00

Day1 Day2 Day3 Day4 Day$ Day 6 Day? Day 8 Day9 Day 10
03 May 04 May 05 May 06 May 07 May 08 May 09 May 10 May 11 May 12May
Date and Time

Green : < Sampling interval : 1 minute

© Yellow circle : Heat Index > 27°C (Yellow)
Deploymant period : 03 - 12 May 2026 (10 days) @ Redcircle : Heat Index > 40°C (Red)

@ Black circle : Heat Index = 51°C (Black)

Red : 33 - 50.9°C
Black : = 51°C

Total data points : 4,800 (10 days x 24 h x 60 min)

Heat Flag Thresholds Data Summary Legend (LINE Alert)
27°C
‘ Heat Index range : 24.6 - 54.2 °C ‘

Figure 6. Time-series variation in the heat index during the 10-day field deployment. The system
continuously monitored environmental conditions and synchronized data in real time,

demonstrating stable operation under actual military training conditions

3.3 Technical Performance Evaluation of the Developed System

The second objective of this study was to evaluate the technical performance of the
developed loT-based heat index monitoring system in terms of sensor measurement agreement, heat-risk
rule-based classification verification, alert latency, and data transmission reliability. The accuracy of the
environmental sensing module was first evaluated by comparing measurements obtained from the SHT31
sensor with those from a calibrated digital thermo-hygrometer.

Sensor validation was performed by comparing simultaneous temperature and relative
humidity readings from the SHT31 sensor with those from a calibrated digital thermo-hygrometer. The
comparison results and measurement differences are presented in Table 5.

Table 5. Sensor validation results

Parameter Reference Device SHT31 Sensor Difference Interpretation
Temperature (°C) 32.7 32.8 0.1 Acceptable
Relative Humidity (%) 70.2 70.4 0.2 Acceptable

The SHT31 sensor produced measurements that closely matched those of the reference
instrument, with differences of 0.1°C for temperature and 0.2% for relative humidity. These deviations were
within acceptable limits for heat index computation and environmental monitoring.

Following sensor validation, representative temperature and relative-humidity values were
used to demonstrate the heat index calculation and the resulting Heat Flag classification across the five risk

levels, as shown in Table 6.
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Table 6. Examples of heat index calculations and heat-risk classification results

Log ID Temperature (°C)  Relative Humidity (%) Heat Index (°C)  Heat Flag Level
L001 19.8 45.00 25.3 WHITE
L002 26.5 54.70 27.2 GREEN
L003 31.0 72.40 38.5 YELLOW
L004 32.8 70.40 43.1 RED
LO05 34.9 78.30 54.8 BLACK

The calculated heat index increased as temperature and relative humidity rose, resulting in
corresponding heat-risk classifications ranging from WHITE (safe conditions) to BLACK (extreme heat-risk
conditions). These examples demonstrate the capability of the developed system to automatically
compute the heat index and classify heat-risk levels according to the Royal Thai Army Heat Flag criteria. To
evaluate the rule-based classification performance, 50 predefined test cases representing all Heat Flag
categories were examined. In addition, boundary-value test cases were conducted to verify the correctness
of the classification algorithm at decision thresholds.

To verify classification performance at critical decision points, boundary-value tests were
conducted using heat index values immediately below, equal to, and immediately above the predefined
thresholds. The expected classifications, system outputs, and verification results are presented in Table 7.

The boundary-value verification demonstrated that the developed system correctly classified
all heat-risk levels at values immediately below, equal to, and immediately above each predefined Heat
Flag threshold. These results indicate that the classification algorithm consistently handled decision
boundaries without misclassification.

After boundary-value verification, the rule-based classification algorithm was evaluated using
50 predefined test cases distributed equally across the five Heat Flag levels. The number of correct

classifications and the verification percentage for each level are summarized in Table 8.

Table 7. Boundary-value verification results for Heat Flag classification

Case Heat Index (°C) Expected Heat Flag System Output Result
BO1 26.9 White White v
B02 27.0 Green Green v
BO3 27.1 Green Green v
BO4 32.9 Green Green v
BO5 33.0 Yellow Yellow v
BO6 33.1 Yellow Yellow v
BO7 39.9 Yellow Yellow v
B0O8 40.0 Red Red v
B09 40.1 Red Red v
B10 51.0 Red Red v
B11 51.1 Black Black v
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Table 8. Heat-risk rule-based classification verification results

Heat flag level Number of test cases  Correctly classified test cases  Verification result (%)

WHITE 10 10 100
GREEN 10 10 100
YELLOW 10 10 100
RED 10 10 100
BLACK 10 10 100
Total 50 50 100

All 50 predefined test cases under controlled testing conditions were classified correctly,
resulting in a rule-based classification correctness rate of 100.00%. This result verifies that the developed
system correctly implemented the predefined Heat Flag classification rules for the tested cases.

The responsiveness of the notification module was assessed by measuring the elapsed time
between environmental data acquisition and successful notification delivery through the LINE Official
Account. The latency results are presented in Table 9. The measured alert latency ranged from 2.41 to 2.58
s, with an average response time of 2.49 s.

The reliability of wireless data transmission was assessed using 100 consecutive
communication trials. The results are presented in Table 10.

All transmitted data were successfully synchronized with Firebase Realtime Database during
the evaluation period, resulting in a data transmission success rate of 100.00%.

The responsiveness of the notification module was assessed across 10 repeated trials by
measuring the elapsed time from environmental data acquisition to successful delivery through the LINE
Official Account. The latency recorded in each trial and the average latency are presented in Table 9.

Data transmission reliability was evaluated through 100 consecutive attempts from the ESP32
microcontroller to Firebase Realtime Database. The numbers of successful and failed transmissions, along

with the resulting success rate, are summarized in Table 10.

Table 9. Alert latency measurements.
Test trial Alert latency (s)

2.41
2.53
2.46
2.58
2.47
2.50
2.51
2.48
2.52

10 2.44
Average Latency 2.49

O 0O N O O AW N -
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Table 10. Data transmission success rate

Performance indicator Value
Total transmission attempts (N_t) 100
Successful transmissions (N_s) 100
Failed transmissions 0
Success Rate (%) 100.00

3.4 User Satisfaction Evaluation

The third objective of this study was to evaluate user satisfaction with the developed
loT-based real-time heat index monitoring and alert system for supporting heat-risk management during
military training.

A total of 40 participants, including training supervisors, drill instructors, assistant instructors,
medical personnel, and military personnel representatives, participated in the user satisfaction evaluation.
The assessment was conducted using a five-point Likert scale questionnaire covering four evaluation
dimensions: (1) technical performance and hardware, (2) user interface and notification, (3) usefulness and
practical applicability, and (4) system reliability and acceptance.

Overall user satisfaction was rated at the highest level, with a mean score of 4.71 and a
standard deviation of 0.38, indicating a high level of acceptance of the developed system. The detailed
evaluation results are presented in Table 11.

Among the four evaluation dimensions, User Interface and Notification received the highest
satisfaction score (x = 4.90, S.D. = 0.24). Participants expressed high satisfaction with the LINE Flex Message
notifications, the accessibility provided by the LINE Rich Menu, and the dashboard interface, which enabled
rapid access to real-time environmental information and heat-risk status.

The Usefulness and Practical Applicability dimension achieved the second-highest score
(x = 4.69, S.D. = 0.42). Respondents indicated that the developed system effectively supported real-time
monitoring of environmental conditions, facilitated adherence to the military Heat Flag criteria, and was
suitable for practical deployment during military training activities.

The Technical Performance and Hardware dimension received a satisfaction score of x = 4.65
(S.D. = 0.39), demonstrating high user satisfaction with the performance of the SHT31 sensor, wireless data
transmission, and the hardware components used in the system.

The System Reliability and Acceptance dimension received a satisfaction score of x = 4.61
(S.D. = 0.46). Participants reported confidence in the accuracy of the displayed information, trusted the
system to support operational decision-making, and expressed willingness to continue using the system in
future military training operations.

Participants reported high levels of satisfaction across all evaluation dimensions. The
developed loT-based heat index monitoring and alert system was well accepted by end users and
demonstrated high usability, practical applicability, and reliability for supporting heat-risk management
during military training.

User satisfaction was evaluated among 40 participants across four dimensions covering
technical performance, interface and notification, practical usefulness, and system reliability and
acceptance. The mean, standard deviation, and interpretation for each dimension are presented in
Table 11.
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Table 11. User satisfaction by evaluation dimension (n = 40)

Evaluation Dimension Mean (X) S.D. Interpretation
Technical Performance and Hardware 4.65 0.39 Highest
User Interface and Notification 4.90 0.24 Highest
Usefulness and Practical Applicability 4.69 0.42 Highest
System Reliability and Acceptance 4.61 0.46 Highest
Overall Satisfaction 4.71 0.38 Highest

3.5 Summary of System Performance Evaluation
To provide an overall view of the system evaluation, the key performance indicators obtained
from the technical performance assessment and user satisfaction evaluation are summarized in Table 12.
The table consolidates the principal findings reported in the preceding sections without further
interpretation.
The principal technical and user-satisfaction indicators and their interpretations are

summarized in Table 12.

Table 12. Summary of the overall system performance evaluation results

Performance Metric Result Interpretation
Heat-risk rule-based classification 100.00% All test cases correctly classified
verification
Data Transmission Success Rate 100.00% No communication failure observed
Average Alert Latency 249 s Average notification response time
User Satisfaction x=471,5D. =038 Highest satisfaction level

4. Discussion

The findings demonstrate that the proposed loT-based real-time heat index monitoring and alert
system successfully achieved the research objectives by correctly implementing the predefined Heat Flag
classification rules, maintaining reliable cloud communication, providing rapid alert delivery, and achieving
high user acceptance. Unlike previous loT-based environmental monitoring systems, the proposed platform
integrates real-time heat index computation, Royal Thai Army Heat Flag classification, cloud synchronization,
dashboard visualization, and instant LINE Official Account notifications into a unified framework for military
training. This integration extends earlier studies that primarily focused on environmental monitoring or heat
prediction without directly supporting operational decision-making (Buller et al., 2021; Popescu et al., 2024).

Rule-based classification verification demonstrated 100.00% correctness across 50 predefined test
cases under controlled conditions. This result confirms that the classification algorithm correctly
implemented the standardized Royal Thai Army Heat Flag criteria for the tested cases. Because the
classification mechanism applies explicit threshold-based decision rules, the result should be interpreted
as verification of rule implementation rather than as predictive classification accuracy. This finding is
consistent with previous studies showing that rule-based environmental monitoring systems based on
standardized operational criteria provide reliable and reproducible decision support for safety-critical

applications (Royal Thai Army Medical Department, 2023; Buller et al., 2021).
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Although the proposed system achieved 100% correctness in the predefined rule-based
classification tests, this result should be interpreted as verification of rule implementation rather than
evidence of predictive accuracy or universal performance across all operational environments. The
generalizability of the findings may be limited because the evaluation was conducted using predefined Heat
Flag criteria and controlled testing conditions. Further validation under diverse environmental conditions
and multiple deployment sites is recommended.

The average alert latency of 2.49 seconds indicates that the developed system provided near real-
time heat-risk notifications under the conditions of this study. This performance can be attributed to the
integration of the ESP32 microcontroller, Firebase Realtime Database, and the LINE Messaging API, which
enabled rapid data transmission, cloud synchronization, and notification delivery. Furthermore, the 100.00%
data transmission success rate demonstrates the reliability of the proposed communication architecture
during the evaluation period. These findings are consistent with previous studies reporting the effectiveness
of cloud-based loT monitoring systems for real-time environmental monitoring (Fahmideh et al., 2022).

The high user-satisfaction rating (x = 4.71, SD. = 0.38) indicates strong user acceptance of the
developed system. This positive outcome can be attributed to the system's real-time monitoring capability,
intuitive web-based dashboard, and instant heat-risk notifications delivered through the LINE Official
Account, which enabled users to access timely environmental information and make rapid decisions during
military training. In addition, the use of the LINE Official Account, a widely adopted communication platform
in Thailand, reduced the learning curve and facilitated user adoption. These findings are consistent with
Narindrarangkura et al. (2024), who reported that familiar communication platforms and user-centered
interface design contribute significantly to technology acceptance and user satisfaction.

Compared with previous loT-based heat monitoring systems, the proposed platform integrates
environmental sensing, automated heat index computation, military-specific heat-risk classification, cloud
synchronization, dashboard visualization, and instant notification within a single operational platform. This
integrated architecture supports timely decision-making during military training and can also be adapted to
other outdoor occupations, such as construction, agriculture, disaster response, and industrial maintenance,
where localized heat-risk monitoring is essential (Defense Health Agency, 2023; Patton & Hoyt, 2023).

This study has several limitations. The evaluation was conducted at a single military training unit,
limiting the generalizability of the findings. Although the SHT31 sensor was validated against a reference
digital thermo-hygrometer, future studies should use certified calibration equipment. Further research
should also validate the system across multiple sites, incorporate multisensor environmental mapping and
artificial intelligence-based prediction, and evaluate its long-term effectiveness in reducing heat-related
illness.

Overall, the findings indicate that combining standardized military heat-risk criteria with IoT sensing,
cloud communication, and real-time notification provides an effective decision-support platform for heat-
risk management in military training and other outdoor occupational environments.

To position the contribution of the proposed system in relation to prior work, representative heat-
monitoring and alert systems were compared in terms of heat index calculation, cloud support, real-time

notification, military Heat Flag integration, field validation, and application context, as shown in Table 13.
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Table 13. Comparison of representative loT-based heat monitoring and alert systems

Study Heat Index Cloud Real-time Military Field Application
Calculation Platform Notification Heat Flag Validation
Buller et al. X N4 N4 X X Military heat
(2021) (Mobile App) injury prevention

Narindrarangkura Military Health

et al. (2024)

v v X X v
Considine et al. X N4 X X X Heat alert
v v v v

Surveillance

(2023) prediction
This study LINE Official

Account

Military training

5. Conclusions and Recommendations
5.1 Conclusions

This study presented an loT-based platform for real-time heat index monitoring and
automated heat-risk alerts to support military training. Field evaluation showed that the platform
consistently classified heat-risk levels, maintained reliable communication with the cloud database,
delivered notifications with minimal delay, and received positive evaluations from users.

The findings suggest that integrating environmental sensing, cloud-based data synchronization,
and rule-based heat-risk classification provides practical support for heat-risk management during outdoor
military activities. Continuous monitoring enables commanders and training personnel to respond more
promptly to changing environmental conditions and implement preventive measures before heat-related
illnesses occur.

The successful deployment under operational conditions further indicates that the proposed
platform can be applied beyond controlled laboratory settings. Its modular architecture also provides a
foundation for adapting the system to other outdoor occupations where heat exposure is a significant safety
concern, including construction, agriculture, emergency response, and industrial field operations.

5.2 Limitations and Future Research

This study was conducted at a single military training unit, and system performance was
evaluated under the environmental conditions encountered at that site. Consequently, the findings should
be interpreted within the context of the study setting, and additional validation in different operational
environments would strengthen their generalizability.

The reported 100.00% classification result represents rule-based classification correctness for
predefined Heat Flag test cases under controlled conditions, rather than predictive accuracy across all
operational environments. Further validation under diverse climatic conditions, multiple deployment sites,
and long-term field use is therefore required to improve the generalizability of the findings.

Future studies should examine system performance across multiple military training locations,
seasons, and climatic conditions. Incorporating wearable physiological sensors, such as heart rate and body
temperature monitoring, together with artificial intelligence for personalized heat-risk prediction, may further
enhance early warning capabilities and support more informed decision-making during outdoor training.
Long-term deployment studies could also provide valuable evidence regarding system reliability, user

adoption, and operational sustainability.
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Abstract

Sales and Operations Planning (S&OP) is a critical managerial mechanism that integrates marketing,
sales, production, procurement, and inventory functions through a shared information base. Despite its
proven value, empirical studies on S&OP implementation in agricultural processing industries remain limited,
particularly in Thailand and other emerging economies where raw material uncertainty and demand
seasonality are pronounced. This study aimed to (1) investigate the problems and limitations of sales and
operations planning in a medium-sized agricultural processing plant in northeastern Thailand, which
produces five main product lines on a weekly production cycle, (2) develop an S&OP process appropriate
to the organizational context, and (3) evaluate the effects of its implementation. A mixed-methods, applied
case study approach was employed. Quantitative data were collected for six months before (January-June)
and six months after (July-December) implementation, while qualitative data were obtained from
semi-structured interviews with 12 personnel from sales, planning, production, and warehouse departments.
The qualitative findings indicated that the absence of a shared database and a cross-functional coordination
forum was the primary driver of planning inconsistency. A five-step monthly S&OP process was then
developed, consisting of data gathering, demand review, supply review, pre-S&OP meeting, and executive
S&OP meeting. The quantitative results showed that, after implementation, MAPE decreased from 28.40%
to 16.90%, average inventory decreased from 240 tons to 195 tons, on-time delivery increased from 82.30%
to 93.10%, the number of urgent production orders declined from 11 to 5 times per month, and forecast
bias decreased from 12.60% to 4.20%. One-tailed paired t-test results (n = 6 paired months), corroborated
by the Wilcoxon signed-rank test, confirmed that all five indicators changed significantly at the 0.05 level.
Within the scope of this single case study, the findings suggest that S&OP can enhance demand-supply
alignment, improve forecasting accuracy, reduce excess inventory, and strengthen integrated
decision-making, particularly in agricultural processing plants facing uncertainty in raw material supply and

market demand; broader generalization awaits multi-case confirmation.

Keywords: Sales and Operations Planning, Demand Forecasting, Inventory Management, Production

Planning, Logistics

1. Introduction

In highly volatile and competitive business environments, manufacturing organizations must
continuously align demand and supply in order to respond effectively to customer requirements while
controlling operational costs. One of the major challenges faced by manufacturing firms is the inconsistency
among sales plans, production plans, procurement activities, and inventory management due to fragmented
decision-making across departments. In many organizations, each department uses different forecasting
assumptions, data sources, and performance targets, resulting in inefficient coordination and operational
instability (Thomé et al., 2012). In logistics and supply chain management, integrated planning mechanisms
are considered essential for improving coordination among procurement, production, inventory
management, and distribution activities (Rabop, 2013).

Sales and Operations Planning (S&OP) has emerged as an important managerial process that
integrates sales, marketing, production, procurement, and logistics functions through a shared planning
platform and cross-functional decision-making mechanism. The S&OP process enables organizations to
balance demand and supply systematically by integrating forecasting, capacity planning, inventory

management, and operational decision-making into a unified organizational plan. Wallace and Stahl (2008),
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in one of the foundational practitioner-oriented accounts of S&OP, argued that the process functions
effectively only when it combines a disciplined monthly cadence with a designated process owner and
sustained executive participation; Ptak and Smith (2011) similarly emphasized that S&OP's value depends
on tight integration between demand forecasting, material requirements planning, and production
scheduling, rather than on any single component in isolation. Wagner et al. (2014) further argued that the
organizational alignment created by structured planning processes, including clearly defined roles and
shared performance metrics, is itself a critical driver of operational performance improvement, independent
of the specific forecasting technique used. Accurate demand forecasting is particularly important because
forecasting errors directly influence inventory levels, production planning, and customer service
performance (Chase, 2013), and supports strategic alignment across organizational functions (Tuomikangas
& Kaipia, 2014).

In the context of agricultural processing industries, planning and coordination challenges become
even more critical due to the uncertainty of raw material availability, seasonality of agricultural products,
fluctuating customer demand, and product shelf-life limitations. Agricultural processing plants frequently
experience problems related to inaccurate forecasting, excessive inventory holding, urgent production
scheduling, and delayed deliveries. These issues negatively affect operational efficiency, inventory costs,
and customer satisfaction. Therefore, organizations operating in agro-industrial environments require an
integrated planning mechanism capable of improving coordination between demand and supply under
uncertain conditions. These characteristics distinguish agricultural processing from general discrete
manufacturing in three important ways. First, raw material supply in agro-industries is governed by harvest
cycles and weather conditions rather than purchase lead times, making the supply side of the S&OP balance
inherently less controllable. Second, many agricultural products carry strict shelf-life constraints, which limit
the feasibility of building safety stock as a buffer against forecast error, a strategy that is more readily
available in general manufacturing. Third, demand for processed agricultural products is frequently linked
to seasonal consumption patterns and agricultural commodity cycles, introducing a layer of demand
variability that compounds, rather than substitutes for, ordinary market uncertainty. These distinctive
characteristics mean that S&OP mechanisms validated in general manufacturing settings cannot be assumed
to transfer directly to agricultural processing without contextual adaptation, which is a central motivation

for the present study as shown in Table 1.

Table 1. Summarizes how the present study addresses three gaps identified in the existing S&OP literature,

situating its contribution relative to prior research

Previous Studies Research Gap This Study
Concentrated in large-scale, Limited empirical evidence from  Agricultural processing plant in
general manufacturing in agro-industrial contexts in northeastern Thailand
developed economies (Thomé emerging economies
et al,, 2012; Tuomikangas &

Kaipia, 2014)
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Table 1. (Continued)

Previous Studies Research Gap This Study
Report a single or narrow KPI, Limited evidence on how S&OP Five linked KPIs: MAPE, inventory
mainly forecast accuracy (Goh &  components jointly affect a level, OTD, expedited orders,
Eldridge, 2019) fuller set of operational forecast bias
outcomes
Predominantly quantitative or Few studies explain the Mixed-methods design: KPI

predominantly qualitative, rarely mechanisms behind quantitative  tracking integrated with 12
combined (Kreuter et al,, 2022)  improvement using informant interviews

organizational evidence

Previous studies have extensively examined the role of S&OP in improving organizational
performance. Thomé et al. (2012) synthesized that S&QOP serves as a strategic coordination mechanism
linking demand and supply functions across the organization. Tuomikangas and Kaipia (2014) further
emphasized that S&OP contributes significantly to organizational integration, forecasting improvement, and
operational responsiveness. More recent studies have highlighted the importance of information processing
capability, cross-functional collaboration, and adaptability in S&OP implementation. Goh and Eldridge (2019)
argued that organizational performance improvement depends not only on formal planning structures but
also on effective coordination mechanisms and information alignment. Similarly, Kreuter et al. (2022)
identified S&OP as a context-dependent capability requiring adaptation to specific industrial environments
and organizational conditions.

Recent literature also emphasizes the increasing role of digital technologies, predictive analytics,
and data integration in supporting S&OP effectiveness. Al-supported forecasting and data-driven planning
systems have been reported to improve responsiveness and operational efficiency in complex supply chains
(Kreuter et al,, 2022). A recent systematic review by Walter et al. (2025) similarly found that artificial
intelligence applications in demand planning are still concentrated in large, data-rich manufacturing
environments, with limited evidence from smaller agro-industrial operations where digital infrastructure and
historical data systems are less mature. In addition, Wu and Mgller (2024) proposed that S&OP effectiveness
depends on maintaining alignment between internal planning processes and external environmental
uncertainty. These studies collectively indicate that S&OP is evolving from a traditional planning routine
into an integrated and adaptive organizational capability. It is important to note that the digital and Al-
supported S&OP literature cited above represents the broader trajectory of the field rather than the specific
intervention evaluated in this study: the case-study factory's planning capability and data infrastructure
corresponded to a foundational, meeting-based S&OP process built on shared spreadsheets and structured
forms, not an Al-supported or fully digitalized system. This study therefore evaluates the foundational
organizational mechanism that typically precedes digital S&OP adoption, a stage that remains under-
documented in the literature despite being the practical starting point for most small and medium-sized
agricultural processors in emerging economies (Kreuter et al., 2022; Walter et al., 2025).

Within the Thai context specifically, related work on demand forecasting and inventory
management in food and agricultural product businesses remains scarce relative to general manufacturing.
Tabporn et al. (2018), in a study of sales forecasting and inventory management for a frozen seafood product
line, demonstrated that systematic time-series forecasting combined with economic order quantity

techniques could materially reduce inventory holding in a Thai food-processing setting, illustrating the
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practical relevance of structured forecasting discipline in this sector. Similarly, Chuchotthaworn (2020)
showed that combining demand forecasting with optimal order-quantity determination reduced packaging
inventory costs in a Thai agricultural product processing company. However, both studies, like most local
work in this area, addressed forecasting and inventory control as isolated functions rather than as
components of an integrated, cross-functional S&OP process. This further supports the research gap
motivating the present study: namely, the need for an integrated, mixed-methods account of how a
complete S&OP cycle, rather than forecasting alone, affects operational performance in a Thai agricultural
processing context.

Despite these developments, several important research gaps remain. First, empirical studies
focusing on S&OP implementation in agricultural processing industries remain limited, particularly in
emerging economies and agro-industrial contexts where uncertainty in raw materials and demand variability
are highly significant. Existing studies are largely concentrated in large-scale manufacturing sectors and
developed-country environments. Second, although previous studies have reported positive relationships
between S&OP implementation and organizational performance, limited empirical evidence explains how
specific S&OP process components contribute to operational performance indicators such as forecast
accuracy, inventory reduction, on-time delivery, and production stability. Third, few studies integrate both
quantitative performance measurement and qualitative organizational analysis within a unified case-study
framework to explain the mechanisms underlying operational improvements.

To address these gaps, this study aims to develop and evaluate an Sales and Operations Planning
(S&OP) process for an agricultural processing plant. Specifically, the objectives of this research are: (1) to
investigate the problems and limitations of the existing planning system in an agricultural processing factory,
(2) to develop an S&OP process appropriate for the organizational context, and (3) to evaluate the
operational outcomes of the implemented process using key performance indicators including forecast
accuracy, inventory levels, on-time delivery rate, expedited production orders, and forecast bias.

Based on these objectives, five research hypotheses (H1-H5) were formulated, predicting a
statistically significant improvement after S&OP implementation in the forecast accuracy (MAPE), the average
inventory level, the On-Time Delivery rate, the number of expedited production orders, and forecast bias,
respectively. Specifically, H1 predicts lower MAPE, H2 lower average inventory, H3 higher on-time delivery,
H4d fewer expedited production orders, and H5 lower forecast bias after implementation. The inclusion of
H4 and H5 reflects an established line of literature linking poor forecast quality to costly downstream
symptoms: Chase (2013) demonstrated that forecast error is a direct driver of expediting and emergency
production, while Wallace and Stahl (2008) identified persistent forecast bias as a recurring symptom of
unresolved demand-supply misalignment that a properly functioning S&OP cycle is designed to correct. H4
and H5 were therefore included as operational consequences of improved forecasting discipline, rather
than as independent constructs requiring separate theoretical grounding.

This study contributes to the literature by providing empirical evidence of S&OP implementation
in an agricultural processing and by integrating quantitative and qualitative analyses to explain how cross-

functional planning mechanisms improve operational performance under conditions of uncertainty.
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2. Materials and Methods
2.1 Research Framework

The research framework defines "S&OP process development" as the independent variable,
which consists of four main components: (1) Single Data Source, (2) Systematic Demand Forecasting, (3)
Supply Constraint Review, and (4) Cross-Functional Decision Meeting. The dependent variables consist of
the five operational indicators corresponding to the five research hypotheses: (1) forecast accuracy,
measured by MAPE, (2) average inventory level, (3) On-Time Delivery rate, (4) the number of expedited
production orders per month, and (5) Forecast Bias. It is expected that the developed S&OP process will

lead to tangible improvement in all five indicators, as illustrated in Figure 1.

Developed S&OP Process Output

Forecast Accuracy (MAPE, Bias)
Average Inventory Level

On-time Delivery Rate (OTD)

Number of Expedited Production Orders
Forecast Bias

Single Data Source
Systematic Demand Forecasting —
Supply Constraint Review

Cross-functional Decision Meetings

Figure 1. Conceptual Framework

2.2 Research Design

This research is an applied case study design, focusing on the development and evaluation of
the Sales and Operations Planning (S&OP) process in the context of an agricultural processing factory in
northeastern Thailand. The choice of a case study approach is appropriate for understanding the dimensions
of decision-making processes, cross-functional coordination, and operational outcomes in the real
organizational context.

The research employs a mixed-methods approach, combining quantitative and qualitative
data. Specifically, quantitative data are used to evaluate the implementation of the S&OP process through
key performance indicators such as forecast accuracy, inventory levels, and on-time delivery rates.
Qualitative data are used to analyze existing system issues, diagnose the causes of demand-supply
discrepancies, and explain the mechanisms by which the developed process impacts the organization's
operations.

2.3 Case study unit and organizational context

The case study was an agricultural processing factory with a production plan scheduled on a
weekly and monthly basis. The factory had five main products and faces operational issues related to
inaccurate sales forecasts, high inventory holding, and continuous delays in product delivery during certain
periods. The criteria used for selecting case studies are:

To provide sufficient context for assessing the transferability of the findings, the case
organization is a medium-sized agricultural processing plant employing approximately 110 production and
administrative staff, with a normal monthly production capacity of approximately 260-280 tons across its
five product lines. Prior to the study, demand for each product was forecast using simple moving averages
or, in several months, the sales department's unaided judgment, with no formal cross-functional review of
the resulting plan. As part of the S&OP process developed in this study, the demand review step introduced

a structured forecasting approach combining a three-month weighted moving average of historical sales
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with a qualitative adjustment discussed and agreed upon during the monthly Demand Review meeting,
replacing the prior practice of unadjusted judgmental forecasting by the sales department alone. The pre-
implementation period spanned January-June and the post-implementation period spanned July-
December of the same calendar year. Because these two windows fall in different halves of the annual
agricultural cycle, the comparison is not free of seasonal influence (see Section 5 for this limitation).

1) Itis an organization that has sales, production, and inventory planning interconnected at
the operational level.

2) There is historical data that can be used for analysis before and after the improvement.

3) Executives and operators are ready to provide information and participate in the
improvement process.

4) The organization has clear issues suitable for the application of S&OP, such as urgent
production, fragmented planning, and the lack of shared metrics.

2.4 Population, informants, and analytical units

This research uses both qualitative informants and quantitative units of analysis.

2.4.1 Qualitative informant

A total of 12 key informants were selected through purposive sampling, choosing
individuals who have direct roles in planning, decision-making, and plan implementation. There are two of
each: sales manager, production planners, warehouse staff, middle management and four Production
supervisors.

The informants in this gsroup were selected based on three criteria: they have at least
one year of planning-related experience, they are responsible for using or preparing data for decision-
making, and they can clearly reflect the problems and limitations of the existing system.

The number of informants was considered appropriate for qualitative case study
research because data saturation was achieved during the interview process. Recurrent themes and
operational issues began to converge after the tenth interview, and no substantial new information emerged
from the final interviews. The selected participants also represented all major functions involved in the
S&OP process, including sales, production planning, operations, warehousing, and middle management,
thereby ensuring cross-functional perspectives and analytical completeness.

2.4.2 Quantitative Analysis Unit

The main unit of analysis for quantitative data is "monthly data on planning processes
and performance outcomes," considering two time periods, namely

1) The period before implementing the S&OP process

2) The period after implementing the S&OP process for 6 months

2.5 Data Sources
The sources of information used in the research were divided into two categories: primary
data and secondary data. Primary data came from 12 key informants, stakeholders, observation the
planning process and cross-functional meetings and the indicators used in S&OP. Secondary data
consisted of actual sales data for the past 12 months, historical and post-improvement demand forecast
data, production plan data and actual production results, customer delivery information, record urgent
production orders and emergency plan adjustments and internal documents, such as meeting schedules,

monthly reports, and related action plans.
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2.6 Research tools
The tools used in the research consist of three main sets as follows.
2.6.1 Semi-structured interview
Used to collect information about the current state of planning, issues in inter-
departmental coordination, causes of discrepancies, and suggestions for improving the S&OP process.

2.6.2 S&OP meeting form

Used as a tool to support the collection and presentation of information in each
monthly meeting round, including performance results of the previous month, estimation of next
month's demand, production capacity, raw materials and labor constraints and Issues to decide and
management options.

2.6.3 Performance Indicator Record Form

Used for recording monthly data of key performance indicators, including MAPE,
Forecast Bias, average inventory level, on-time delivery rate, and number of expedited production orders,
for comparison before and after implementation.

2.7 Quality inspection of research instruments

The quality of research instruments was evaluated through content validity assessment,
pilot testing, and data triangulation.

First, the interview protocol and S&OP meeting forms were reviewed by three experts in
logistics, operations management, and supply chain planning to assess content relevance, clarity, and
consistency with the research objectives. The Index of Item-Objective Congruence (I0C) values ranged
between 0.80 and 1.00, indicating acceptable content validity.

Second, pilot interviews were conducted with two representatives from the case
organization to evaluate question clarity, sequence, and practical applicability. Minor revisions were
subsequently made to improve wording and reduce ambiguity.

Third, methodological triangulation was employed to enhance reliability and credibility.
Information obtained from interviews was cross validated with organizational documents, historical
operational records, production reports, and meeting observations. This triangulation process helped reduce
potential bias and improve the trustworthiness of the findings.

2.8 Data collection methods

Data collection proceeded in three phases: (1) current situation study — collecting 12 months
of historical data and conducting interviews to diagnose planning system issues; (2) S&OP process design —
synthesizing Phase 1 findings into a five-step monthly process and validating with stakeholders; and (3) pilot
implementation and monitoring — running the S&OP process for six months with continuous KPI tracking
and event recording.

2.9 Quantitative data analysis

Quantitative data analysis uses descriptive statistics and comparisons before and after the
improvement as follows.

2.9.1 Descriptive statistics

Use the average, percentage, standard deviation, and rate of change to describe

the characteristics of the indicators.
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2.9.2 Calculation of key performance indicators
The main indicators consist of Mean Absolute Percentage Error (MAPE), Forecast Bias,

Percentage decrease in inventory and On-Time Delivery (OTD), calculated using the standard formulas

n
1
MAPE = —Z
n

below:

A — F

1009 (1)
2, X 100%

n (A, — F
Forecast Bias = W x 100% 2)
t=1 4t

OTD Rat Number of On-Time Deliveries 100% 3)
= X
ate Total Number of Deliveries 0

where At and Ft denote the actual and forecast demand in month t, respectively,
and n is the number of months in the evaluation period. A positive Forecast Bias indicates a tendency
toward over-forecasting and a negative value indicates under-forecasting.

Before selecting the statistical test method, the normality of paired differences was
examined using the Shapiro-Wilk test for each indicator (n = 6 pairs). The results are presented in Table 6.
Since all variables yielded W-statistics greater than the critical value and p-values exceeding 0.05, the
normality assumption was not rejected. Therefore, the paired t-test was selected as the primary hypothesis
testing method, with the Wilcoxon signed-rank test applied as a non-parametric verification. It should be
noted that, with only six paired observations, the Shapiro-Wilk test has limited statistical power to detect
departures from normality; the non-rejection of normality at this sample size should therefore be
interpreted as inconclusive rather than as strong confirmatory evidence, which is precisely why the Wilcoxon
signed-rank test was retained as a non-parametric cross-check rather than treated as a redundant formality.
In addition to significance testing, Cohen's d was calculated for each paired comparison to quantify the
magnitude of improvement independently of sample size, since statistical significance alone does not
indicate the practical size of an effect.

2.9.3 Comparison before and after implementing S&OP

Compare the monthly indicators before and after the improvement during the
corresponding periods. If the data was normally distributed, use the paired t-test statistics. However, if the
data did not meet the normal distribution assumption, use the Wilcoxon signed-rank test statistic to test
the difference between the values before and after the improvement. Because the research hypotheses
were directional and explicitly predicted performance improvement after S&OP implementation, one-tailed
statistical tests were considered appropriate for hypothesis testing. Nevertheless, non-parametric verification
using the Wilcoxon signed-rank test was additionally conducted to ensure the robustness of the findings
under the small-sample condition.

2.9.4 Statistical significance level

Set the statistical significance level at 0.05. Although the number of paired observations
was relatively limited (n = 6 months before and after implementation), the paired analysis approach was
considered appropriate because the study focused on repeated operational measurements within the same

organizational system under comparable planning conditions. In addition, assumption testing was performed
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prior to hypothesis testing, and both parametric and non-parametric methods were applied to improve
statistical robustness and analytical reliability.
2.10 Qualitative data analysis
Interview and observation data were analyzed using content analysis: transcription, holistic
review, thematic coding (forecasting issues, interdepartmental coordination, decision-making gaps), category
grouping, and synthesis to explain the mechanisms underlying the quantitative results.
2.11 Research ethics and data confidentiality
This research prioritized the confidentiality of the case study organization's data. The
researcher did not present the organization's name, individual names, or commercial information that could
impact business competition. The presentation of research results used aggregated data solely for academic
purposes and system development. All informants were informed of the research objectives and gave their

consent before the interview.

3. Results
3.1 Current condition and issues before the improvement
The analysis of the current situation identified four main issues: (1) Sales forecasting relies
primarily on the sales department's discretion without verifying historical data, (2) There are no systematic
joint meetings between the sales and production departments, (3) There is a rush to produce when sudden
orders are received, averaging 11 times per month, and (4) There are no shared performance indicators
used by all parties to track results, leading to conflicts in decision-making between sales targets and cost

control. Details are shown in Table 2.

Table 2. Summary of current problems and their impacts on operations

No. Identified Problems Key Causes Impacts
1 Inaccurate sales forecasting Reliance on personal Production does not align
experience without validation with demand

2 Lack of a cross-functional Sales, production, and Over production occurs and
coordination platform warehouse work separately communication is misaligned

3 Inventory levels exceeding Excessive planning buffers due Inventory holding costs
targets to uncertainty increase

4 Delayed deliveries during Production capacity does not Customer satisfaction
certain periods align with actual order demand  decreases

To substantiate the four issues summarized in Table 2 with first-hand organizational evidence,
Table 3 presents the coded themes derived from content analysis of the 12 informant interviews, together
with illustrative quotations for each theme.

Informants attributed to the absence of shared metrics in the fourth theme is consistent with the
quantitative pattern reported in Section 3.3: because sales, production, and warehouse staff were each
evaluated against different, unreconciled targets prior to the intervention, none of them had an incentive
to flag a forecast or inventory problem before it escalated into an expedited order. This qualitative account
helps explain, rather than merely describe, why the introduction of shared KPIs and a joint monthly review

subsequently produced consistent month-on-month improvement across all five indicators.
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Table 3. Coded qualitative themes from informant Interviews (n = 12)

Theme Informants Citing Illustrative Quotation
Forecasting by 9 of 12 "We mostly go by feel and by what the customer tells us on
unaided judgment the phone. We rarely pull up last year's numbers before

sending the forecast to the factory." (Production Planner,

Informant 4)

Absence of cross- 11 of 12 "Sales and the production floor barely talk except when
functional forum something has already gone wrong. By then it's too late to
plan properly." (Production Supervisor, Informant 7)

Reactive 8 of 12 "Almost every week there's a rush order that throws off the

expediting culture whole production schedule. We just accept it as normal
now." (Warehouse Staff, Informant 10)

Conflicting goals, 10 of 12 "Sales are measured in revenue, we are measured in cost.

no shared metrics Nobody is measured on whether the two plans actually

match." (Middle Management, Informant 12)

3.2 The developed S&OP process
The developed S&OP process consists of 5 monthly steps: (1) Data Gathering - collecting actual
sales, outstanding orders, inventory status, and production capacity; (2) Demand Review - reviewing market
trends and preparing demand forecasts; (3) Supply Review - assessing constraints in production capacity,
raw materials, and labor; (4) Pre-S&OP Meeting - comparing plan alternatives and identifying decision points;

and (5) Executive S&OP Meeting-approving the mid-month plan. The process structure is shown in Table 4.

Table 4. Developed Structure of the Monthly S&OP Meeting

Process Person in Charge Inputs Expected Outcomes
1. Data Gathering Planner Actual sales, orders, and inventory Single source of data
2. Demand Review Sales team Market data, promotions, and Monthly demand plan

seasonality

3. Supply Review Production/ Production Capacity, raw materials, Supply plan alternatives
Purchasing and labor

4. Pre-S&OP Department manager Demand-supply gaps Consensus plan proposal

5. Executive S&OP Executives Alternative plans and cost implications ~ Approved master plan

3.3 Results of the KPI assessment after using S&OP
The evaluation results of the key performance indicators after using S&OP for 6 months show
that forecasting accuracy has continuously improved, inventory levels have decreased, and on-time delivery
rates have increased. This is because all parties have shared information and can make better advance

planning decisions. The overall results are shown in Table 5, and the monthly trends are shown in Fig 2.
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Table 5. Comparison of Performance Indicators Before and After S&OP Implementation

Indicators Before After Differences Direction

MAPE (%) 28.40 16.90 -11.50 points | (improved)
Average Inventory (tons) 240 195 -18.75% | (improved)
On-Time Delivery Rate (%) 82.30 93.10 +10.80 points 1 (improved)
Expedited Production Orders 11 5 -54.55% | (improved)
(times/month)

Forecast Bias (%) 12.60 4.20 -8.40 points | (improved)

Baseline (Pre-S&OP) Post-Intervention (S&OP Active)
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Figure 2. Monthly trend comparison of Mean Absolute Percentage Error (MAPE) before and after S&OP

From Table 5 and Figure 2, it can be seen that the trend in the results has improved in every

indicator, especially the MAPE value, which has decreased by more than 10 points each month. The MAPE

values after S&OP implementation were consistently lower across all six months compared with the pre-

implementation period.
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Figure 3. Monthly operational trajectories of Inventory Level, On-Time Delivery (OTD),

Expedited Orders, and Forecast Bias.

From Figures 2 and 3, the paired monthly performance data over the six months before and
after the implementation of the S&OP process shows that during the months when inventory decreased,
the organization was still able to maintain a consistently high on-time delivery (OTD) rate. Additionally, the
reduction in the number of monthly expedited production orders aligns with the steadily decreasing
forecast bias. The monthly paired data showed consistent directional changes across all operational
indicators following S&OP implementation, with no individual month showing a reversal in any of the five
indicators. This uniform pattern should be read as a feature of this particular six-month trial rather than a
guarantee of similar results elsewhere; possible seasonal confounding is discussed in Section 5.

Examining the monthly trend in Figure 2 more closely, the rate of MAPE improvement was
not uniform: the largest month-on-month gain occurred between the first and third months after
implementation (a drop of approximately 13.4 percentage points), coinciding with the period in which the
Demand Review step was still being adjusted following the first two Pre-S&OP meetings, whereas the gain
stabilized in the later months once the weighted moving-average forecast described in Section 2.3 had
been consistently applied. This trajectory suggests that the early reduction in forecast error was driven
primarily by the introduction of a structured forecasting method and the Demand Review step, while the
more modest, stable gains in the later months reflect the Supply Review and Pre-S&OP Meeting steps
absorbing the residual mismatch between demand estimates and production capacity. The parallel decline
in expedited production orders (Figures 2 and 3) over the same months is therefore best interpreted not as
an independent improvement but as a downstream consequence of the upstream gain in forecast accuracy:
as the demand estimate used to trigger production runs became more reliable, the number of occasions
on which production had to deviate from the plan to accommodate an unanticipated order fell
correspondingly. This sequencing is consistent with the mechanism proposed in the conceptual framework
(Figure 1), in which Systematic Demand Forecasting and Supply Constraint Review jointly, rather than

independently, determine the downstream operational indicators.
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3.4 Results of the statistical hypothesis test

To confirm that the changes in the indicators after implementing the Sales and Operations
Planning (S&OP) process were not coincidental, the researchers conducted a paired comparison of the pre-
and post-improvement data on key indicators according to the research hypothesis, including MAPE, average
inventory level, On-Time Delivery (OTD) rate, average number of expedited production orders per month,
and Forecast Bias, with a statistical significance level set at 0.05.

Prior to hypothesis testing, the normality of paired differences was assessed using the Shapiro-
Wilk test. As reported in Table 6, all five variables yielded W-statistics above the critical value (Werticat =
0.788 forn = 6, O = 0.05), with p-values ranging from 0.113 to 0.854, indicating that the normality assumption
was not violated for any variable. The paired t-test was therefore applied as the primary statistical method.
Detailed descriptive statistics of paired differences (D, SD, and SE) and test results are reported in Table 7.

As a supplementary verification, the Wilcoxon signed-rank test was applied to all five variables.
The results are presented in Table 7. All five variables produced a rank-sum statistic of T = 0 (W+ = 21, W-
= 0) with a two-tailed p-value of 0.031. The uniform outcome is attributable to the consistent directionality
of all six-monthly paired differences across every variable. That is no month showed a reversal in any
indicator after S&OP implementation. Under this condition, with n = 6, the Wilcoxon statistic reaches its
minimum possible value of T = 0, corresponding to the minimum attainable p-value of 0.031 (= 2/26).
These results are directionally consistent with the paired t-test findings. It is important to clarify that this
agreement means only that no month reversed direction for any indicator; it does not, by itself, establish
the statistical robustness of the underlying effect, since the Wilcoxon test is mechanically constrained to
its minimum attainable p-value whenever a small sample shows no reversals. The two tests should be read

as agreeing on the direction and statistical significance of the change.

Table 6. Results of the normality test of paired performance indicators using the Shapiro-Wilk method

Hyp. Variable Differences (D) W-statistic p-value Result

H1 MAPE (%) 11.7,10.6, 12.3, 10.5, 12.2, 11.7  0.8546 0.1713  Normal (p > 0.05)
H2 Inventory (tons) 35, 55, 55, 45, 35, 45 0.8532 0.1670  Normal (p > 0.05)
H3 OTD Rate (%) 11.0, 9.8, 13.2, 8.3, 11.4, 11.1 0.9646 0.8540  Normal (p > 0.05)
H4 Expedited Orders 4, 8,8,4,7,5 0.8326 0.1130 Normal (p > 0.05)
H5 Forecast Bias (%) 7.0,9.4, 8.6, 9.0, 8.4, 8.0 0.9634 0.8454  Normal (p > 0.05)

Note: Shapiro-Wilk critical value for n = 6 at O = 0.05 is approximately W = 0.788. All variables exceed this threshold

In addition to statistical significance, effect sizes (Cohen's d, calculated as the mean paired
difference divided by the standard deviation of the differences) were computed to indicate the practical
magnitude of each improvement, since p-values alone do not convey the size of an effect, particularly at
a small sample size. The results, presented in Table 7, indicate very large effect sizes (d > 3.0) for all five
indicators, consistent with the descriptive pattern that every monthly pair moved in the improving direction

with no reversals.
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4. Discussion

The research findings indicate that the implementation of the Sales and Operations Planning (S&OP)
process in the case study factory coincided with enhanced coordination between the sales, planning,
production, and warehouse departments. Previously, decisions relied on fragmented data and departmental
discretion, but the interview evidence summarized in Table 3 suggests that this fragmentation persisted
specifically because no informant, regardless of department, was evaluated against a metric that rewarded
cross-functional accuracy; as one middle manager observed, "nobody is measured on whether the two
plans actually match." After implementation, informants reported using shared data within a structured
review cycle and meetings. These results are consistent with the concept proposed by Wallace and Stahl
(2008), who argued that S&OP is effective when an organization has a clear joint decision-making process, a
systematic agenda, and continuous executive support, and with Ptak and Smith (2011), who emphasized
that effective coordination between forecasting, material planning, and production scheduling is essential
for reducing operational instability. Because this study employed a single-case design without a control
group, these findings should be read as evidence consistent with the mechanisms proposed in the literature
rather than as definitive proof that S&OP, in isolation, caused the observed improvements.

In terms of forecasting accuracy, the research findings revealed that the MAPE value decreased
from 28.40% to 16.90%, and statistical tests confirmed that this difference is statistically significant. This
pattern is consistent with the introduction of the demand review process, the use of historical sales data,
and inter-departmental information exchange, which together are the most plausible drivers of the
improvement, although other contributing factors, such as a general learning effect among planning staff
over the six-month trial, cannot be fully ruled out given the single-case design.

For the indicators of average inventory levels, on-time delivery rates, the number of expedited
production orders, and Forecast Bias, this research found that all variables changed in a positive direction.
When tested with paired monthly data, these differences were all statistically significant. This pattern is
consistent with the qualitative account in Table 3, in which informants linked the prior reactive expediting
culture directly to the absence of validated forecasts; once a shared, validated demand estimate was in
place, the stated rationale for ad hoc rush orders was correspondingly reduced. This is consistent with the
findings of Chuchotthaworn (2020) and Tabporn et al. (2018), who similarly found that structured forecasting
and inventory control reduced holding costs and improved order fulfillment in Thai food-processing settings,

although neither of those studies examined a full cross-functional S&OP cycle as the present study does.
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Table 7. Consolidated statistical hypothesis tests with 95% confidence intervals and effect sizes (n = 6 paired months)

Mean Values Mean 95% ClI of Std. t-value p-value .
. . . . Wilcoxon T Cohen's d
Hypothesis & Variable Diff. Difference Error (df = (One- a o
. (p - value) (Effect Size)
(D) [Lower, Upper] (SE) 5) tailed)
Before  After
14.80
H1: Forecast Error (MAPE, %) 28.40 16.90 11.50 [10.68, 12.32] 0.317 36.25 < 0.001* 0 (0.031%)
(Very Large)
5.03
H2: Average Inventory (Tons) 240.00 195.00 45.00 [35.61, 54.39] 3.652 12.32 < 0.001* 0 (0.031%)
(Very Large)
6.57
H3: On-Time Delivery (OTD, %)  82.30 93.10 -10.80 [-12.53, -9.07] 0.671 -16.10 < 0.001* 0 (0.031%)
(Very Large)
H4: Expedited Orders 3.16
. 11.00 5.00 6.00 [4.01, 7.99] 0.775 7.75 < 0.001* 0 (0.031%)
(Times/Month) (Very Large)
10.01
H5: Forecast Bias (%) 12.60 4.20 8.40 [7.52, 9.28] 0.343 24.52 < 0.001* 0 (0.031%)

(Very Large)

Note: * Indicates statistical significance at the 0.05 level.

? Wilcoxon T-statistic represents the minimum sum of ranks (T). Under $n = 6$, the minimum achievable two-tailed p-value is 0.031.
® Cohen's d is calculated as the mean difference divided by the standard deviation of paired differences. Standard benchmarks: 0.2 (small), 0.5 (medium), 0.8 (large).
"Mean Diff. (D) = mean of paired differences (Before-After for H1, H2, H4, H5; After-Before for H3), SE = standard error; df = 5."
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These findings are broadly consistent with the synthesis of Tuomikangas and Kaipia (2014) and
Thomé et al. (2012), who identified S&OP as a key mechanism linking demand and supply to improve cost
and customer-service outcomes. A more specific comparison is also possible: Thomé et al. (2012) reported
that organizations with mature S&OP implementations achieved inventory carrying-cost reductions in the
range of 10 to 30 percent, within which the 18.75 percent inventory reduction observed in this case study
falls, suggesting that the magnitude of improvement, though derived from a single case, is broadly within
the range previously documented in the literature rather than an outlier. With respect to forecast accuracy
specifically, comparable published MAPE improvements following S&OP-type interventions in
manufacturing settings are less consistently reported in percentage-point terms, which limits the precision
of cross-study comparison; the 11.5-percentage-point MAPE reduction found here should accordingly be
read as a case-specific result rather than benchmarked against a well-established norm. In this case study,
the decrease in average inventory and the number of urgent production orders are consistent with the
organization being able to plan more proactively, while the increase in OTD suggests that the reduction in
inventory did not come at the expense of customer service. The improvement in cross-functional
coordination observed in this study is also consistent with Wagner et al. (2014), who argued that
organizational alignment and integrated planning processes are associated with operational performance
improvement.

In the context of agricultural processing factories, this study is particularly significant because this
type of industry faces specific constraints such as seasonal fluctuations in raw materials, product shelf life,
and order uncertainties. Having a platform for regular data review and joint decision-making appears to help
bridge the gap between planning and actual implementation and may enhance the organization's ability to
respond more flexibly to changes. At the same time, these same agro-specific constraints also represent
the principal challenges to sustaining S&OP success beyond the six-month window observed here: the agro-
specific constraints noted in the Introduction (harvest-dependent supply and shelf-life limits) restrict how
far even a well-functioning S&OP cycle can eliminate supply-side forecast error. The research thus suggests
that S&OP can serve as a useful management mechanism for agricultural processing businesses in the Thai
context, while acknowledging that its success is conditional on factors, particularly raw-material seasonality,
that are largely outside the direct control of the planning process itself. Consistent with Tuomikangas and
Kaipia (2014), such initiatives may stall when executive sponsorship or cross-functional metrics are not

sustained; this risk is discussed in Section 5.

5. Conclusions and Recommendations

This study set out to investigate the problems and limitations of S&OP in an agricultural processing
plant, develop an S&OP process suited to its organizational context, and evaluate the resulting effects on
five operational indicators. Within the scope of this single case, all five indicators improved to a statistically
significant degree over a six-month trial, and the accompanying qualitative evidence indicated that the
absence of a shared database and a cross-functional review forum had been the primary driver of the
pre-existing planning inconsistency. In practical terms, organizations looking to implement S&OP should
focus on four key areas: creating a shared database, setting a fixed meeting schedule, clearly appointing
process owners, and establishing joint metrics that reflect the goals of the entire organization. Sustaining
these gains beyond the trial period, however, is likely to depend on continued executive sponsorship and
the durability of the joint metrics introduced during this study, since the broader S&OP literature indicates

that initiatives of this kind frequently stall once initial momentum fades. Meanwhile, in academic terms,
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future research should expand the study to multiple case studies, extend the follow-up period, and collect
data at the product or weekly level to enhance the detail and robustness of the research conclusions.
This research has several limitations. First, the study employed a single-case design, which may
limit the generalizability of the findings to other industrial contexts; the very large effect sizes and uniform
monthly pattern reported in Section 3.4 are characteristic of this specific case and should not be read as
typical of S&OP implementations generally. Second, the evaluation period covered only six months before
and six months after the implementation of the S&OP process, and the two windows fell in different halves
of the annual agricultural cycle (January-June before, July-December after); this means that part of the
observed improvement may be confounded with seasonal differences between the two periods rather than
being attributable to the S&OP process alone, and the study cannot disentangle the intervention effect
from this seasonal contrast. Although the paired monthly analysis enabled direct operational comparison
under similar planning conditions, the relatively small number of observations limits statistical power, and
the Shapiro-Wilk normality tests reported in Table 6, given the same small sample, should be regarded as
inconclusive rather than confirmatory. Third, external factors such as raw material variability and market
fluctuations may also have influenced operational performance during the study period, and because no
control group was available, the improvements reported here cannot be attributed to the S&OP process
with the same confidence that a controlled or multi-case design would permit. Fourth, the demand
forecasting method introduced as part of the S&OP process, a weighted moving average combined with
qualitative adjustment, was not benchmarked against alternative forecasting techniques, so the relative
contribution of the forecasting method itself, as opposed to the cross-functional review process around it,
cannot be isolated. Finally, while the qualitative component of this study identified four key organizational
themes from 12 informant interviews, the depth of that analysis was constrained by the case-study scope;
a larger or longitudinal qualitative inquiry could further illuminate how these themes evolve as an S&OP
process matures. Future research should therefore extend the implementation horizon to cover a full
annual cycle, increase the number of analytical periods, benchmark alternative forecasting techniques, and

conduct multi-case comparative studies to strengthen external validity and empirical generalizability.
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Abstract

Developing feed additives capable of enhancing growth performance, fish health, and economic
profitability remains a major challenge in intensive aquaculture. This study evaluated the effects of a
probiotic-enriched vitamin—mineral premix (Pro Max Plus) on growth performance, feed utilization, innate

immune responses, and economic returns in juvenile Nile tilapia (initial mean weight of 42.36 + 3.95 g). A
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60-day feeding trial was conducted using a completely randomized design (CRD) with three dietary
treatments: control, a basal diet without supplementation; Pro Max, a basal diet supplemented with a
vitamin—mineral premix at 5 g¢/kg feed; and Pro Max Plus, a basal diet supplemented with a probiotic-
containing vitamin—mineral premix at 5 g/kg feed. Fish fed the Pro Max Plus supplementary diet exhibited
significantly superior growth performance compared with the other treatments (p < 0.05), achieving the
highest weight gain (68.80 g), daily weight gain (1.15 g¢/day), and specific growth rate (1.85%/ day). Feed
utilization was also improved, as indicated by the lowest feed conversion ratio (FCR = 0.80) and the highest
survival rate (95.55%). Immunological assessments revealed enhanced innate immune responses in fish
receiving the probiotic-enriched diet, including increased lysozyme activity, respiratory burst activity, and
agelutinating antibody titers. Furthermore, dietary supplementation upregulated the expression of the pro-
inflammatory cytokine gene IL—1B while modulating TNF-OL expression, suggesting improved immune
regulation. Although the probiotic-supplemented diet incurred a slightly higher feed cost, it generated the
greatest economic benefit, with the highest benefit-cost ratio (BCR = 1.91) and a profit of 2.19 + 0.10
THB/ fish. These findings demonstrate that supplementation of a vitamin-mineral premix combined with
probiotics represents an effective nutritional strategy for improving growth performance, strengthening

immune competence, and enhancing economic profitability in commercial Nile tilapia production.
Keywords: Nile tilapia, Probiotic, Vitamin—-mineral premix, Immune response, Economic return

1. Introduction

Aquaculture has become one of the fastest-growing food production sectors worldwide and plays
a major role in ensuring nutritional security for a growing global population. Among farmed finfish, Nile
tilapia (Oreochromis niloticus) is one of the most economically important fish because of its rapid growth,
high feed conversion efficiency, tolerance to uncertain environmental conditions, and strong market
acceptance (Pradeepkiran, 2019). However, the progressive intensification of tilapia farming systems has
increased exposure to environmental stressors, deteriorating water quality, and elevated pathogen pressure,
all of which compromise fish health and production efficiency (Moreira et al., 2021; Sundstrom et al., 2014).
These constraints frequently result in reduced growth performance, impaired immune competence, and
increased mortality, thereby generating significant economic losses. In parallel, increasing regulatory
restrictions and public concern regarding antibiotic usage in aquaculture have accelerated the search for
sustainable, nutrition-based strategies to enhance fish resilience and productivity.

Nutrition is a primary factor in fish health and physiological performance. Beyond macronutrient
supply, adequate provision of micronutrients, particularly vitamins and minerals, is essential for maintaining
metabolic homeostasis, supporting antioxidant defense systems, and sustaining immune function (Hassan
et al,, 2025; Khan et al., 2025; Saras, 2023). Several vitamins act as cofactors in enzymatic pathways involved
in energy metabolism, tissue repair, and immune regulation. Deficiencies in key vitamins such as ascorbic
acid and Ol-tocopherol have been associated with growth depression, oxidative stress, and increased
susceptibility to infectious diseases in fish (Hassan et al., 2025; Pohlenz & Gatlin, 2014). Moreover,
micronutrients contribute to the maintenance of epithelial integrity and activation of innate immune
components, including lysozyme activity and phagocytic responses (Pohlenz & Gatlin, 2014). Consequently,
multivitamin-mineral premixes are routinely incorporated into aguafeeds to prevent subclinical deficiencies

and optimize physiological performance under intensive production conditions.
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In addition to micronutrient fortification, dietary supplementation with probiotics has gained
substantial attention as an environmentally sustainable strategy for improving fish health and reducing
dependency on chemotherapeutics (Amenyogbe, 2023; Hancz, 2022; Mukhtar et al., 2025; Sihag & Sharma,
2012). Probiotics are defined as live microorganisms that, when administered in adequate amounts, confer
health benefits to the host. In aquaculture, probiotics have been reported to enhance growth performance,
improve feed utilization, modulate gut microbial communities, stimulate innate immune responses (Hill et
al., 2014; Ringg et al,, 2016; Shanahan, 2010; Wu et al., 2024), and enhance disease resistance (Kaew-on et
al., 2016; Panase et al., 2023). Proposed mechanisms include competitive exclusion of pathogenic bacteria,
secretion of antimicrobial compounds, production of digestive enzymes, and activation of host immune
pathways through gut-associated lymphoid tissues (Ringg et al,, 2016; Shanahan, 2010). In Nile tilapia,
probiotic supplementation has been shown to improve growth indices and enhance non-specific immune
parameters such as respiratory burst activity and serum lysozyme levels (Ringg et al., 2016; Shanahan, 2010;
Wu et al., 2024).

Although the individual effects of dietary vitamin-mineral supplementation and probiotic inclusion
have been extensively investigated, studies evaluating their combined application within a single functional
premix formulation remain limited, particularly in Nile tilapia culture systems. Previous research has
demonstrated that dietary supplementation with probiotics such as Bacillus spp. and Lactobacillus spp.
can improve growth performance in Nile tilapia, typically increasing weight gain by approximately 10-25%
and reducing feed conversion ratio (FCR) by 5-15% compared with unsupplemented controls (Hai, 2015;
Ringg et al,, 2016). Similar responses have been reported in other cultured species, including whiteleg
shrimp (Litopenaeus vannamei), where probiotic supplementation increased final body weight by 12 - 20%
(Liu et al., 2009; Kuebutornye et al.,, 2019; Olmos et al., 2020) while improving survival under bacterial
challenge, and in common carp (Cyprinus carpio) (Mohammed et al., 2025) where dietary probiotics
enhanced weight gain by approximately 15-30% and improved feed utilization (Dawood et al., 2018). Given
that micronutrients are critical for maintaining metabolic and antioxidant capacity, while probiotics primarily
act through modulation of intestinal homeostasis and immune stimulation, their co-supplementation may
produce complementary or synergistic effects. Integrated nutritional stratesies targeting both physiological
maintenance and gut-mediated immune modulation could therefore provide enhanced protection against
stress and disease challenges compared to single-additive approaches (Hill et al., 2014; Ringp et al., 2016).
However, empirical evidence supporting such combined formulations under practical rearing conditions
remains insufficient.

While improvements in growth performance and health are essential indicators of feed efficacy,
their practical adoption by fish farmers ultimately depends on economic viability. Feed accounts for
approximately 50-70% of total production costs in intensive Nile tilapia culture, making cost-effectiveness
a critical consideration when evaluating functional feed additives. Economic indices such as the
benefit-cost ratio (BCR), net profit, and return on investment are increasingly used to determine whether
the biological advantages of dietary interventions translate into greater profitability under commercial
production conditions. Previous studies have shown that functional feed additives, including probiotics and
phytogenic supplements, can improve economic returns by enhancing growth, feed efficiency, and survival,
thereby increasing production output relative to feed costs (Dawood et al,, 2018; Panase et al.,, 2023).
Nevertheless, studies simultaneously evaluating the biological efficacy and economic feasibility of

combined vitamin-mineral and probiotic premixes in Nile tilapia remain scarce.
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Therefore, the present study evaluated the effects of a dietary vitamin—-mineral premix containing
probiotics (Pro Max Plus) on growth performance, feed utilization, and innate immune responses of juvenile
Nile tilapia. We hypothesized that co-supplementation would enhance production performance and
stimulate non-specific immune parameters. The findings of this study aimed to contribute to the
development of evidence-based functional feed strategies that support sustainable and resilient tilapia

aquaculture.

2. Materials and methods
2.1 Ethical Statement

All experimental protocols, methods, and feeding regimes were approved by the Institutional
Animal Care and Use Committee (IACUC), Faculty of Fisheries Technology and Aquatic Resources, Maejo
University, Thailand (Approval No. MACUC 026F/2568; approved on 30 July 2025).

2.2 Experimental Animals and Acclimatization

A total of 135 Nile tilapia with an initial mean body weight of 42.36 + 3.95 ¢ were transferred
to fiberglass holding tanks for a 14-day acclimatization period under controlled laboratory conditions. During
this phase, fish were maintained under a natural photoperiod and provided with a basal commercial diet
twice daily to apparent satiation. This pre-experimental conditioning was conducted to ensure metabolic
homeostasis, minimize handling-induced stress, and facilitate behavioral adaptation to the aquaculture
system.

2.3 Experimental Feed Preparation

A commercial floating pellet diet was used as the basal diet for this study. Three dietary
treatments were prepared as follows: (1) Control, the basal diet without supplementation; (2) Pro Max, the
basal diet supplemented with a vitamin—mineral premix (Pro Max; Groupnet Medicine Co., Ltd., Thailand)
at 5 g/kg feed; and (3) Pro Max Plus, the basal diet supplemented with a probiotic-containing vitamin—
mineral premix (Pro Max Plus; Groupnet Medicine Co., Ltd., Thailand) at 5 g/kg feed.

The experimental diets were prepared by mechanically homogenizing the respective
supplements with the basal diet to ensure uniform distribution of the additives. To improve palatability
and enhance the hydrostability of the supplements, the fortified pellets were coated with a 3% gelatin
solution. The diets were then dried in a forced-air oven at 55 °C for 24 h until a constant moisture content
was achieved. To minimize lipid oxidation and maintain the stability of the supplements during storage, the
finished diets were vacuum-packaged and stored at 4 °C throughout the experimental period.

Pro Max consisted of a vitamin—mineral premix, whereas Pro Max Plus contained the same
vitamin—-mineral formulation with added probiotic microorganisms.

2.4 Experimental Design and Husbandry

The trial was structured according to a completely randomized design (CRD). A total of 135
specimens were randomly allocated into nine glass aquaria (dimensions: 40 x 75 x 47 cm), achieving a
standardized stocking density of 15 fish per unit. The experimental framework consisted of three distinct
dietary treatments, each conducted in triplicate: Control, basal diet without supplementation; Pro Max,
basal diet supplemented with Pro Max at 5 g/kg feed; and Pro Max Plus, basal diet supplemented with Pro
Max Plus at 5 g/ke feed.

2.5 Feeding Management and Growth Monitoring
The feeding trial was maintained for a duration of 60 days. Fish were hand-fed their assigned

diets twice daily (08:30-09:30 and 16:30-17:30) to apparent satiation. To account for biomass increments
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and maintain consistent feeding pressure, the total fish weight in each aquarium was reassessed biweekly,
with feed rations recalibrated based on the updated biomass. Quantitative growth performance and feed
utilization indices were formally evaluated at 30-day intervals. At each sampling point, all fish were
temporarily anesthetized using clove oil (5 ppm) to minimize handling stress during gravimetric and
morphometric measurements.
2.6 Evaluation of Growth Performance and Feed Utilization

Over the 60-day experimental period, growth performance was monitored biweekly by
randomly sampling 30% of the fish population from each aquarium to record body weight (¢) and total
length (cm). To ensure nutritional consistency and account for biomass fluctuations, dietary rations were
adjusted every 14 days based on the updated mean weight, maintaining a fixed feeding rate of 5% of body
weight. Upon the conclusion of the 60-day feeding trial, all remaining fish in each treatment were harvested,
counted, and weighed to determine growth parameters.

Growth performance was evaluated using the following equations:

Weight gain (WG, g):

WG =Wy — W, (1)

where Wy is the final body weight (g) and W is the initial body weight (g).

Length gain (LG, cm):

where Ly is the final total length (cm) and L; is the initial total length (cm).
Average daily gain (ADG, g/day):

Wy — W,

ADG = T (3)

where T is the experimental period (days).
Specific growth rate (SGR, %/day):

In Wf —In Wi

SGR x 100 (4)

where In denotes the natural logarithm.
Condition factor (CF):

w
CF = X 100 (5)

where W is the body weight (g) and L is the total length (cm). The multiplication factor

(100) is appropriate when weight is expressed in grams and length in centimeters.
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Survival rate (SR, %):

sR=" « 100
=—x
N;

where N; is the initial number of fish and N is the final number of surviving fish.

Feed utilization was assessed using the following equations:

Feed intake (FI, ¢/fish):

Total feed consumed (g)

Number of fish

Average daily feed intake (ADFI, g/fish/day):

FI
ADFI = —
T

where T is the duration of the feeding trial (days).
Feed conversion ratio (FCR):

Total feed consumed (g)

FCR =

Weight gain (g)

Feed conversion efficiency (FCE, %):

Weight gain (g)

FCE = x 100

Total feed consumed (g)

Feed efficiency (FE):

Weight gain (g)
FE =

Total feed consumed (g)

2.7 Water Quality

(10)

(11)

Table 1 presents the recorded water quality parameters during the experiment.

The temperature, dissolved oxygen, and pH readings were stable across all treatments and within the

optimal ranges for tilapia.

Table 1. Water quality parameters during the experimental period

Treatment Temperature (°C) Dissolved Oxygen (mg/L) pH

Control 29 £ 0.00 4.20 £ 0.17 7.50 £ 0.00
Pro Max 29 £ 0.00 4.23 + 0.17 7.50 £ 0.00
Pro Max Plus 29 £ 0.00 4.20 £ 0.17 7.50 £ 0.00

Note. Control, basal diet without supplementation; Pro Max, basal diet supplemented with a vitamin-mineral premix at 5 g/kg feed; Pro Max Plus,

basal diet supplemented with a probiotic-containing vitamin-mineral premix at 5 g/kg feed. Values are presented as mean + SE.
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2.8 Immunological Analysis
2.8.1 Collecting Fish Blood Samples

Blood samples were collected from six randomly selected fish per treatment group. To
minimize handling stress, specimens were anesthetized using clove oil (5 ppm) prior to the procedure.
Blood (0.7 mL per fish) was drawn from the caudal vein using a 1 mL sterile syringe (0.5 x 25 mm) and
transferred into 1.5 mL Eppendorf tubes. To obtain serum, the samples were allowed to clot at room
temperature for 1 h, followed by further incubation at 4 °C for 4 h. The clotted blood was then subjected
to centrifugation at 10,000 x g for 10 min at 4 °C. The resulting supernatant (serum) was carefully collected
and stored at -80 °C for subsequent immunological and biochemical analyses.

2.8.2 Lysozyme Activity Assay

Serum lysozyme activity was determined following a protocol adapted from Chandan
et al. (1965). Serum samples were thawed on ice before analysis. Then a suspension of Micrococcus
lysodeikticus ATCC No. 4698 was prepared at 0.3 mg/mL in 0.1 M citrate-phosphate buffer, pH 5.8. After
that, a volume of 25 pL of serum was placed into each well of a 96-well microplate. Then, 175 pL of
Micrococcus lysodeikticus ATCC No. 4698 suspension was added to each well. Then the mixture was gently
mixed to ensure uniform reaction between the serum and bacterial suspension. Then the decrease in
turbidity was measured at 540 nm using a microplate reader (Multiskan GO, Thermo Fisher Scientific, Vantaa,
Finland). After that absorbance readings were recorded every 30 s for 10 min. Then the lysozyme activity
was calculated based on the reduction in absorbance over time, which reflected the lysis of Micrococcus
lysodeikticus cells. One unit of lysozyme activity was defined as the amount of enzyme causing a decrease
in absorbance of 0.001 per min at 540 nm.

2.8.3 Respiratory Burst Activity

Respiratory burst activity of blood leukocytes was determined using the nitro blue
tetrazolium (NBT) reduction assay according to Secombes (1990), with minor modifications. Whole blood
was collected from the caudal vein into heparinized syringes. Leukocytes were isolated by centrifugation
over a Histopaque-1077 density gradient (Sigma-Aldrich, USA) at 400 x g for 30 min at room temperature.
The leukocyte layer was carefully collected, washed twice with phosphate-buffered saline (PBS, pH 7.4),
and resuspended in PBS. Cell viability was confirmed to be greater than 95% by trypan blue exclusion, and
the leukocyte concentration was adjusted to 1 x 10° cells/mL.

Aliguots (100 pL) of the leukocyte suspension were dispensed into 96-well microplates
and mixed with an equal volume of 0.2% NBT solution. No exogenous stimulant was added, and respiratory
burst activity was assessed under basal conditions. The plates were incubated at room temperature for 2
h. After incubation, the supernatant was discarded, and the cells were fixed with absolute methanol for 5
min. The wells were washed twice with 70% methanol, air-dried, and the intracellular formazan deposits
were dissolved by adding 120 uL of 2 M KOH followed by 140 uL of dimethyl sulfoxide (DMSO). The
absorbance of the dissolved intracellular formazan was measured at 655 nm using a microplate reader, and
respiratory burst activity was expressed as NBT reduction activity (OD655) after correction against the
corresponding blank.

2.8.4 Serum Agglutination Titer

The humoral antibody response was quantified using the U-bottom microtiter plate
agglutination method described by Yarahmadi et al. (2014). Serum samples underwent twofold serial
dilutions (ranging from 1:2 to 1:128) in phosphate-buffered saline (PBS). Subsequently, 50 ML of an
Aeromonas hydrophila suspension (OD 540 nm = 1.0, approximately 10" CFU/mL) was added to each well.
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The plates were incubated at room temperature for 24 h. The agglutination titer was recorded as the
reciprocal of the highest serum dilution showing visible bacterial clumping.
2.8.5 RNA extraction, cDNA synthesis, and quantitative real-time PCR (gPCR)

Following the 60-day experimental duration, head kidney samples (~0.2 g) were excised
from three randomly selected fish per treatment group. Samples were immediately preserved in RNAlater®
(Amnion, Cambridgeshire, UK) and stored at —80 °C until RNA extraction. Total RNA was isolated using 1 mL
of QIAzol® Lysis Reagent (Qiagen, USA) and further purified using the RNeasy® Mini Kit (Qiagen, Hilden,
Germany) in accordance with the manufacturer's instructions. Residual genomic DNA was eliminated by
DNase | treatment (Thermo Fisher Scientific, USA). RNA purity and concentration were assessed via
absorbance at 260 nm and 280 nm using a Synergy™ H1 Multi-Mode Microplate Reader (BioTek Instruments
Inc., USA), while RNA integrity was confirmed by electrophoresis on a 2% agarose gel. First-strand cDNA
synthesis was performed using 1 pg of total RNA and the RevertAid™ First-Strand cDNA Synthesis Kit (Thermo
Scientific, USA) following the manufacturer’s protocol. Synthesized cDNA was treated with RNase H
(Invitrogen, USA) at 37 °C for 20 min and stored at -20 °C until use.

Quantitative real-time PCR was carried out on a PCRmax ECO 48 Real-Time PCR System
(PCRmax, UK) using Maxima™ SYBR Green/ROX gPCR Master Mix (2x) (Thermo Fisher Scientific, Lithuania).
Primer sequences used for amplification are provided in Table 2. B-actin was selected as the reference
gene for normalization. Primer efficiency was validated via standard curve analysis using serially diluted
cDNA, ensuring correlation coefficients (R?) > 0.99. A melt curve analysis was performed post-amplification
to confirm product specificity. Each gPCR reaction was performed in triplicate in a 20 pL volume, comprising
2 pL of 1:100 diluted cDNA, 10 pL of SYBR Green Master Mix, 1 uL of each primer (1 pmol), and 6 pL of
nuclease-free water. The thermal cycling protocol included an initial denaturation at 95 °C for 3 min,
followed by 40 cycles of denaturation at 95 °C for 10 s, and annealing/extension at 60 °C for 30 s. Actin was
used as the housekeeping gene for sample normalization. Relative gene expression levels were quantified
using the 2788 method. The Control group (fish receiving the basal diet without supplementation) was
used as the calibrator group, and its relative expression level was set to 1.0. Gene expression levels in the

Pro Max and Pro Max Plus groups were expressed as fold changes relative to the Control group.

Table 2. Primers used to quantify the relative gene expression

Gene Primer sequences (5-3") References

TNF-OL F-GCTGGAGGCCAATAAAATCA (Kayansamruaj et al., 2014).
R-CCTTCGTCAGTCTCCAGCTC

ILl-B F-AAGATGAATTGTGGAGCTGTGTT (Chadzinska et al., 2009).
R-AAAAGCATCGACAGTATGTGAAAT

Actin F-TGGTGGGTATGGGTCAGAAAG XM 003443127
R-TGTTGGCTTTGGGGTTCA

2.9 Economic Analysis
An economic evaluation was performed to determine the cost-effectiveness of each
experimental diet. The total cost per kilogram of feed (Baht/kg) was calculated based on the inclusion
levels of each ingredient and their respective market prices at the time of the study. To assess the financial
efficiency of the supplements, the economic conversion ratio (ECR), also referred to as the incidence cost,

was determined. This parameter represents the feed cost required to produce one kilogram of fish weight
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gain. The benefit—cost ratio (BCR), net profit, return on investment (ROI), and profit margin per fish were also
calculated to evaluate the economic performance of each dietary treatment.
2.10 Statistical Analysis
All experimental data were subjected to one-way analysis of variance (ANOVA) to determine
significant differences among treatment groups. When statistical significance was detected, Tukey’s Honest
Significant Difference (HSD) post hoc test was employed for multiple comparisons of treatment means. All
statistical analyses were conducted using SPSS (version 23.0, IBM Corporation, Armonk, USA) for Windows,

with a significance level established at (p < 0.05).

3. Results
3.1 Growth performance and survival rate

Dietary supplementation with Pro Max Plus significantly improved the growth performance of
Nile tilapia compared with the control and the Pro Max formulation (Table 3). Fish fed the Pro Max Plus
diet achieved the highest weight gain (68.80 + 0.43 g), length gain (6.04 + 0.34 cm), average daily gain (1.15
+ 0.01 g/day), and specific growth rate (1.85 + 0.04%/day), all of which were significantly greater than those
of the other treatment groups (p < 0.05). In contrast, the condition factor did not differ significantly among
treatments (p > 0.05), with values ranging from 1.55 + 0.10 to 1.60 + 0.02. Survival rate was also significantly
enhanced by Pro Max Plus supplementation, reaching 95.55 + 2.22%, which was significantly higher than
that of the control (86.66 + 0.00%), while the Pro Max group (91.11 + 2.22%) showed an intermediate

response that was not significantly different from either control or Pro Max Plus.

Table 3. Growth performance and survival rate of Nile tilapia fed different experimental diets

Parameters control Pro Max Pro Max Plus
Weight gain (g) 61.38 + 1.18° 57.92 + 0.64° 68.80 + 0.43°
Length gain (cm) 562 + 0.11° 4.87 + 0.08° 6.04 + 0.34°
Average daily gain (g/day) 1.02 £ 0.19° 0.97 + 0.19° 1.15 + 0.01°
Specific growth rate (%/day) 1.39 + 0.03° 1.36 + 0.02° 1.85 + 0.04°
Condition factor (K) 1.55 + 0.10° 1.60 + 0.02° 1.58 + 0.14°
Survival rate (%) 86.66 + 0.00° 91.11 + 2.22% 95.55 + 2.22°

Note. Control, basal diet without supplementation; Pro Max, basal diet supplemented with a vitamin—mineral premix at 5 g/kg feed;
Pro Max Plus, basal diet supplemented with a probiotic-containing vitamin—-mineral premix at 5 g/kg feed. Values are presented as

mean + SE. Different superscript letters within the same row indicate significant differences among treatments (p < 0.05)

3.2 Feed utilization and efficiency parameters

Analysis of feed utilization efficiency revealed that Nile tilapia fed the Pro Max Plus diet
achieved the lowest feed conversion ratio (FCR) at 0.80 + 0.00 (Table 4). This represented a significant
improvement (p < 0.05) over the control and Pro Max groups, which exhibited FCR values ranging from 1.12
to 1.19. Correspondingly, the Pro Max Plus group cohort demonstrated significantly higher feed conversion
efficiency (FCE: 8.36 + 0.05) and feed efficiency percentage (125.39 + 0.78) compared to other treatments.
Interestingly, despite these superior efficiency markers, the daily feed intake (FI) in the Pro Max Plus group
was the lowest (1.37 + 0.02 g/day), indicating that probiotic supplementation enables more effective

biomass conversion with reduced consumption.
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3.3 Immune Responses and gene expression

The immunological parameters and gene expression profiles of Nile tilapia fed different
experimental feeds over a two-month period showed significant differences among treatments, with the
Pro Max Plus group exhibiting an improved immunological profile, as evidenced by enhanced lysozyme
activity, respiratory burst response, and agglutinating antibody titers (Figure 1). Lysozyme levels in the fish
fed Pro Max Plus were highest at 5.93 U/ml and 3.96 U/ml during the first and second months, respectively,
consistently outperforming the control and Pro Max groups (p < 0.05). While lysozyme activity diminished
across all groups by the second month, the Pro Max Plus group’s ability to maintain superior levels suggests
a persistent stimulation of the innate immune system. Furthermore, respiratory burst activity increased
progressively, reaching a maximum of 0.143 in Pro Max Plus by the end of the study. Notably, fish fed Pro
Max Plus showed an enhanced antibody response, with antibody titers reaching 2.00 by month two, whereas
titers remained undetectable in the control group.

Furthermore, the relative expression of immune-related genes showed different expression
patterns (Figure 2); fish fed Pro Max Plus exhibited the highest expression of Interleukin-1B (L-1[) at 1.82
(Fig. 2A), whereas Tumor Necrosis Factor-alpha (TNF- Q) expression was significantly lower in Pro Max Plus

(0.35) compared with the control and Pro Max groups (1.07 and 1.18, respectively) (p < 0.05).

Table 4. Feed utilization and efficiency parameters of Nile tilapia fed different experimental diets

Parameters control Pro Max Pro Max Plus
Feed intake (g/fish) 1.58 + 0.01° 1.61 + 0.04° 1.37 + 0.02°
Average daily feed intake (g/fish/day) 0.02 + 0.00° 0.02 + 0.00° 0.01 + 0.00°
Feed conversion ratio 1.12 + 0.02° 1.19 + 0.01° 0.80 + 0.00°
Feed conversion efficiency (%) 5.94 + 0.11° 5.61 + 0.06° 8.36 + 0.05"
Feed efficiency (g) 89.13 + 1.71° 84.10 + 0.93° 12539 + 0.78°

Note. Control, basal diet without supplementation; Pro Max, basal diet supplemented with a vitamin-mineral premix at 5 g/kg feed; Pro Max Plus,
basal diet supplemented with a probiotic-containing vitamin-mineral premix at 5 g/kg feed. Values are presented as mean + SE. Different superscript
letters within the same row indicate significant differences among treatments (p < 0.05)

3.4 Economic Sustainability

The financial assessment of Nile tilapia production in this study indicated that the combined
supplementation of a multivitamin—-mineral complex and probiotics provided the greatest economic benefit
(Pro Max Plus), as evidenced by the data in Table 5. Although the Pro Max Plus diet required the highest
initial feed cost, with a total feed cost of 43.93 + 0.00 Baht/kg, this investment was effectively neutralized
by enhanced biological efficiency and superior biomass yields. Notably, the Pro Max Plus group had the
lowest cost per unit of weight gain (36.69 + 0.78 Baht/kg), significantly lower than that of the Pro Max group
(p < 0.05), which received micronutrient fortification in the absence of microbial additives. This economic
divergence highlights a critical finding: although micronutrient supplementation is vital for metabolic
homeostasis, its economic efficiency remains sub-optimal unless coupled with functional additives that
refine gastrointestinal processing and nutrient partitioning.

From a commercial profitability standpoint, the Pro Max Plus group exhibited the most
resilient financial profile, generating a significantly higher net profit (32.87 + 1.49 Baht) and profit margin per
fish (2.19 + 0.10 Baht/fish) compared to both the control and Pro Max treatments (p < 0.05). Furthermore,

the Pro Max treatment (multivitamin-only) resulted in a diminished benefit—cost ratio (BCR) of 1.25, a figure
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significantly lower than the control's 1.72. This suggests that escalating dietary costs through fortification
without concurrent improvements in absorption capacity can paradoxically undermine the economic
sustainability of aquaculture operations. In contrast, the Pro Max Plus group attained the highest
BCR of 1.91.
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Figure 1. Lysozyme activity (A), respiratory burst activity (B), and agglutinating antibody titer (C) in
Nile tilapia fed the Control, Pro Max, and Pro Max Plus diets for one and two months.
Values are presented as mean = SE. Different letters indicate significant differences

among dietary treatments at the same sampling time (p <0.05)
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Figure 2. Relative expression of the immune-related genes IL-1f (A) and TNF-Q (B) in Nile tilapia fed the
Control, Pro Max, and Pro Max Plus diets. Gene expression was normalized to B—actin and calculated

A~AACt

using the 2 method. Values are presented as mean + SE. Different letters indicate significant

differences among dietary treatments (p < 0.05)

Table 5. Economic analysis of Nile tilapia fed different experimental diets

Parameters control Pro Max Pro Max Plus
Total cost (Baht/kg diet) 31.50 + 0.00° 42.93 + 0.00° 43.93 + 0.00°
Feeding cost (Baht/kg fish gain) 40.81 + 0.77° 56.10 + 1.50° 36.69 + 0.78°
Benefit-Cost Ratio 1.72 + 0.03° 1.25 + 0.03° 1.91 + 0.04°

Net profit (Baht) 23.31 = 1.07° 11.06 = 2.54° 32.87 + 1.49°
Return on investment (%) 71.65 + 3.29° 24.95 + 3.31° 62.51 + 4.13°
Profit margin per fish (Baht/fish) 155 + 0.74° 0.74 + 0.98° 2.19 + 0.10°

Note. Control, basal diet without supplementation; Pro Max, basal diet supplemented with a vitamin-mineral premix at 5 g/kg feed; Pro Max Plus,
basal diet supplemented with a probiotic-containing vitamin-mineral premix at 5 g/kg feed. Values are presented as mean + SE. Different superscript
letters within the same row indicate significant differences among treatments (p < 0.05). Economic analysis was based on market prices during the
experimental period. Supplements were incorporated at 5 g/kg feed (0.5%, w/w). Feeding cost per kg fish gain was calculated based on total feed
intake and total weight gain. Revenue was calculated based on a Nile Tilapia selling price of 70 Baht/kg

4. Discussion
4.1 Growth performance and survival rate

The improved growth performance observed in the Pro Max Plus group may be attributed to
the complementary effects of probiotics, vitamins, and minerals on nutrient utilization and physiological
function. In the present study, fish fed Pro Max Plus achieved a weight gain of 68.80 + 0.43 g, representing
an approximately 12.1% increase over the control group (61.38 + 1.18 g). These findings are consistent with
previous studies demonstrating that probiotic supplementation enhances growth performance in Nile
tilapia. For example, Rahayu et al. (2024) reported that dietary probiotic supplementation increased final
weight by approximately 12 - 18% and significantly improved feed utilization compared with the control
treatment. Similarly, Sahu et al. (2008) observed that probiotic-fed fish exhibited approximately 15 - 20%
greater weight gain than unsupplemented fish, which was attributed to improved intestinal microbial
balance and enhanced nutrient digestion. These improvements are likely mediated through the ability of

probiotics to modulate gut microbiota, increase digestive enzyme activity, and improve nutrient absorption
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efficiency. In particular, Bacillus spp. have been shown to stimulate endogenous digestive enzymes,
including amylase and protease, thereby enhancing feed digestibility and nutrient utilization (Bahaddad et
al., 2023; El-Saadony et al., 2014). However, condition factors did not differ significantly among treatments,
indicating that Pro Max Plus supplementation did not significantly affect this parameter.

The higher survival rates observed in the Pro Max Plus group may also be associated with improved
immune competence and physiological stability. Similar findings have been reported by Ashraf & Shah
(2014), who demonstrated that probiotic supplementation increased survival by approximately 8 - 12%
under culture conditions. Likewise, Goudarzi et al. (2024) reported significantly higher survival and enhanced
disease resistance in probiotic-fed fish compared with untreated controls. These beneficial effects are
primarily attributed to competitive exclusion of pathogenic microorganisms, maintenance of intestinal
microbial homeostasis, production of antimicrobial metabolites, and stimulation of innate immune
responses (Lutgendorff et al., 2008; Van Zyl et al., 2020; Panase et al., 2023). Collectively, these mechanisms
reduce physiological stress and improve the resilience of Nile tilapia to environmental and pathogenic
challenges, thereby contributing to improved survival during culture.

4.2 Feed utilization and efficiency parameters

The improved feed utilization efficiency in the Pro Max Plus group suggests that probiotic
supplementation may enhance nutrient digestion and utilization. The significant reduction in FCR suggests
an optimized conversion of dietary nutrients into somatic growth. This improvement may be associated
with enhanced nutrient utilization, as previously reported in fish receiving probiotic supplementation
(Adeoye et al., 2016; Wang & Ji, 2019; Yang et al., 2025).

The inverse relationship observed between feed intake and growth performance in Pro Max
Plus may indicate improved nutrient utilization efficiency. This is consistent with Ramos et al. (2017), who
reported that probiotic administration in Nile tilapia promotes intestinal integrity by increasing villi height,
thereby expanding the absorptive surface area. Furthermore, vitamins and minerals may have contributed
to the improved growth and feed utilization observed in the probiotic-supplemented group. The higher
feed efficiency observed in the Pro Max Plus group may reflect improved feed utilization under the
experimental conditions.

4.3 Immune responses and gene expression

These findings suggest that the combined supplementation of vitamins, minerals, and
probiotics may enhance the immune responses of Nile tilapia. The lysozyme, a key enzyme for degrading
Gram-positive bacterial cell walls, is a recognized indicator of heightened disease resistance (Ferraboschi et
al., 2021; Saurabh & Sahoo, 2008; Zhydzetski et al., 2024). The augmented respiratory burst and lysozyme
activities likely stem from probiotic-driven stimulation of leucocytes, leading to increased phagocytic
capacity and reactive oxygen species (ROS) production (Martins et al., 2003; Wang et al., 2018).

Interestingly, the gene expression results suggest a controlled inflammatory response; the
upregulation of IL-1 in Pro Max Plus points to an active recruitment of immune cells (Ticinesi et al., 2016),
while the downregulation of TNF- Ol may indicate a mechanism to prevent excessive inflammation, which
can be detrimental to host tissues. This is consistent with findings by (Cano-Lozano et al., 2022, Pirarat et
al., 2006), who reported that probiotics like Lactobacillus spp. can modulate cytokine expression to balance
the immune response in Nile tilapia (Panase et al., 2023). The robust development of antibody titers in Pro
Max Plus further confirms that this dietary supplement bridges innate and adaptive immunity. Collectively,
these results suggest that Pro Max Plus enhanced the immediate defensive enzyme activities while

modulating molecular immune response, providing better overall health protection for Nile tilapia.
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4.4 Economic Sustainability

The Pro Max Plus diet demonstrated superior economic performance despite its slightly higher
feed cost per kilogram, indicating that improvements in biological performance outweighed the additional
investment in feed additives. The enhanced economic return was primarily attributable to improved feed
utilization and growth performance, which reduced feed expenditure per unit of fish biomass produced.
Similar observations have been reported in previous studies evaluating functional feed additives in
aquaculture. For example, Dawood et al. (2018) reported that probiotic supplementation in Nile tilapia
reduced feed conversion ratio by approximately 10 — 15%, resulting in an increase in net profit of
approximately 12-18% compared with the control treatment. Likewise, Hai (2015) summarized several
studies demonstrating that probiotic supplementation in freshwater fish generally increased economic
returns by 10-25%, primarily through improved growth, higher survival, and reduced feed costs. In whiteleg
shrimp (Litopenaeus vannamei), dietary probiotics have been shown to improve benefit-cost ratios by
approximately 8-20% through enhanced feed efficiency and survival under commercial farming conditions
(Newaj-Fyzul et al., 2014). Similar economic benefits have also been reported in common carp and other
cultured fish species, where probiotic supplementation improved feed conversion efficiency and increased
net production value relative to feed costs (Sharifuzzaman & Austin, 2017).

The present findings are consistent with these reports. Although the probiotic-fortified diet
had the highest feed cost, its superior growth performance and feed conversion efficiency resulted in a
higher benefit-cost ratio (BCR) and net profit. In the present study, the Pro Max Plus treatment achieved a
BCR of 1.91 and a net profit of 32.87 + 1.49 Baht, both of which were higher than those of the control and
Pro Max treatments. The ROI of the Pro Max Plus treatment was 62.51 + 4.13%. This improvement is likely
associated with the complementary actions of probiotics and micronutrients, which enhance digestive
enzyme activity, improve nutrient digestibility, promote intestinal microbial balance, and increase nutrient
utilization efficiency (Hai, 2015; Newaj-Fyzul et al., 2014). As a result, fish reached marketable size with lower

feed input per unit of weight gain, thereby reducing production costs and improving farm profitability.

5. Conclusions and recommendations
5.1 Conclusions

This study demonstrated that dietary supplementation with a probiotic-containing vitamin-
mineral premix positively influenced growth performance, feed efficiency, immune responses, and
economic returns in Nile tilapia. Among the dietary treatments, the Pro Max Plus formulation produced the
most favorable outcomes, including significantly improved weight gain, specific growth rate, feed conversion
ratio, and survival performance, indicating enhanced nutrient utilization and production performance.

The probiotic supplementation also contributed to strengthening innate immune function, as
reflected by increased lysozyme activity, enhanced respiratory burst responses, and modulation of immune-
related gene expression, particularly |L—1B and TNF-QL. These findings suggest that probiotic inclusion may
improve host defense mechanisms while modulating inflammatory responses in Nile tilapia.

From an economic perspective, although the Pro Max Plus diet involved a relatively higher
production cost, improvements in growth performance and survival compensated for this investment,
resulting in superior economic efficiency as evidenced by a higher benefit-cost ratio and net return.
Therefore, the incorporation of Pro Max Plus into Nile tilapia diets may represent a practical and

economically sustainable strategy for improving aquaculture productivity.
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These findings support the study objective that probiotic-containing vitamin-mineral
supplementation can enhance growth, immunity, and production efficiency in Nile tilapia culture. However,
further studies are recommended to investigate the long-term effects of supplementation under
commercial farming conditions, optimize dosage levels, and clarify the underlying molecular and
microbiome-related mechanisms responsible for the observed improvements in fish health and
performance.

5.2 Recommendations

5.2.1 Further studies should be conducted to investigate the long-term effects of this
supplementation under actual commercial farming conditions to evaluate its efficacy and consistency
across variable environments.

5.2.2 Future research should focus on clarifying the underlying molecular and gut
microbiome-related mechanisms responsible for immune stimulation and nutrient utilization, as well as

optimizing dosage levels for different growth stages of Nile tilapia.
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Abstract

This research aims to optimize service cancellation classifiers for subscription-based online video
platforms. It focuses on integrating self-reported user behavior data through ensemble learning techniques
to mitigate the limitations of single-base models and enhance predictive robustness on complex and
imbalanced datasets. The methodology encompasses data collection from 10,983 users, the use of the
Synthetic Minority Over-sampling Technigue (SMOTE) to address class imbalance, and a two-stage feature
selection process using Boruta and Recursive Feature Elimination (RFE) to identify 10 critical predictors. The
three primary determinants with the greatest influence on service cancellation are the number of subscribed

channels (Subscribed), the volume of content consumed (ContentCount), and membership duration
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(Period). In terms of model performance, LightGBM emerged as the most effective single-base model both
before and after hyperparameter tuning, yielding an accuracy of 0.8157. However, after ensemble learning
frameworks were incorporated, the voting-based ensemble model increased overall accuracy to a maximum
of 0.8204. Meanwhile, the mixed-based ensemble model, which uses logistic regression as the meta-model
at the decision layer, demonstrated the most comprehensive ability to identify at-risk users, achieving the
highest recall and Area Under the Receiver Operating Characteristic Curve (AUC-ROC) values of 0.8057 and
0.8833, respectively. Consequently, this research proposes a model-selection framework aligned with
customer retention strategies: the mixed-based model is best suited to low-cost retention strategies that
require comprehensive identification of at-risk users, whereas the voting-based model is appropriate for
high-cost retention strategies that require high precision at the individual level, thereby enabling the
cost-effective and sustainable management of marketing budgets and resources in the online media and

entertainment platform industry.

Keywords: Ensemble learning, Machine learning, Online video platforms, Classifier optimization, Service

cancellation

1. Introduction

The media and entertainment industry in Thailand is undergoing a comprehensive transition into
the digital era. According to a report by PwC Thailand (2025), the market value is projected to exceed THB
700 billion and continue expanding to THB 788 billion by 2029. This growth is primarily driven by over-the-
top (OTT) media services, whose value has increased more than sixfold since 2020. This shift closely aligns
with the behavior of Thai consumers who use YouTube as a substitute for traditional linear television. The
trend is particularly pronounced among Generation Z, whose daily usage rate reaches 71.35%. Conversely,
although Baby Boomers predominantly retain traditional television-viewing habits, their daily engagement
with YouTube remains substantial at over 51.6% (Forge et al., 2024). YouTube now functions not merely as
an online video repository but also as an initial gateway for discovering personalized content based on
individual interests (Lotz, 2022).

Furthermore, nearly half of the respondents had used the platform for more than three years, with
an average viewing duration of 1-2 hours per day. Awareness of the premium service was generated
predominantly through the platform's internal advertising mechanisms. Nevertheless, attitudes toward
advertising and the underlying pricing structure were critical determinants of service adoption. Most
respondents identified mid-roll advertisements as the primary source of user dissatisfaction. At the same
time, pricing presented a significant barrier, as approximately 46% of consumers perceived the current
subscription rates as excessive relative to those of competitors in the streaming market (Sridevi & Gowtham,
2021). Anticipated future price increases further contributed to this reluctance, ultimately causing
subscription decisions to stagnate.

In such a volatile landscape, the ability to accurately predict consumer cancellation behavior is
critical. Developing advanced predictive models provides a strategicadvantage by enabling service providers
to move beyond reactive measures toward proactive intervention. By identifying at-risk cohorts with high
precision, providers can design more effective and targeted retention campaigns and allocate marketing
resources more efficiently to maximize customer lifetime value. Consequently, the literature has
increasingly focused on using machine learning and ensemble models to improve service cancellation

classification.
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Although contemporary research has achieved notable success using standardized public
repositories, such as telecommunications churn datasets from the UClI Machine Learning Repository and e-
commerce and banking churn collections from Kaggle, reliance on these sources may create a critical gap
when models are applied to empirical, self-reported data from real-world users. Although these established
benchmarks facilitate algorithmic comparison, they often lack localized context and platform-specific
behavioral nuances, such as granular viewing frequencies and transaction-related friction points inherent in
contemporary online media ecosystems. Furthermore, single-base models frequently suffer from bias or
variance caused by overfitting to static training environments, which ultimately degrades their performance
in practical settings. Consequently, these models may lack the flexibility to adapt to the highly dynamic
and continually evolving demands of online content consumers and may not comprehensively capture all
dimensions of consumer behavior. Online platform service providers must therefore respond to rapidly
changing consumer behavior, particularly within premium video-streaming subscription models, where users
can terminate their services at any time. This challenge motivates the present research, which focuses on
optimizing service cancellation classifiers and analyzing user characteristics specific to premium online video
platforms.

In many real-world applications, machine learning datasets are characterized by substantial class
imbalance, in which “normal” instances greatly outnumber “abnormal” or “interesting” instances. Standard
classification algorithms typically struggle in such scenarios because their objective is to maximize overall
accuracy, oftenresultingin a bias toward the majority class and poor predictive performance for the minority
class of interest. To mitigate these challenges, previous studies have explored various resampling
approaches, such as random undersampling and random oversampling through replication. Although
undersampling can produce a compact, balanced training set, it may discard useful examples that are
critical to model generalization. In contrast, random oversampling through simple replication often leads
to overfitting because it emphasizes specific, restricted regions of the feature space rather than expanding
the decision boundary.

To address class imbalance, previous studies have applied oversampling approaches such as
SMOTE to establish more robust decision boundaries. Unlike simple replication, SMOTE operates in the
feature space by generating synthetic minority-class examples through interpolation between neighboring
instances. This method encourages more general minority-class decision regions, thereby reducing
overfitting and enhancing the model’s generalization capacity. Consequently, the literature has increasingly
combined SMOTE with machine learning and ensemble methods to improve service cancellation
classification.

Previous studies have classified service cancellation behavior using various machine learning
techniques, ranging from standalone classifiers to complex integrated architectures. Specifically, Maretta &
Permai (2021) used boosted trees with SMOTE-Tomek to examine bank churn and found that a standalone
LishtGBM model achieved an accuracy of 91.40%. By contrast, studies adopting ensemble paradigms have
demonstrated substantially enhanced classification performance. Pustokhina et al. (2023) integrated an
improved SMOTE method with an optimal weighted extreme learning machine (ISMOTE-OWELM) and
achieved 94.00% accuracy. Furthermore, Xu et al. (2021) constructed a two-level stacking model comprising
XGBoost and base classifiers, achieving 98.09% accuracy. Manohar et al. (2021) implemented majority voting
in the e-commerce sector and achieved 94.00% accuracy, whereas Ramesh et al. (2022) hybridized artificial
neural networks with random forests and achieved 90.30% accuracy. Finally, Beeharry & Fokone (2022)

developed a flexible two-layer voting ensemble that achieved 76.20% accuracy.

Journal of SciTech-ASEAN 3



JSJLA‘ Volume 6 Number 2 (July-December 2026)

A comparative summary of these predictive methods and their respective performance metrics is
presented in Table 1. The comparison shows that, although standalone models are computationally
efficient, ensemble and hybrid approaches consistently provide the robustness required for high-accuracy
churn classification by mitigating the inherent bias and variance of single-base learners. Thus, ensemble
learning is a highly effective strategy, particularly when combined with data balancing and parameter

optimization.

Table 1. Summary of past studies on service cancellation and churn prediction

Study Domain Methodology Performance (Accuracy)
Maretta & Permai (2021) Banking Standalone (LightGBM) 91.40%
Pustokhina et al. (2023) Telecom Hybrid (ISMOTE-OWELM) 94.00%
Xu et al. (2021) Telecom Ensemble (Stacking) 98.09%
Manohar et al. (2021) E-commerce Ensemble (Voting) 94.00%
Ramesh et al. (2022) General Churn Hybrid (ANN-RF) 90.30%
Beeharry & Fokone (2022) Telecom Ensemble (Voting) 76.20%

Accordingly, this research applies ensemble learning to optimize service cancellation prediction for
premium online video platforms, an industry characterized by highly dynamic data and distinct user
behavior patterns that are critical to contemporary digital-business customer retention planning. The
principal contributions of this study are as follows: (1) the generation of a novel, domain-specific empirical
dataset derived from 10,983 active users of premium online video platforms in Thailand; (2) a systematic
comparative evaluation of three distinct ensemble paradigms, tree-based, voting-based, and mixed-based
architectures, to identify the most robust predictive frameworks for imbalanced cancellation data; and (3)
the proposal of a practical model-selection guideline that aligns specific algorithmic strengths (precision
versus recall) with the economic trade-offs of customer retention strategies, distinguishing between low-
cost and high-cost interventions.

To address the limitations of single-base models, this study categorizes its integration framework
into three distinct paradigms: tree-based, voting-based, and mixed-based ensembles. The selection of these
paradigms is theoretically grounded in the principle of ensemble diversity, which seeks to mitigate both
bias and variance by combining classifiers with divergent mathematical assumptions. This approach follows
the ensemble learning methodologies proposed by Kunapuli (2023), thereby providing a robust predictive
framework for identifying the propensity for service cancellation within the dynamic digital media landscape.

The primary objective of this research is to optimize service cancellation classifiers for premium
online video platforms by integrating self-reported user behavior data through ensemble learning
techniques. This approach is designed to mitigate the limitations inherent in single-base models and
enhance predictive robustness when applied to complex and imbalanced datasets. Furthermore, the study
aims to accurately identify the propensity for service cancellation to facilitate the development of tailored
customer retention strategies, ultimately enabling the cost-effective and sustainable management of

marketing budgets and resources within the digital media industry.
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2. Materials and methods

The process used to optimize service cancellation classifiers for premium online video platforms
through ensemble learning comprises data collection, data preprocessing, feature selection, model
development and hyperparameter tuning, model integration using ensemble learning techniques, and

performance evaluation, as illustrated in Figure 1.
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Figure 1. The process for optimizing service cancellation classifiers leveraging ensemble learning

2.1 Data collection

To obtain a representative sample, this research used quota sampling to allocate and control
respondent proportions based on baseline characteristics and usage behaviors, supplemented by
convenience sampling. Data were collected from users in Bangkok and the surrounding area by distributing
electronic research instruments through online channels. This combined approach was used to reduce
sampling bias arising from data clustering and to increase diversity across usage contexts. Data collection
spanned nine months, from January to September 2025.

All data collection procedures strictly adhered to research ethics frameworks and the Personal
Data Protection Act (PDPA). To maintain respondent anonymity, no email addresses or personal identifiers
were collected. In accordance with informed-consent protocols, the compiled data were used solely for
aggregate statistical analysis within this study, and participants did not consent to the public distribution or
secondary use of their raw data by third parties. This rigorous methodology supports the statistical validity
of the findings, their generalizability to the target population, and their direct and indirect benefits to the
industry.

2.2 Data preprocessing

Data preprocessing was performed to transform the raw data into a suitable format for
subsequent analysis. The procedures were as follows:

2.2.1 Categorical data encoding: text-based categorical variables were converted into
numerical values using one-hot encoding. This approach was applied specifically to nominal-scale variables
to prevent the model from interpreting arbitrary category labels as having an inherent order, thereby
preserving the independence of the attributes.

2.2.2 Data splitting: to obtain an unbiased evaluation of model performance and mitigate
overfitting, the primary dataset was partitioned into training and test sets at a ratio of 80:20. To prevent
data leakage, the test set was retained as a fully independent hold-out set and was excluded from model
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development and hyperparameter optimization. Stratified sampling was used to ensure that the target-
class distribution in both subsets remained consistent with that of the original dataset.

2.2.3  Handling class imbalance with SMOTE: to reduce potential model bias toward the
majority class, the Synthetic Minority Over-sampling Technique (SMOTE) was used. SMOTE generates
synthetic instances for the minority class (the “Cancellation” cohort, comprising users who terminated their
services) based on the k-nearest neighbors algorithm. This oversampling process was restricted to the
training set to prevent data leakage.

2.2.4  Feature normalization: to ensure that independent variables measured on different
scales were processed equitably, standardization through z-score normalization was performed. This
method converts each raw value into a standard score (z), representing the number of standard deviations
by which a data point differs from the mean. Scaling features to a mean of 0 and a standard deviation of
1 prevents algorithms from assigning disproportionate weight to variables with larger numerical ranges,
thereby accelerating model convergence and improving statistical stability.

2.3 Feature selection

This research implemented a two-stage feature-selection framework. The first stage used
Boruta (Haque, 2023), a wrapper method designed to identify all relevant variables. The algorithm generates
shadow features by shuffling the values of the original attributes, thereby establishing a baseline against
which the real variables are compared. Statistical testing based on z-scores was performed iteratively until
the attributes were designated as confirmed features, indicating a genuine relationship with the de pendent
variable. In the second stage, the confirmed features were further refined using Recursive Feature
Elimination (RFE). This method iteratively removes lower-ranked attributes until only the subset of
predictors with the greatest predictive influence remains (Charfaoui, 2021). This two-stage process was used
to mitigate overfitting and ensure that the final model retained strong explanatory efficiency.

2.4 Model development and hyperparameter tuning

Following the selection of independent variables associated with service cancellation, the
models were developed as follows:

2.4.1 Machine learning model development

Base estimators and meta-estimators were selected from algorithms suitable for
classification tasks (Sridhar & Vijayalakshmi, 2021). The models were as follows:

1) Random Forest classifier: utilizing bagging principles, this algorithm constructs an
ensemble of randomized decision trees to mitigate overfitting and enhance predictive accuracy through
majority voting.

2) Extra Trees classifier: similar to the Random Forest model, this classifier introduces
extreme randomization by selecting random splits for features, thereby increasing model diversity and
further reducing variance.

3) XGBoost classifier: a high-performance boosting framework that incorporates
regularization terms to penalize model complexity, making it suitable as both a base estimator and a
meta-estimator.

4) LightGBM classifier: characterized by high computational speed and efficiency on
large-scale datasets, this model uses Gradient-based One-Side Sampling (GOSS) to retain instances with
large gradients and maintain predictive accuracy.

5) CatBoost classifier: a gradient boosting algorithm optimized for processing categorical

attributes automatically, featuring a robust system to prevent overfitting.
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6) Support Vector Classifier (SVQ): based on maximum-margin hyperplanes that separate
classes, this model is effective in complex, high-dimensional spaces.

7) Logistic Regression classifier: a statistical method that predicts binary outcomes using
a sigmoid function. It converts model output into a probability score and assigns an instance to the positive
class as the probability approaches 1 and to the negative class as it approaches 0.

2.4.2 Hyperparameter optimization via GridSearchCV

To identify the optimal hyperparameter configurations, a grid-search strategy was
implemented (Wang, 2022). The approach used a sequential data pipeline in which feature standardization
and SMOTE oversampling were performed strictly within each of the 10 training folds during cross-validation.
Isolating these preprocessing and resampling steps within the internal training subsets ensured that no
information from the validation folds leaked into model training, thereby preserving the integrity of the
performance evaluation. Because SMOTE established a 1:1 class distribution, accuracy was used as the
primary optimization metric during this phase, as it provides a reliable and stable indicator of overall
performance when classes are balanced. This internal cross-validation also served as the validation
mechanism: optimal parameters were selected based on average performance across the training folds,
while the independent hold-out test set remained excluded from tuning. The final tuned models were
subsequently evaluated on this unseen test set to quantify the performance improvement over the
baseline models.

2.5 Model integration via ensemble learning

Following hyperparameter optimization of each algorithm, ensemble learning was
implemented through a structured combinatorial experiment. The process evaluated different
combinations of high-performing standalone models and models with distinct mathematical foundations
(e.q., tree-based, linear, and geometric classifiers) to maximize ensemble diversity and reduce correlated
errors. The combinations were grouped into three paradigms to identify the most effective synergy among
learning mechanisms:

1) Tree-based ensemble model: this approach integrates high-performing algorithms capable
of capturing complex, nonlinear relationships in the data. CatBoost, Extra Trees, and Random Forest were
used as base estimators, while XGBoost served as the meta-learner (or meta-model), a high-level classifier
that learns patternsfrom the base-level predictions to produce the final classification. A feature-passthrough
mechanism also provided the meta-model with direct access to the original independent variables
alongside the base-level predictions. This architecture reduces information loss between layers and
improves the detection of service cancellation signals.

2) Voting-based ensemble model: based on statistical consensus, this model uses soft voting
to improve predictive stability and reliability. It combines algorithms with different mathematical
assumptions, principally gradient-boosted trees (LightGBM and XGBoost), a bagging method (Random
Forest), and a geometric margin classifier (SVO), to calculate a weighted average of predicted class
probabilities. In advanced configurations, this paradigm incorporates nested structures in which high-
performing algorithms, such as CatBoost or XGBoost, serve as internal sub-meta-models. These sub-meta-
models learn patterns from subsets of learners before the ensemble reaches a final consensus, thereby
improving stability in large, dynamic datasets. This consensus-based process reduces variance and
overfitting, producing predictions that are more robust than those of an isolated single-base model.

3) Mixed-based ensemble model: designed for architectural flexibility, this paradigm
combines algorithms from distinct statistical families. It integrates tree-based ensembles, a geometric
framework (SVQ), and a linear model (Logistic Regression) to capitalize on their complementary strengths
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and offset their structural weaknesses. A meta-estimator coordinates the final outputs using internal cross-
validation to construct unbiased meta-features, thereby capturing the complex dimensions of user behavior.

By systematically evaluating these three ensemble stratesies, this research establishes a
robust framework for predicting service cancellation. The framework is designed to capture
multidimensional correlations while maintaining strong generalizability and stable performance under
dynamic empirical conditions derived from self-reported behavior.

2.6 Performance evaluation

To assess the ability of the proposed models to identify at-risk cohorts accurately, this research
evaluates predictive performance using a comprehensive set of metrics (Manning et al., 2008). These metrics
include:

2.6.1 Accuracy: measures the model's overall correctness and represents the proportion of

all instances that are correctly predicted, as shown in Equation 1:

TP +TN (1)

Accuracy = ———
Y TP+ TN + FP +FN

2.6.2 Precision: measures the reliability of positive-class predictions and represents the

proportion of instances predicted as positive that are actually positive, as shown in Equation 2:

TP
TP +FP

v

Precision =

2.6.3 Recall: measures the model's ability to detect actual positive instances and represents

the proportion of true positive instances that are correctly identified, as shown in Equation 3:

TP
TP+ FN

(3)

Recall =

2.6.4 Fl-score: the harmonic mean of precision and recall, providing a single measure of the

balance between them, as shown in Equation 4:

F1 — score = Prec%soanecall @)
Precison + Recall
2.6.5 Area Under the ROC Curve (AUQ): evaluates the model's overall ability to discriminate
between positive and negative classes across different classification thresholds. The AUC is derived from
the Receiver Operating Characteristic (ROC) curve, which plots the True Positive Rate (TPR) against the False

Positive Rate (FPR), calculated as shown in Equations 5 and 6, respectively:

TPR = — % (5)
TP+ FN

FPR = —F (6)
FP +TN

2.7 Data Availability Statement
The dataset generated and analyzed during this study is not publicly available because of
privacy constraints and the terms of the informed consent provided by participants. In accordance with the

Personal Data Protection Act (PDPA) and applicable research ethics frameworks, respondents were assured
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that their data would be used solely for aggregate statistical analysis within the scope of this research.

Consequently, the raw data cannot be distributed, thereby ensuring the continued protection of participant

anonymity.

3. Results

The service cancellation classifiers were developed and implemented in Python using the Google
Colaboratory platform. The detailed results are presented below.

3.1 Data collection results

Following data validation against the research criteria, the final dataset comprised 10,983

records. The dataset was divided into a “non-Cancellation” cohort (n = 7,526) and a “Cancellation” cohort
(n = 3,457). In this study, service cancellation (Cancellation) was defined specifically as the actual
termination of a subscription by a user during the nine-month period from January to September 2025. To
facilitate interpretation of the results, Table 2 provides comprehensive definitions of the variables, including

their names, operational definitions, units of measurement, and possible values.

Table 2. Operational definitions and measurements of research variables

Variable Type Variable Definition Possible Values
Numeric Age User's age Years
(Integer/Continuous)  Period Membership duration Months

WatchTime Daily viewing duration Hours
ContentCount Volume of consumed content ltems
LoginFrequency Weekly login frequency Frequency
Playlists Number of playlists created Count
Subscribed Number of subscribed channels Count
SupportTickets Number of support requests Count
ServiceChanges Number of plan changes Count
Paymentlssues Number of billing anomalies Count

Categorical Married Marital status Single, Married,
(Ordinal) Widowed/Divorced
Contract Agreement structure Monthly, Yearly
Categorical Sex User's gender Male, Female
(Nominal) Place Primary usage location Home, Workplace,
Transit/Commuting, Public
Place
TopContent Preferred media format Audio, Video
TopViewContent Preferred content category Games, Music, News, Sports,
Podcasts, Movies & TV Shows,
Fashion & Beauty, Education,
Horror, Other
PaymentMethod Billing channel Credit Card, Google Play, AlS,
TrueMoney
TypeSubscription Subscription tier Personal plan, Family plan,

Student plan

AcquisitionSource

Marketing channel

Advertising, Referrals, Free Trial

InternetService

Type of connection

Wi-Fi, 4G/5G
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Table 2. (Continued)

Variable Type Variable Definition Possible Values
Categorical Child Presence of children No, Yes
(Binary) TechSupport Use of technical assistance No, Yes
StreamingTV Use of streaming TV service No, Yes
DigitalTV Use of digital TV service No, Yes

Target Variable
(Binary)

Cancellation

Service termination status

Cancellation,

non-Cancellation

A preliminary data analysis was then conducted to examine baseline user characteristics and

behavioral patterns by subscription status, as presented in Tables 3 and 4.

Table 3. Average user characteristics by membership status

non-Cancellation Cancellation Overall
(n=7,526) (n=3,457) (n=10,983)
Basic characteristics
1) Age 43.67 43.53 43.61
2) Period 53.09 39.74 47.80
3) WatchTime 5.54 4.84 5.26
4) ContentCount 20.23 13.63 17.61
5) LoginFrequency 15.01 15.35 15.15
6) Playlists 10.07 10.15 10.10
7) Subscribed 42.11 30.07 37.34
8) SupportTickets 2.52 2.51 2.51
9) ServiceChanges 2.26 2.87 2.50
10) Paymentlssues a.74 5.38 4.99
Table 4. Frequency and percentage distribution of usage behavior by membership status
non-Cancellation Cancellation Overall
(n=7,526) (n=3,457) (n=10,983)
1) Sex
- male 2,933 (64.79%) 1,594 (35.21%) 4,527
- female 4,593 (71.14%) 1,863 (28.86%) 6,456
2) Married
- single 3,814 (63.32%) 2,209 (36.68%) 6,023
- married 2,382 (79.45%) 616 (20.55%) 2,998
- widowed/divorced 1,330 (67.79%) 632 (32.21%) 1,962
3) Child
- no 3,711 (61.84%) 2,290 (38.16%) 6,001
- yes 3,815 (76.58%) 1,167 (23.42%) 4,982
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Table 4. (Continued)

non-Cancellation Cancellation Overall
(n=7,526) (n=3,457) (n=10,983)
4) Place
- home 3,573 (75.33%) 1,170 (24.67%) 4,743
- workplace 1,885 (69.66%) 821 (30.34%) 2,706
- transit/commuting 951 (54.72%) 787 (45.28%) 1,738
- public place 1,117 (62.19%) 679 (37.81%) 1,796
5) TopContent
- audio 2,642 (75.10%) 876 (24.90%) 3,518
- video 4,884 (65.43%) 2,581 (34.57%) 7,465
6) TopViewContent
- games 694 (59.57%) 471 (40.43%) 1,165
- music 1,296 (78.21%) 361 (21.79%) 1,657
- news 1,440 (74.81%) 485 (25.19%) 1,925
- sports 751 (67.72%) 358 (32.28%) 1,109
- podcast 505 (73.40%) 183 (26.60%) 688
- movies & TV shows 482 (64.61%) 264 (35.39%) 746
- fashion & beauty 342 (65.52%) 180 (34.48%) 522
- education 904 (84.57%) 165 (15.43%) 1,069
- horror 621 (58.42%) 442 (41.58%) 1,063
- other 491 (47.26%) 548 (52.74%) 1,039
7) Contract
- monthly 4,294 (64.80%) 2,333 (35.20%) 6,627
- yearly 3,232 (74.20%) 1,124 (25.80%) 4,356
8) PaymentMethod
- credit card 2,359 (85.44%) 402 (14.56%) 2,761
- Google Play 1,989 (68.14%) 930 (31.86%) 2,919
- AIS 1,829 (62.59%) 1,093 (37.41%) 2,922
- TrueMoney 1,349 (56.66%) 1,032 (43.34%) 2,381
9) TypeSubscription
- personal plan 4,498 (67.32%) 2,184 (32.68%) 6,682
- family plan 1,346 (80.21%) 332 (19.79%) 1,678
- student plan 1,682 (64.13%) 941 (35.87%) 2,623
10) AcquisitionSource
- advertising 2,935 (62.89%) 1,732 (37.11%) 4,667
- referrals 1,467 (89.23%) 177 (10.77%) 1,644
- free trial 3,124 (66.87%) 1,548 (33.13%) 4,672
11) InternetService
- Wi-Fi 5,694 (74.94%) 1,904 (25.06%) 7,598
- 4G/5G 1,832 (54.12%) 1,553 (45.88%) 3,385
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Table 4. (Continued)

non-Cancellation Cancellation Overall
(n=7,526) (n=3,457) (n=10,983)
12) TechSupport
-no 3,385 (55.96%) 2,664 (44.04%) 6,049
- yes 4,141 (83.93%) 793 (16.07%) 4,934
13) StreamingTV
-no 5,914 (69.17%) 2,636 (30.83%) 8,550
- yes 1,612 (66.26%) 821 (33.74%) 2,433
14) DigitalTV
-no 2,561 (71.94%) 999 (28.06%) 3,560
- yes 4,965 (66.89%) 2,458 (33.11%) 7,423

Note: Percentages in parentheses are row percentages calculated from the overall count for each behavioral attribute.

Tables 3 and 4 indicate that contract type and payment method are associated with service
cancellation. Yearly contracts and credit card payments were associated with lower cancellation rates,
whereas monthly plans and mobile billing methods (e.g., Google Play, AlS, and TrueMoney) were associated
with higher cancellation rates. Use of technical support and acquisition through referrals were also
associated with lower cancellation rates than the corresponding alternatives. In addition, cancellation rates
varied by usage environment and content preference: users relying on mobile networks or viewing content
while commuting showed higher cancellation rates, as did users who preferred gaming content, whereas
users who preferred educational content showed lower cancellation rates. Household characteristics and
subscription structure also differed across cancellation groups, with family plans and households with
children showing lower cancellation rates.

3.2 Data preprocessing results

Data preprocessing was performed to optimize the data structure for machine learning and
improve analytical efficiency. The specific results were as follows:

3.2.1 Categorical data encoding results: binary variables, including Child, TechSupport,
StreamingTV, and DigitalTV, were encoded as 0 or 1 to indicate the absence or presence of each attribute.
One-hot encoding was applied to multiclass nominal variables, including Sex, Place, TopContent,
TopViewContent, PaymentMethod, TypeSubscription, AcquisitionSource, and InternetService, to generate
dummy variables and eliminate bias arising from an implied hierarchical order. Ordinal variables, specifically
Married and Contract, were mapped to logical sequential values (e.g., 0 = Monthly and 1 = Yearly). The
target variable, Cancellation, was coded as 0 for active users and 1 for users who had terminated their
services. Quantitative variables, Age, Period, WatchTime, ContentCount, LoginFrequency, Playlists,
Subscribed, SupportTickets, ServiceChanges, and Paymentissues, retained their original continuous
structures. The resulting hybrid dataset contained both dummy and quantitative variables and was ready
for model processing.

3.2.2 Data splitting results: the complete dataset of 10,983 records was partitioned into
training and test sets at an 80:20 ratio. Stratified sampling based on the target variable (Cancellation) was
used to preserve the proportional class distribution. The resulting training and test sets comprised 8,786

and 2,197 records, respectively, as shown in Table 5.
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Table 5. Data split results (80/20 ratio)

non-Cancellation class Cancellation class Overall
Training set (80%) 6,021 2,765 8,786
Test set (20%) 1,505 692 2,197
Overall 7,526 3,457 10,983

As shown in Table 5, the data-splitting procedure preserved the original proportions of
the Cancellation and non-Cancellation cohorts. This preservation supports a statistically reliable evaluation
of model performance while reducing the risk of overfitting.

3.2.3 Class imbalance resolution results using SMOTE: the Synthetic Minority Over-sampling
Technique (SMOTE) was applied exclusively to the training dataset to address class imbalance, with the
Cancellation cohort representing the minority class. The procedure generated 3,256 synthetic instances,
increasing the minority-class total to 6,021 records. Consequently, the Cancellation and non-Cancellation

classes in the training dataset were balanced at 6,021 records each, as detailed in Table 6.

Table 6. SMOTE resampling results on the training dataset

Training Set Before SMOTE After SMOTE
Cancellation 2,765 6,021
non-Cancellation 6,021 6,021
Overall 8,786 12,042

As indicated in Table 6, the post-oversampling training dataset contains 12,042 records,
distributed in an identical 1:1 ratio between the Cancellation and non-Cancellation user cohorts. This
balanced distribution facilitates a more robust learning environment, enabling the machine learning models
to discern more accurately the defining characteristics and underlying patterns of customers with a high
propensity to cancel.

3.2.4 Feature normalization results: because the primary dataset comprised attributes with
highly disparate units of measurement, feature scaling was imperative. For instance, for the Age variable, an
original value of 64 years was transformed to 1.350025, reflecting a value above the dataset mean;
conversely, an age of 28 years was mapped to -1.033662, signifying a value below the mean. Similarly, for
the WatchTime feature, an initial value of 8 hours was converted to 1.329073 (reflecting a value above the
mean), whereas a value of 1 hour was scaled to -2.066374 (signifying a value below the mean).

Standardizing these features into standard scores ($Z$-scores) effectively mitigates the
risk of variables with larger numerical magnitudes dominating those with inherently smaller scales. A
comparative analysis before and after feature scaling demonstrates that the dataset successfully
transitioned from its original metrics (e.g., years, hours, or frequencies) to a unitless standardized format.
Ultimately, the mean of each quantitative feature was adjusted to approximately 0, with a standard
deviation of 1, enabling the models to process the heterogeneously scaled attributes equitably.

3.3 Feature selection results
The specific feature subset influencing service cancellation was identified using a two-stage

feature selection framework. The baseline model was configured using a tuned Random Forest algorithm,
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with structural complexity controlled by limiting the maximum tree depth to 10 levels and setting the
minimum sample split threshold at 10 instances.

In the first stage, the Boruta algorithm was implemented with a 100% strict decision criterion
to select only independent variables whose feature importance consistently outperformed that of the best

shadow features across all iterations. The statistical significance level (O() was set at 0.05, and the algorithm

was executed with a maximum of 100 runs. This rigorous filtering ensured that the confirmed attributes
were not products of statistical anomalies but instead had genuine predictive importance for service
cancellation.

In the subsequent stage, the variables confirmed by Boruta were subjected to further
dimensionality reduction via Recursive Feature Elimination (RFE), with the target selection proportion set at
70% of the input attributes. This process systematically ranked the features and recursively eliminated
those with the lowest predictive power to isolate the definitive subset that maximized model accuracy.
Under these self-reported constraints, 10 confirmed features successfully passed the two-stage filter, as
shown in Table 7. Based on their respective importance scores, these features can be categorized into three
distinct clusters according to their impact on the target variable: primary factors, secondary factors, and
auxiliary factors.

As indicated in Table 7, the primary factors with the highest predictive influence on service
cancellation are Subscribed and ContentCount, which share identicalimportance scores of 0.1701, followed
closely by Period at 0.1666. These findings indicate that the extent of channel subscriptions and the depth
of the user-platform relationship are core predictors of retention.

Factors classified within the secondary importance tier consist of Paymentlssues (0.1165),
WatchTime (0.1026), and SupportTickets (0.0949). This pattern indicates that user experience metrics are
important predictors of immediate cancellation propensity, even among users who otherwise maintain
consistent usage frequencies.

Conversely, the cluster of factors exhibiting relatively lower influence includes Contract,
Married, TechSupport, and Child. This lower tier indicates that baseline demographic characteristics have

less predictive power for consumer behavior than active, real-time behavioral features.

Table 7. Features selection result via Boruta and RFE techniques

Variables Importance score Boruta RFE
1) Subscribed 0.1701 4
2) ContentCount 0.1701 v
3) Period 0.1666 v
4) Paymentlssues 0.1165 v
5)  WatchTime 0.1026 4
6) SupportTickets 0.0949 4
7) Contract 0.0565 v
8) Married 0.0522 4 v
9) TechSupport 0.0392 v v
10) Child 0.0315 v v
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3.4 Model development and hyperparameter tuning results
3.4.1 Machine learning model development results

Seven distinct machine learning algorithms were evaluated as classifiers within the
service cancellation prediction framework, as detailed in Table 8. A granular analysis of the performance
metrics indicates that the LightGBM classifier achieved the highest overall baseline accuracy of 0.8157, with
an efficient training time of 0.3381 seconds, followed closely by CatBoost at 0.8152 (5.1932 seconds).
Meanwhile, the advanced tree-based models, specifically Extra Trees and XGBoost, demonstrated identical
accuracy scores of 0.8086, with training times of 1.0677 seconds and 0.4345 seconds, respectively. These
models outperformed more traditional algorithms, such as Random Forest (0.7878 accuracy; 1.0281
seconds) and the Support Vector Classifier (SVC), which yielded an accuracy of 0.7704 and encountered a
significant computational bottleneck, with the longest training time of 17.6253 seconds.

This performance hierarchy suggests that the underlying structural characteristics of
consumer behavioral data align more effectively with the conditional partitioning mechanisms inherent in
advanced gradient-boosted tree architectures than with the high-dimensional spatial boundaries established

by traditional geometric margin classifiers.

Table 8. Machine learning classifier results

Model Test accuracy Train time (seconds)
1) LightGBM 0.8157 0.3381
2) CatBoost 0.8152 5.1932
3) Extra trees 0.8086 1.0677
4) XGBoost 0.8086 0.4345
5) Random forest 0.7878 1.0281
6) SVC 0.7704 17.6253
7) Logistic regression 0.7020 0.0354

An integrated evaluation of prediction accuracy and computational efficiency, as
detailed in Table 8, identifies LightGBM as the most structurally optimal model within the experimental
framework. Although Logistic Regression demonstrated the lowest training latency (0.0354 seconds),
LightGBM showed exceptional computational efficiency among high-performing models, executing the
optimization process more than 15 times faster than CatBoost. Conversely, the Support Vector Classifier
(SVQO) encountered severe computational bottlenecks, exhibiting the longest training time at 17.6253
seconds. However, Logistic Regression yielded the lowest overall accuracy (0.7020) among the tested
baseline classifiers.

3.4.2 Hyperparameter optimization results via GridSearchCV

Hyperparameter optimization was performed using a robust sequential data pipeline
that integrated feature standardization (Z-score normalization), SMOTE resampling, and the classification
algorithms. This framework applied GridSearchCV with a 10-fold cross-validation mechanism to ensure that
all preprocessing and oversampling of the minority class (Cancellation' cohort) were performed exclusively
on the training partitions of each fold. This approach effectively eliminated the risk of data leakage from
the validation or hold-out sets. The choice of accuracy for hyperparameter selection was justified by the
application of SMOTE within the pipeline, which established a balanced 1:1 class distribution and ensured
that the tuning process remained unbiased toward the majority class. Furthermore, the performance
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reported in this section represents evaluation on the independent test set, which was strictly maintained
as hold-out data and remained entirely unseen by the models during the 10-fold cross-validation tuning
process. This approach ensured that the reported results accurately reflected the models' true
generalization capacity and prevented inflated performance metrics. The detailed results and parameter
spaces are presented in Table 9.

As shown in Table 9, both LightGBM and Extra Trees achieved the highest post-tuning
accuracy of 0.8157. Notably, the baseline accuracy of LightGBM remained unchanged, suggesting that its
default architecture was already highly compatible with this specific dataset structure. Conversely, Extra
Trees exhibited an increase in accuracy from 0.8086 to 0.8157 by expanding the forest size (n_estimators)
to 200 while permitting unrestricted tree depth (max_depth = None). This configuration enabled the model
to construct more comprehensive decision boundaries that captured deeper underlying correlations within
the data.

Table 9. Hyperparameter tuning results via GridSearch

Model Tuned accuracy Best params selected
1) LightGBM 0.8157 importance_type: 'split'

learning_rate: 0.01

n_estimators: 200

num_leaves: 31
2) Extra trees 0.8157 max_depth: None

min_samples_split: 5

n_estimators: 200
3) XGBoost 0.8152 learing_rate: 0.05
max_depth: 3

n_estimators: 200
4) Random forest 0.8128 max_depth: None

min_samples_leaf: 2

n_estimators: 300
5) CatBoost 0.8109 depth: 4
iterations: 200

learning rate: 0.1
12 leaf reg: 3

6) SVC 0.7643 C: 10
gamma: 'scale’
7) Logistic regression 0.7020 df C1

clf  penalty: 12

As indicated in Table 9, CatBoost and the Support Vector Classifier (SVC) experienced
performance degradation, with their accuracy scores dropping from 0.8152 to 0.8109 and from 0.7704 to
0.7643, respectively. For CatBoost, which is natively engineered with symmetric trees and rigorous default
regularization properties, restricting the optimization grid to 200 iterations may have prematurely truncated
its convergence trajectory toward the global optimum. For the SVC, increasing the regularization parameter

(C) to 10 imposed excessively stringent margin separations. In machine learning, C serves as a penalty
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parameter that controls the trade-off between achieving a smooth decision boundary and classifying the
training points correctly. A higher C value aims for greater accuracy on the training data but may lead to
excessive rigidity, which may have induced localized overfitting within the internal cross-validation folds
and ultimately reduced generalization to the independent validation data. Importantly, Logistic Regression
yielded the lowest accuracy across the cohort. This baseline result provides evidence from the self-reported
data that a rigid linear classifier is structurally insufficient for decoding the nonlinear, complex feature
interactions inherent in this dataset compared with ensemble-based alternatives.
3.5 Model integration via ensemble learning results

In this phase, a wide range of model combinations were systematically evaluated to determine
the optimal synergy among learners. The configurations presented in Table 10 represent the top-tier results
derived from this iterative testing process, ranging from ‘all-inclusive' configurations to 'selective-high-
performance' groups based on their contributions to overall accuracy and class sensitivity. For instance, the
top-performing voting-based model was obtained by combining the most robust gradient-boosted trees
with a geometric classifier (SVC) to mitigate individual structural biases.

An examination of Table 10 reveals that the evaluated ensemble variants yielded closely
competitive accuracy scores. Notably, the voting-based model achieved the highest predictive accuracy of
0.8204. This performance was attained by combining tree-based architectures—specifically LightGBM,
XGBoost, and Random Forest—with the Support Vector Classifier (SVC). Without introducing excessive
structural complexity, this streamlined configuration maintained statistical balance and effectively
minimized the system's cumulative variance.

The next-best-performing configuration was a secondary iteration of the voting-based model
that included all individual classifiers and incorporated CatBoost and XGBoost as internal sub-meta-models
anchoring the foundational layers. This configuration was closely followed by the mixed-based ensemble
variants. In these mixed-based configurations, Logistic Regression was predominantly deployed as the
ultimate meta-learner. This choice was justified by its role as a secondary layer that smoothed the stepwise
decision boundaries generated by the primary tree-based estimators while equitably calibrating

regularization penalties across the predictive distributions.

Table 10. Accuracy comparison of ensemble learning models for service cancellation classification

Ensemble  Accuracy LightGBM CatBoost Extra XGBoost Random  SVC Logistic

method trees forest regression
1) Voting-based  0.8204 v v v v
2) Voting-based  0.8194 v Vo v Vo v v
2) Mixed-based  0.8194 v v v v v v Vv
3) Mixed-based ~ 0.8190 v v v Vv
3) Voting-based  0.8190 v v v v
4) Mixed-based ~ 0.8185 v 4 v v v V'
v v v

4) Voting-based  0.8185
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Table 10. (Continued)
Ensemble  Accuracy LightGBM CatBoost Extra XGBoost Random  SVC Logistic

method trees forest regression
5) Tree-based 0.8180 v v Vx v
5) Voting-based  0.8180 v v v v v v
5) Voting-based  0.8180 v v v v v v

Note: * denotes the algorithm was designated as the meta-leamer or internal sub-meta-model.

It is noteworthy that the tree-based ensemble configuration yielded a lower accuracy of
0.8180, revealing the structural limitations inherent in homogeneous tree architectures. This configuration
incorporated CatBoost, Extra Trees, and Random Forest, with XGBoost functioning as the final meta-
estimator. Although tree-based models inherently excel at processing tabular data, the absence of statistical
or linear classifiers within this ensemble resulted in an overall predictive accuracy lower than that of the
mixed-based architectures.

3.6 Performance evaluation results

When deploying predictive models in real-world scenarios, relying solely on accuracy is
insufficient. Overall accuracy can be heavily skewed by majority-class performance, thereby masking critical
misclassifications within the minority class. To mitigate this bias, this research comprehensively evaluates
model performance by incorporating precision, recall, F1-score, and AUC-ROC into the analytical framework,
as detailed in Table 11.

Table 11. Performance evaluation of ensemble models using classification metrics

Ensemble Base models Accuracy Precision Recall F1-score AUC-ROC
method
1)  Voting-based lgbm, xgb, rf, svc 0.8204 0.8468 0.7821 0.8131 0.8790
2)  Voting-based lgbm, cat*, et, xgb*, rf,svc, 0.8194 0.8472  0.7792 0.8118 0.8805
Mixed-based lebm, cat, et, xgb, rf, svc, r*  0.8194 0.8342 0.7972 0.8152 0.8829
3)  Mixed-based lgbm, et, svc, lr* 0.8190  0.8421  0.7849  0.8125 0.8821
Voting-based lgbm, cat, xgb, svc 0.8190  0.8463  0.7792  0.8114  0.8805
4)  Mixed-based lgbm, cat, et, xgb, rf, r* 0.8185 0.8267  0.8057 0.8161 0.8833
Voting-based lgbm, cat, xgb, 0.8185  0.8469  0.7774  0.8106  0.8823
5) Tree-based cat, et, xgb*, rf 0.8180 0.8446 0.7792 0.8106 0.8796
Voting-based lgbm, cat, et, xgb, rf, svc 0.8180 0.8418 0.7830 0.8113 0.8811
Voting-based lgbm*, cat, et, xgb, rf, svc* 0.8180 0.8418 0.7830 0.8113 0.8761

Note: * denotes the algorithm was designated as the meta-learner or internal sub-meta-model.

Nevertheless, the voting-based ensemble framework consistently demonstrated strong
performance. Specifically, the configuration incorporating nested structural overlap achieved the highest
precision in the entire experiment, at 0.8472. This model is well suited to enterprises that prioritize
predictive precision to minimize false-positive rates, thereby preventing the misallocation of retention

resources to low-risk customers who have no genuine intention of cancellation.
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Conversely, the mixed-based ensemble variants using a linear meta-estimator (Logistic
Regression) exhibited a greater capacity to detect the minority class. By integrating all six baseline classifiers,
this architecture yielded the highest recall and AUC-ROC scores across the entire cohort, at 0.8057 and
0.8833, respectively. This profile aligns with practical deployment goals for cost-effective customer
retention. Furthermore, although the tree-based ensemble configuration produced a modest accuracy of
0.8180, its capacity to mitigate cumulative error propagation enabledit to achieve a high precision of 0.8446
and an AUC-ROC of 0.8796, maintaining a highly competitive position among the ensemble categories.

4. Discussion

The integrated ensemble framework developed in this research effectively addresses data
complexity and class imbalance within the online video streaming ecosystem. Consistent with Wang et al.
(2020) and Manohar et al. (2021), the findings based on self-reported data indicate that ensemble
architectures systematically outperform standalone classifiers. This is evidenced by the voting-based
approach improving the overall performance of the cancellation classification task relative to LightGBM
(0.8157), the strongest individual model, and achieving a peak accuracy of 0.8204. This improvement in
predictive performance corroborates the findings of Beeharry and Fokone (2022), who successfully deployed
flexible voting topologies to mitigate variance within high-volume, dynamic digital datasets.

To counteract highly skewed distributions in which the 'Cancellation' class constitutes the critical
minority, the use of SMOTE parallels the resampling paradigms advocated by Maretta & Permai (2021) and
Adiputra & Wanchai (2023) to optimize recall and Fl1-score. Extending this data-level restructuring, the
mixed-based ensemble, using Logistic Regression as its meta-estimator, achieved the most comprehensive
minority-class identification, with a peak recall of 0.8057. This performance is consistent with the
conclusions of Jain et al. (2021) regarding the robust mathematical stability of linear meta-models when
mapping complex cancellation probabilities in parallel subscriber-heavy domains.

This predictive performance is further supported by a sophisticated two-stage feature-selection
pipeline linking Boruta and Recursive Feature Elimination (RFE), offering a structurally more comprehensive
approach than the isolated Information Gain methods of Saheed and Hambali (2021) or the equidistant
segmentation of Xu et al. (2021). By identifying the number of subscribed channels (Subscribed) and
quantitative viewing frequencies (ContentCount) as the primary predictors of cancellation, the analysis of
self-reported data shifts the focus from static demographic profiling toward dynamic, user-centric behavioral
streams, mirroring the granular decoding of consumer footprints proposed by Ramesh et al. (2022).

Finally, while this framework achieves refined decision boundaries through systematic
hyperparameter tuning with GridSearchCV, alternative methodologies proposed by Fu et al. (2023) and Khoh
et al. (2023) favor derivative-free metaheuristics, such as the Nelder-Mead and Powell algorithms, to
optimize ensemble weights. Although metaheuristics were not explicitly implemented here, the use of a
linear meta-model within the mixed-based ensemble serves as an effective boundary regularizer. This
mathematical approach helps bridge the optimization gap, providing comparable predictive refinement
without excessive computational overhead.

When translating these multidimensional performance metrics into real-world strategic
applications, distinct deployment paradigms emerge:

1) Low-cost retention paradigm: if the organizational strategy focuses on low-cost proactive
retention initiatives, such as offering complimentary subscription tiers or monthly discounts, the mixed-

based ensemble is the optimal choice. This architecture achieved the highest Fl-score of 0.8161 and a
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robust recall of 0.8057, identifying over 80% of the actual at-risk target consumers. This high sensitivity may
allow the business to execute defensive workflows in a timely and proactive manner.

2) High-cost retention paradigm: in contrast, for high-cost retention campaigns that demand
substantial per-unit expenditures, such as dispatching premium physical corporate gifts or deploying
dedicated customer success agents for direct outbound calls, the strategy should pivot toward the voting-
based ensemble. Its maximum precision of 0.8472 provides precise individual-level verification of critical
cancellation propensity, thereby minimizing the financial risks associated with targeting errors.

Additionally, for enterprises requiring real-time screening of service cancellation probability, the
integrated ensemble architectures consistently outperformed the independent models. The voting-based
ensemble achieved the highest overall accuracy of 0.8204, while the mixed-based ensemble variant
achieved the peak AUC-ROC of 0.8833, providing the most stable differentiation of risk signals. These
configurations may be integrated into personalized recommender systems to dynamically deliver exclusive
content or tailored video streams. By seeking to stimulate user engagement and increase WatchTime, such
data-driven interventions may ultimately support a sustainable customer retention and business growth

ecosystem.

5. Conclusions

The primary objective of this research was to evaluate and compare three distinct ensemble
learning paradigms for service cancellation prediction. Furthermore, the study aimed to establish a model-
selection guideline that aligns specific predictive characteristics with the cost structure of customer retention
campaigns, ensuring an optimal balance between precision and coverage.

This research provides empirical insights into the predictive modeling of subscription cancellation
using self-reported data within a specific empirical context. While the performance improvement achieved
through the voting-based ensemble was modest, increasing accuracy from 0.8157 to 0.8204, the results
demonstrate the potential of ensemble architectures to refine classification tasks compared with
standalone models. The self-reported findings reveal that customer retention is fundamentally governed
by user engagement and platform loyalty metrics, with the number of subscribed channels (Subscribed),
quantitative content consumption (ContentCount), and membership duration (Period) emerging as the three
most influential predictive features for service cancellation. Although long-term engagement remains the
primary baseline for retention, technical and operational friction points—specifically transaction anomalies
(Paymentlssues) and documented system grievances (SupportTickets)—function as acute secondary
predictive factors associated with abrupt, immediate cancellation propensities. Conversely, static
demographic features, such as marital status and family composition, exhibit significantly weaker
associations with consumer cancellation propensity, thereby possessing substantially lower forecasting
utility than real-time, dynamic platform behavioral data. Regarding algorithmic performance, LightGBM
stands out as the most structurally optimal standalone estimator, demonstrating a superior baseline
accuracy of 0.8157 alongside minimal training latency. However, integrated ensemble architectures
consistently outpace independent models, as evidenced by the voting-based ensemble achieving the
highest overall accuracy of 0.8204, while the mixed-based ensemble variant—employing Logistic Regression
as the ultimate meta-estimator, proves exceptional at minority-class coverage by yielding the highest recall
of 0.8057 and an AUC-ROC of 0.8833.

To extend the academic and practical utility of this research, the next phase will focus on

developing a "Predictive Risk Assessment Model for Premium Subscription Retention on Online Video
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Platforms via Feature Interaction Network Analysis." Building on the self-reported baseline established in
this research, future research will comparatively analyze the intricate structural dependencies and
correlations among features using network analysis methodologies. By extracting topological weight metrics
within the feature interaction network, a specialized computational model will be constructed to
dynamically evaluate and recalculate feature importance. Ultimately, this weighted network approach will
be synthesized with real-time stream processing architectures to enable instantaneous, multidimensional
forecasting of service cancellations, providing streaming platforms with an agile, high-precision instrument

for immediate proactive customer retention.
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Abstract

This study aimed to (1) apply community-based health impact assessment (CHIA) to build capacity
to address potential impacts on food security prior to the operation of a rubber processing plant, and
(2) formulate policy recommendations for local administrative organizations and relevant agencies. A
participatory action research design was employed. The sample comprised a quantitative group of 407
participants from 19 villages, selected through stratified random sampling, and a qualitative group of 20
participants selected through purposive sampling. Data were collected using a food security interview
questionnaire covering four dimensions and through focus group discussions within a six-step CHIA
framework. The study was conducted between May 2023 and April 2024. Quantitative data were analyzed
using descriptive statistics, including percentages, means, and standard deviations, while qualitative data
were analyzed using content analysis. The results showed that the overall level of food security was
moderate (X = 3.67, S.D. = 0.72). When considered by dimension, the food availability dimension was at a
high level (X = 3.74, S.D. = 0.87); the food access dimension was at a high level (X = 3.76, S.D. = 1.27);
the food utilization dimension was at a moderate level (X = 3.54, S.D. = 0.74); and the food stability
dimension was at a moderate level (X = 3.65, S.D. = 1.25). Regarding strategies for building food security,
the family understanding strategy was identified as a key strength of the community, at a high level
(X = 3.75, S.D. = 0.81), while the self-reliance, social support, supplementary income-generation, and
climate change adaptation strategies were all at a moderate level (X = 3.08, SD. = 0.87; X = 3.40,
S.D. = 0.84; X = 3.15, S.D. = 0.71; X = 3.33, S.D. = 1.06). In addition, the community anticipated positive
impacts, including increased employment and income, and negative impacts, including water and air
pollution, which could affect the community's food security. Accordingly, four areas of policy
recommendations were proposed: environmental and pollution management, community food security
development, information and surveillance system development, and community capacity strengthening.
Therefore, the incorporation of these policy recommendations into local ordinances should be supported,
along with corresponding plans and projects by relevant agencies.

Keywords: Community health impact assessment, Food security, Rubber processing plant, Policy

Recommendations

1. Introduction

Food security is one of the key goals of the United Nations Sustainable Development Goals (SDG
2). The Food and Agriculture Organization of the United Nations (FAO) reported that in 2023, approximately
733 million people worldwide experienced hunger. Food security comprises four core dimensions: food
availability, food access, food utilization, and food stability (FAO et al., 2024). Although Thailand is a major
food producer and exporter, it continues to face food safety problems arising from chemical residues,
farmers' income insecurity, and industrial expansion affecting cultivation areas (World Health Organization
(WHO), 2024). Khon San District, Chaiyaphum Province, is an area rich in natural resources and an important
eco-tourism destination. However, in 2014, a licence was issued for the establishment of a Category 3
rubber processing factory (machinery exceeding 75 horsepower) in Ban Hin Roi Muen, Dong Bang Subdistrict.
Although the plant is located in Dong Bang Subdistrict, Huai Yang Subdistrict, this study's primary site, shares
the same watershed and prevailing wind direction, raising public concern about odor, wastewater, air

pollution, and the safety of natural food sources. Residents therefore exercised their rights under Section
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11 of the National Health Act B.E. 2550 (2007) to conduct this community-based health impact assessment
(CHIA).

Health Impact Assessment (HIA) is a participatory learning process that uses evidence from multiple
disciplines to assess the impact of policies, plans, or projects on the health and well-being of populations
(World Health Organization (WHO), 2022). Thailand's National Health Commission Office (NHCO) has
developed a six-step CHIA operational framework, comprising screening, scoping, impact assessment, public
review of the draft report, decision-making, and monitoring and evaluation (National Health Commission
Office (NHCO), 2021), which enables communities to participate effectively in public policy decision-making
(Promthong et al,, 2025). Yet research linking CHIA with food security in rural industrial-development
contexts, particularly rubber processing plants, remains scarce, and a model for translating findings into
area-level policy is still lacking. This gap matters: growing international evidence shows that industrial
agglomeration and contamination can measurably affect community health (Pasetto et al., 2024; Qi & Xu,
2024), yet few studies examine the link to household-level food security or how CHIA evidence can be
systematically translated into food security policy. This study responds to SDG 2 and SDG 3 by assessing
household food security and its link to community health; SDG 11 by developing context-specific policy for
an area entering industrial development; and SDG 16 by conducting participatory, multi-stakeholder
decision-making throughout CHIA. Although local authorities and the Industrial Estate Authority of Thailand
regulate pollution at its source, no systematic mechanism monitors impacts on surrounding communities'
food security, and no formal process exists for community participation in assessment and policy
recommendation. Participatory action research was therefore adopted, as it allows communities to link
empirical evidence directly to policy negotiation with relevant agencies. Accordingly, this research aimed to
(1) apply community-based health impact assessment (CHIA) to build capacity to address potential impacts
on food security prior to the operation of a rubber processing plant, and (2) develop policy
recommendations and key measures for local administrative organizations and relevant agencies to
promote public policy development at both the organizational and area levels.

The theoretical foundation draws on Participatory Action Research (PAR), which holds that
knowledge creation and social change are most effective when researchers and community members
conduct research collaboratively through cycles of planning, action, observation, and reflection (Lewin,
1946), Freire, 1970) concept of conscientization, whereby participatory dialogue enables communities to
critically analyze and act on the conditions affecting their lives;, and Kemmis & McTaggart (2005) view of
PAR as a communicative process creating a public sphere for deliberation. These principles underpin the
six-step CHIA process, particularly the scoping and decision-making stages, where community members
jointly defined assessment issues and negotiated policy with local government and the plant. To integrate
CHIA with food security assessment, this study adopted a systems thinking/socio-ecolosgical perspective
(Figure 1): industrial development (plant construction and operation) may lead to environmental changes
(water and air pollution), which may affect the four core food security dimensions. CHIA identifies these
potential impacts through community participation, generating quantitative and qualitative evidence to
inform policy development, with policy outcomes potentially shaping future industrial and environmental

conditions.
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Figure 1. Systems/socio-ecological conceptual framework linking industrial development, environmental
change, food security, community health impact assessment (CHIA), community participation, evidence
generation, and policy development. The participatory process draws on Lewin (1946),

Freire (1970), and Kemmis and McTaggart (2005).

2. Materials and methods
2.1 Research design and study area

This study employed a Participatory Action Research (PAR) design, emphasizing community
participation at every stage of the research process. The study was conducted in Huai Yang Subdistrict, Khon
San District, Chaiyaphum Province, between May 2023 and April 2024. Participants' rights were protected:
the researchers explained the study's objectives, data-collection procedures, and participants' right to join
or withdraw from the study at any time. The study was approved by the Human Research Ethics Committee,
Nakhon Ratchasima Provincial Public Health Office (Certificate No. NRPHO034, approved on 12 April 2023).
Participatory action research was selected as the research design because the core research problem was
inherently value-laden and context-specific, namely, a prospective assessment of the health and food-
security impacts of an industrial plant that had already received construction approval but had not yet
begun production. Community members possessed direct experiential knowledge of environmental change,
and the ultimate goal was to produce negotiated, area-level policy proposals. This is consistent with Lewin
(1946) view of action research as a repeated cycle of fact-finding, action, and reflection. This design allowed
the CHIA process itself to serve as both a data-collection tool and a means of building community capacity.
This approach was considered more appropriate than a purely quantitative design or qualitative research
led solely by researchers, as it enabled residents, local officials, and the plant operator to jointly define
the scope of assessment (Step 2: scoping) and jointly negotiate policy measures (Step 5: decision-making),
consistent with Kemmis & McTaggart (2005) view of PAR as a communicative process for facilitating public
deliberation.

2.2 Population, sample, and sampling method
The sample was divided into two groups: (1) a quantitative group of 407 participants, sampled

from the population of Huai Yang Subdistrict's 19 villages using stratified random sampling, with the sample
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size determined using Epi Info version 7.2 at a 95% confidence level, an expected frequency of 50%, and
a design effect of 1; and (2) a qualitative group of 20 participants, selected through purposive sampling,
comprising local administrative officials, community leaders, resident representatives, and academics
supporting the CHIA process. Inclusion criteria for the quantitative sample were: being a registered resident
of Huai Yang Subdistrict, having resided continuously in the area for at least 6 months, and being willing to
participate. The exclusion criterion was not having resided continuously in the area for a full 6 months. For
the qualitative group, inclusion criteria were: having a direct role or involvement in at least one step of the
CHIA process, and having at least one year of experience related to the rubber processing plant issue or
community food security, to ensure that informants had sufficient knowledge and direct experience relevant
to the topic under study. The exclusion criterion was being unable to provide in-depth information about
the CHIA process or related impacts.
2.3 Research instruments
Data collection instruments comprised two components. (1) The quantitative interview

questionnaire measured the four core dimensions of food security (availability, access, utilization, and
stability) together with household-level approaches to building food security (self-reliance, social support,
family understanding, supplementaryincome generation, and climate change adaptation). These were rated
on a five-point scale (1 = lowest, 5 = highest). The questionnaire also assessed participation in community
natural-resource monitoring. For every item, response options were selected to best match each
respondent's actual circumstances. Content validity was assessed by three experts using the Index of ltem-
Objective Congruence (I0C, +1 = consistent, 0 = uncertain, and -1 = not consistent with the objective),
yielding a mean IOC of 0.96 (Rovinelli& Hambleton, 1977). Reliability, tested with 30 residents of Dong Bang
Subdistrict, was O = 0.83 for the questionnaire as a whole and Ol = 0.73 for the four core food-security
dimensions alone. (2) A semi-structured guide supported three focus group discussions (FGDs) and three
key informant interviews (Klls), involving 20 qualitative participants. Participant composition varied slightly
across sessions: business operators did not take part in Session 1, whereas the same group of participants
attended both Sessions 2 and 3. The sessions addressed the following topics: food-safety/security
regulations (Session 1); joint scoping of the impact assessment (Session 2); and review of the draft
community-based health impact assessment (CHIA) report (Session 3). Stakeholder composition by session
is summarizedin Table 1. Each session lasted approximately two hours. Sessions were audio-recorded (using
two recorders, with informed consent from participants) and transcribed verbatim within 24-48 hours using
speaker codes; transcripts were checked against the recordings and reviewed by a subset of participants
before being placed in secure storage. Trustworthiness was strengthened through triangulation across the
three sessions, the questionnaire data, and the key informant interviews (Klls), the latter of which used a
separate interview guide addressing the local definition of food security in Huai Yang Subdistrict, participants'
views and experiences regarding the four food-security dimensions, community goals, food-security

challenges, and potential solutions.
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Table 1. Focus group discussion (FGD) and key informant interview (Kll) sessions

Session Purpose Approx. N Key stakeholder groups
1 Review existing food- 20 Local administrator, chief administrative officer,
safety/security plans and Public Health & Environment Division, district
regulations public health officer, sub-district headman,

agricultural officer, community development
officers, schools, health-promoting hospital,

community enterprise groups, academics

2 Jointly scope the food 20 Local government officials, community leaders,
security impact assessment food producers, consumers, business
operators, academics

3 Review the draft CHIA report 20 Local government officials, community leaders,
(public review) food producers, consumers, business

operators, academics

2.4 Community participatory health impact assessment process
The CHIA process followed the six-step framework of the National Health Commission Office
(National Health Commission Office, 2022) as follows: Step 1, public screening of the policy; Step 2, public
scoping of the study; Step 3, assessing health impacts; Step 4, public review of the draft report; Step 5,
influencing the decision-making process; and Step 6, public monitoring and evaluation.
2.5 Data analysis
Quantitative data were analyzed using statistical software to calculate descriptive statistics,
including frequencies, percentages, means, and standard deviations. Mean-score interpretation criteria were
set as follows: high = 3.68-5.00; moderate = 2.34-3.67; and low = 1.00-2.33. Qualitative data were analyzed
using content analysis and summarized into key themes. To strengthen methodological rigor in the
qualitative component, data analysis followed an inductive thematic content analysis process. Two
researchersindependently open-coded the data line by line from transcripts of focus group discussions and
key informant interviews. The codes were then compared, discussed, and grouped into candidate themes,
with any inconsistencies resolved through consensus. The trustworthiness of the qualitative data was
assessed against generally accepted criteria: credibility, supported by data and investigator triangulation
(comparing data across village groups, occupational groups, and informant roles, as well as cross-checking
against the quantitative analysis results); dependability and confirmability, supported by maintaining an
audit trail of coding decisions and analytical memos; and transferability, supported by a detailed description
of the study context (Section 2.1). Researcher reflexivity was maintained through regular team debriefing
meetings to review and discuss any prior biases or perspectives that may have arisen from the research
team's earlier interactions with the community during the initial CHIA screening stage.
2.6 Integration of quantitative and qualitative methods
This study employed a convergent mixed-methods design embedded within the Participatory
Action Research (PAR) cycle. Quantitative data (a food security questionnaire covering four core dimensions,
n = 407) and qualitative data (focus group discussions and key informant interviews, n = 20) were collected
concurrently during CHIA Step 3 (impact assessment)and analyzed separately before being integrated during
CHIA Step 4 (public review of the draft report). The quantitative results were first summarized descriptively
by dimension and strategy(Tables 3 and 4) and were then presented back to the community and qualitative

Journal of SciTech-ASEAN 6



JS_M«I‘A( Volume 6 Number 2 (July-December 2026)

participants at the public review forum. The key themes derived from the qualitative content analysis were

used to explain, contextualize, and, in some cases, further elaborate on the quantitative patterns. The

integration of both strands of data formed the key foundation for the four policy proposals developed
during CHIA Step 5 (decision-making), resulting in policy recommendations that were well aligned with the
local context. The CHIA/PAR process, including data collection, data integration, and policy development,
is illustrated in Figure 2.

CHIA Steps 1-2: Screening & Scoping
(PAR: Planning)
Community and researchers jointly identify
the issue and define the scope of assessment

’ O

CHIA Step 3: Impact Ass§sment — Data Collection (PAR: Action / Fact-finding) 1 \\

Household survey (n = 407)
4 core food-security dimensions +

5 household-level strategies

Quantitative
[ 3 FGDs + 3 Klls (n = 20)

]

]

]
Qualitative ] : \

|

|

Separate Analysis
Quantitative: descriptive statistics (Tables 3-4)
Qualitative: inductive thematic content analysis

feedback loop
|
CHIA Step 4: Public Review — Data Integration N
(PAR: Reflection) 1
Convergent mixed-methods integration: I
quantitative results presented to community; I'

qualitative themes explain and contextualize patterns

!
I
/

CHIA Step 5: Decision-Making — Policy Development !
(PAR: Action / Negotiation) ,'

Four policy proposals: environmental & pollution )

management; community food security; information & /

surveillance systems; community capacity strengthening ,’
/
/
/

CHIA Step 6: Public Monitoring & Evaluation
(PAR: new cycle — Reflection/Planning)
Proposed ongoing monitoring to inform
future screening and scoping

Figure 2. Figure 2. CHIA/PAR process flowchart illustrating the six-step CHIA framework, from screening and
scoping (Steps 1-2) through data collection (Step 3), data integration (Step 4),
and policy development (Step 5) to monitoring and evaluation (Step 6),

aligned with the PAR cycle (planning, action, and reflection).
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3. Results
3.1 General characteristics of the sample

Among the 407 participants in the quantitative group, the majority were male (51.4%), with a
mean age of 52.9 years (5.D. = 11.2; age range: 15-80 years). The Baby Boomer group (54-72+ years)
accounted for the largest proportion (53.1%), followed by Generation X (38-53 years) at 37.3%. Most had
completed primary education (54.8%), were married (81.8%), and had lived in the community for more
than 20 years (90.7%). Among the 407 participants in the quantitative group, the majority were male (51.4%),
with a mean age of 52.9 years (S.D. = 11.2; age range: 15-80 years). The Baby Boomer group (54-72+ years)
accounted for the largest proportion (53.1%), followed by Generation X (38-53 years) at 37.3%. Most had
completed primary education (54.8%), were married (81.8%), and had lived in the community for more
than 20 years (90.7%). General laborers accounted for 45.9% of participants; 73.7% had a total family
income exceeding 10,000 THB/month, and 65.8% relied on markets and shops as their main food source.

Details are presented in Table 2.

3.2 Food security dimensions
The assessment of food security across the four core dimensions revealed that the overall
level was moderate (X = 3.67, S.D. = 0.72), as shown in Table 3. The food availability dimension was at a
high level (X = 3.74, S.D. = 0.87); the food access dimension was at a high level (X = 3.76, S.D. = 1.27); the
food utilization dimension was at a moderate level (X = 3.54, S.D. = 0.74); and the food stability dimension
was at a moderate level (X = 3.65, S.D. = 1.25). The relatively high standard deviations observed across
several dimensions (S.D. ranging from 1.25 to 1.27) reflect considerable variation in food security experiences

among households in Huai Yang Subdistrict.

Table 2. General characteristics of respondents (n = 407)

Characteristics Number Percentage
Sex
Male 209 51.4
Female 198 48.6
Age group
Baby Boomer (54-72+ years) 216 53.1
Generation X (38-53 years) 152 37.3
Generation Y/Z (15-37 years) 39 9.6
Education level
Primary school 223 54.8
Secondary school 89 21.9
High school/Vocational 57 14.0
Bachelor’s degree and above 38 9.3
Marital status: married 333 81.8
Residence > 20 years in community 369 90.7
Family income > 10,000 THB/month 300 73.7
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Table 3. Food security dimensions (n = 407)

Dimension X S.D. Level

1. Food availability 3.74 0.87 High

2. Food access 3.76 1.27 High
3. Food utilization 3.54 0.74 Moderate
4. Food stability 3.65 1.25 Moderate
Overall 3.67 0.72 Moderate

Note: Score interpretation: High = 3.68-5.00; Moderate = 2.34-3.67; Low = 1.00-2.33

3.3 Strategies for building food security
The assessment of five household food security strategies revealed that the overall level was

moderate (X = 3.34, S.D. = 0.66). The family understanding strategy was at a high level (X = 3.75,

S.D. = 0.81). The self-reliance strategy was at a moderate level (X = 3.08, S.D. = 0.87), the social support
strategy was at a moderate level (X = 3.40, S.D. = 0.84), the supplementary income strategy was at a
moderate level (X = 3.15, S.D. = 0.71), and the climate change adaptation strategy was at a moderate level

(X = 3.33,S.D. = 1.06), as shown in Table 4.

Table 4. Food security strategy levels (n = 407)

Strategy X S.D. Level
1. Self-reliance 3.08 0.87 Moderate
2. Social support 3.40 0.84 Moderate
3. Family understanding 3.75 0.81 Hich
4. Supplementary income 3.15 0.71 Moderate
5. Climate change adaptation 3.33 1.06 Moderate
Overall 3.34 0.66 Moderate

Note: Score interpretation: High = 3.68-5.00; Moderate = 2.34-3.67; Low = 1.00-2.33

3.4 CHIA process outcomes and policy proposals

Results from all six CHIA steps showed that the community expected the rubber processing
plant to generate both positive and negative impacts on food security. Expected positive impacts included
job creation and supplementary income for community workers (23.1% of respondents) and expanded
market channels for rubber farmers. Expected negative impacts included water and air pollution (hydrogen
sulfide gas [H2S] and odor) and threats to biodiversity, ricefield crabs, apple snails, and wild vegetables,
which are important natural food sources. These concerns were shared by 94.3% of respondents. Notably,
79.1% agreed with building cooperation among the community, the plant, and government agencies, and
residents had already begun natural-resource monitoring.

Inductive content analysis of the qualitative data identified four thematic codes: economic
impacts, pollution risks, impacts on natural food sources and biodiversity, and community—plant-
government cooperation. These were consistent with and supported the quantitative findings above. The
CHIA process also reflected key PAR dynamics: joint learning through focus groups and community forums,
consensus-building on impact issues, and policy negotiation between community representatives and local
officials. This process further built community capacity, as residents developed water-quality monitoring

skills and a network of community leaders emerged to continue addressing environmental health issues.
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These outcomes were not derived from descriptive statistics alone; the four policy proposals
emerged iteratively through the public review and decision-making steps, in which community
representatives examined the quantitative results, discussed underlying causes, and, together with local
officials, academic facilitators, and the plant operator, negotiated feasible, context-specific measures:
(1) Environmental and pollution management: a local ordinance setting wastewater discharge standards in
line with Industrial Estate Authority of Thailand Notification No. 029/2567 (effective 28 May 2024), with
water-quality monitoring points along the Huai Yang stream and its six natural water sources, focused on
controlling hydrogen sulfide gas (H2S), the primary pollutant from high-sulfate rubber-industry wastewater;
(2) Community food security: a natural food source conservation zone (rice-field crabs, apple snails, wild
vegetables) across the Huai Yang watershed (6-10 villages), together with a community seed bank, to guard
against contamination from plant effluent; (3) Information and surveillance systems: a community food
resource map and early-warning system linked to the database of the subdistrict health-promoting hospital,
and (4) Community capacity strengthening: a permanent subdistrict-level CHIA working group, with
representatives from all 19 villages, the plant, and Huai Yang Subdistrict Municipality, serving as an ongoing
mechanism for negotiation and monitoring, and positioning the area as a subdistrict-level CHIA model for
other communities facing industrial development.

Qualitative accounts corroborated these proposals. Participants noted that the plant could
ease seasonal unemployment, which currently requires community members to travel outside the area for
work, consistent with the 23.1% of respondents who expected increased employment and income.
Participants also raised concerns that wind-borne odor and wastewater could affect daily life and nearby
agriculture, consistent with the literature identifying H2S as the primary pollutant from high-sulfate rubber
wastewater. One participant described competition over natural resources: “there used to be enough,
but people from outside the community collect them to sell.” Most participants supported joint monitoring
and clear complaint channels among the community, the plant, and government agencies, consistent

with the 79.1% of respondents who agreed with building such cooperation.

4. Discussion

The main finding of this study is that the CHIA process can serve as a concrete “linking mechanism”
between household-level food security data and the development of area-level public policy proposals.
That is, the results of the food security assessment (four core dimensions) and the community's self-reliance
strategy were not merely descriptive outcomes, but were used as an empirical evidence base for
formulating all four policy proposals through a participatory process. This discussion is therefore organized
in that order, beginning with an interpretation of the observed food security levels, linking them to the role
of the CHIA process, and leading to the specificity of the policy proposals within the context of the study
area.

This study found that overall food security was at a moderate level (X= 3.67), consistent with
FAQ's food security framework, which states that food security refers not only to having enough food, but
also encompasses access, utilization, and stability (FAO et al., 2024). The food access dimension (X= 3.76)
showed the highest mean because Huai Yang Subdistrict is rich in natural resources, with six natural water
sources and diverse community markets, enabling residents to access food from both natural and market
sources. However, the food utilization dimension (X= 3.54) showed the lowest mean of the four core
dimensions. This may reflect the economic vulnerability of smallholder farming households that rely on

income from general wage labor (45.9%), which may be affected by labor market fluctuations, particularly
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as the industrial sector moves into the area. This finding is consistent with Niederdeppe et al. (2025), who
emphasized the importance of health communication and building community awareness to cope with
economic and social change.

The community's family understanding strategy showed the highest mean (X= 3.75), highlighting
household cohesion as a key strength in coping with change. By contrast, the self-reliance strategy
(X= 3.08) showed the lowest mean among the five strategies. The community's continued reliance on
external income sources may limit self-sufficiency. The arrival of the plant may help create some
employment opportunities, but complementary measures are needed to strengthen household
self-reliance (World Health Organization (WHO), 2022).

The CHIA process, which applies the principle of participation by residents and all sectors, was
found to be effective as a joint forum for data collection, impact analysis, and policy development (National
Health Commission Office (NHCO), 2022). In particular, the finding that 79.1% of residents agreed with
building cooperation among the community, the plant, and government reflects the community's readiness
to work together, which is a key factor in driving public policy (Promthong et al., 2025). The findings of this
study are also consistent with Cornish et al. (2023), who noted that PAR is a research process that values
communities' experiential knowledge in bringing about sustainable social change, and with approaches to
building community power in primary health care through PAR (Mabetha et al., 2023), which similarly
emphasize the importance of sustainable collaborative structures between communities and local
administrative organizations.

The contribution of this study to knowledge of CHIA lies in demonstrating that the six-step CHIA
framework can be effectively integrated with a food security assessment comprising four core dimensions,
an approach that has not previously appeared in CHIA studies in Northeastern Thailand. In particular, the
development of a community food resource map and a community-based water-quality monitoring system
represents a new component that extends the standard CHIA framework and can be applied in other areas
where industrial plants are located near communities. This is consistent with the work of Promthong et al.
(2025), which confirms CHIA's potential to support area-level policy, particularly in the context of Thai local
administrative organizations, which vary widely in geography and culture.

The finding regarding community concern over the plant's potential impact on natural food sources,
particularly the risk to water quality in the Huai Yang stream and its six natural water sources, is an important
issue requiring urgent management, since these water sources serve as natural food sources (rice-field crabs,
apple snails, and wild vegetables) for 6-10 villages, consistent with WHO (2024), which emphasizes that
water and food safety are fundamental to community health security. Regarding the use of technology and
innovation in community health communication, developing a community early-warning system and a
community food resource map would help improve the efficiency of monitoring and responding to food
security situations (Olawade et al., 2023).

Nonetheless, these findings should be interpreted critically, not merely to confirm prior research.
The consistency with Pasetto et al. (2024) and Qi & Xu (2024) is notable, since those studies, like this one,
involved communities located near industrial plants; however, those studies examined contexts where the
plants were already in operation, whereas this study conducted the community-based health impact
assessment before the plant began production. Moreover, whereas Qi & Xu (2024) found that green
industrial agglomeration was generally associated with improved health outcomes, this study instead found
predominantly negative community concerns about food-security impacts at the household level. This
difference likely reflects context-specific factors in Huai Yang Subdistrict: the rubber processing plant in this
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study is a single large Category 3 facility rather than a diverse industrial cluster; the affected population
relies directly on nearby natural water sources for food (rather than solely on formal markets); and the
community still lacks institutional monitoring capacity compared with the more industrialized contexts
examined in those studies. This suggests that the health and food-security impacts of industrial
development are not uniform, but are shaped by the type and scale of industry, the community's level of
dependence on natural resources, and the strength of local governance and monitoring systems (Pasetto
et al,, 2024).

The practical implications of these findings extend to multiple stakeholders. For local government
agencies, the four policy proposals represent a concrete, negotiated agenda that can be incorporated into
local development plans and ordinances. For environmental regulatory agencies, community-based water-
quality monitoring highlights the value of integrating citizen-generated data with formal regulatory
monitoring, particularly for pollutants such as hydrogen sulfide gas, which are difficult to monitor
continuously by other means. For public health practitioners, this study demonstrates a replicable method
for linking household-level food security assessment with community-based health impact assessment,
applicable to other communities located near industrial plants. For civil society organizations, this study
demonstrates that systematic participation throughout every step of CHIA, rather than at a single point of
consultation, can translate lived experience into negotiated policy commitments.

This study has several limitations. First, the quantitative assessment was cross-sectional, capturing
food security at a single point in time, and therefore cannot support causal inferences about the plant's
long-term impacts. Second, the study was conducted in a single subdistrict (Huai Yang) surrounding a single
rubber processing plant, which limits the generalizability of the findings to other areas and industry types;
transferability to other contexts should be assessed by comparing area conditions (resource dependence,
industry type, governance capacity) rather than assumed. Third, because both quantitative and qualitative
participants were residents directly affected by and involved in the CHIA process, the findings may carry
participation bias toward those most affected by or involved with the plant's impacts, while those less

involved or who benefited directly from plant employment may be underrepresented.

5. Conclusions and recommendations

This study demonstrates that the six-step CHIA process can serve as an effective tool for developing
area-level public policy proposals. Huai Yang Subdistrict's overall food security level was moderate (X=
3.67), with strengths in food access (X= 3.76) and the family understanding strategy (X = 3.75), but relatively
lower scores in food utilization (X= 3.54). The community anticipatedthat once the rubber processing plant
began operations, it would generate both positive and negative impacts on food security, and the four
policy proposals derived from the CHIA process covered environmental measures, food security,
information systems, and community strengthening.

Recommendations: (1) Huai Yang Subdistrict Municipality should incorporate the proposals into its
local development plan and ordinances; (2) NHCO should promote this CHIA process as a model for other
areas facing industrial development in Northeastern Thailand; (3) the plant's long-term impact on water
quality and agricultural yield should be monitored (= 3 years); and (4) the relationship between food security
and community health status should be studied using chronic-disease and nutritional indicators.

Future research should (1) track food security and water-quality indicators over the long term (> 3
years) to build clearer causal evidence; and (2) replicate this CHIA food security integration model in

communities near other industry types (e.g., mining, agro-processing) in Northeastern Thailand.
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Abstract

Wolffia globosa, a nutrient-dense aquatic plant native to Southeast Asia, has gained attention as a
sustainable source of protein and bioactive compounds. However, post-harvest processing often
compromises its visual appeal and functional properties. This study investigates the effect of magnesium
sulfate (MgSQOq) solution pretreatment on color retention and antioxidant properties of dried Wolffia. Fresh
Wolffia were blanched in varying concentrations of MgSQO4 at 0.1%, 0.3%, 0.5%, and 0.7% w/v and dried
under controlled conditions. Color parameters including lightness (L*), redness/greenness (a*), and
yellowness/blueness (b*) were measured using a spectrophotometer, while antioxidant activity was
assessed via DPPH radical scavenging assay and FRAP assay. Results indicated that while the 0.7% w/v MgSOq4
treatment yielded the highest total chlorophyll content (6,147.31 mg/kg), this chemical retention did not
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translate to color preservation. MgSOa pretreatments significantly decreased lightness (L*) and greenness
(resulting in less negative a* values compared to the unblanched control) (p < 0.05). Furthermore, the
pretreatments caused a significant reduction in total phenolic content and antioxidant capacity compared
to the control dried Wolffia (p < 0.05). These findings suggest that while MgSO4 blanching effectively protects
chlorophyll chemically, it negatively impacts the greenness, lightness, and antioxidant properties of dried
Wolffia. Therefore, the trade-off between chlorophyll stabilization and the loss of color quality and
functional compounds must be carefully evaluated for product applications.

Keywords: Wolffia, Magnesium sulfate solution, Color retention, Antioxidant properties, Chlorophyll content

1. Introduction

Wolffia globosa, commonly known as watermeal, is the smallest flowering plant on Earth and a
promising source of plant-based protein, dietary fiber, and bioactive compounds. Indigenous to Southeast
Asia, Wolffia has long been consumed in traditional diets and is now gaining global attention as a sustainable
ingredient for functional foods and nutraceuticals due to its nutritional composition and potential for human
food applications (Appenroth et al., 2018). Its rapid growth rate, minimal land requirement, and high
nutritional density position it as a strategic crop for addressing food security and environmental sustainability
(Appenroth et al., 2018; Masavang et al., 2022).

Despite its nutritional potential, the commercialization of Wolffia-based products faces challenges
related to post-harvest stability, particularly in maintaining visual appeal and bioactivity during drying and
storage. Color degradation and loss of antioxidant capacity are common issues that compromise consumer
acceptance and functional efficacy (Oliveira et al,, 2016). These changes are often driven by enzymatic
browning, pigment oxidation, chlorophyll degradation, and structural damage during thermal processing or
inappropriate drying conditions, which may reduce nutritional value and bioactive compounds in dried
duckweed products (Kaur et al., 2018; Prosridee et al., 2023). Therefore, pretreatment strategies that can
improve color retention while minimizing the loss of bioactive compounds are important for the
development of dried Wolffia products (Minh et al., 2019).

Magnesium sulfate (MgSQa), a food-safe inorganic salt, has been investigated for its potential role
in pigment stabilization, particularly in relation to chlorophyll-containing materials. Mg2+ ions are associated
with the structural stability of chlorophyll, in which magnesium is located at the center of the porphyrin
ring; displacement of this central Mg2+ during processing can promote the conversion of chlorophyll to
pheophytin, resulting in dull green or brownish discoloration (Bohn et al., 2004). Previous studies have
suggested that MgSO, or salt-assisted blanching can help retain color and chlorophyll content in dried
Wolffia, although its effect on antioxidant-related properties may vary depending on processing conditions
and the leaching of water-soluble phenolic compounds during blanching (Workneh et al., 2014; Khan et al,,
2022; Doungtip et al., 2025).

Although MgSQO4 has been reported to contribute to pigment retention, its application as a
pretreatment for aquatic plants such as Wolffia globosa remains insufficiently clarified, particularly when
visual quality and functional properties are evaluated together. In addition, limited information is available
on the trade-off between chlorophyll retention and the possible reduction of phenolic content and
antioxidant activity caused by blanching. Therefore, this study aimed to evaluate the effects of MgSOa4
solution pretreatment at different concentrations on color characteristics, water activity, proximate

composition, total phenolic content, antioxidant properties, and chlorophyll content of dried Wolffia

Journal of SciTech-ASEAN 2



‘JS_JLA‘ Volume 6 Number 2 (July-December 2026)

globosa. The findings are expected to provide useful information for optimizing pretreatment conditions
that balance visual quality and functional properties in dried Wolffia products.

2. Materials and methods
2.1 Preparation of Dried Wolffia
Fresh Wolffia globosa samples were collected from Tonkla Bon Din Community Enterprise,
Ban Bueng, Chonburi and thoroughly rinsed with distilled water to remove surface impurities. The samples
were drained to remove excess surface water before treatment. The study was designed to evaluate one
control and four MgSOq pretreatment conditions. The control consisted of fresh Wolffia that was rinsed and
drained without MgSO4 pretreatment, while the treated samples were blanched in MgSOg4 solutions at
concentrations of 0.19%, 0.3%, 0.5%, and 0.7% (w/v). A fixed sample-to-solution ratio of 500 g of powder /
1 L of solution was used for all treatments. Each treatment involved immersing the samples in the
respective MgSOq solution at 80 °C for 3 min. After blanching, the samples were immediately cooled in cold
water (4-8 °C) for 10 min and drained for 30 min to ensure uniform moisture removal before drying. All
samples were dried in a hot-air oven at 50 °C for 8 h or until the samples reached a moisture content of
10%. The dried samples were then ground using a laboratory grinder and passed through a 100-mesh sieve.
The ground samples were stored in aluminum foil pouches protected from light at 4-8 °C until analysis.
2.2 Percent Yield of Dried Wolffia
The percent yield of dried Wolffia was calculated to determine the mass recovery after
pretreatment and drying. The initial fresh weight of each sample was recorded before pretreatment, and
the dried sample weight was recorded after hot-air drying. The percent yield was calculated using the

following equation:

Dried sample weight

X 100 (1)

Yield (%) =
eld (%) Initial fresh weight

2.3 Color Analysis Using the CIE L*a*b* System
Color parameters—Lightness (L¥), redness/greenness (a*), and yellowness/blueness (b*), were
measured using a spectrophotometer (CM-3500d, Konica Minolta, Japan). Color values were expressed
according to the CIE L*a*b* system, where L* represents lightness, a* indicates redness (+a*)/greenness
(-a%), and b* indicates yellowness (+b*)/blueness (-b*). Dried Wolffia powder that had passed through a
100-mesh sieve was placed in a flat, opaque sample holder to minimize external light interference and
ensure uniform sample presentation. The surface was leveled to minimize shadows or uneven reflection,
allowing for consistent instrumental color measurement of the powder samples. Color measurements were
performed at 3 different points in triplicate for each treatment, and the results were expressed as mean =
standard deviation.
2.4 Water Activity Analysis
Water activity (aw) of dried Wolffia samples was measured using a water activity meter
(Series 3 TE, Aqua Lab, USA) at temperature, at 25 + 2 °C. Dried Wolffia powder that had passed through a
100-mesh sieve was placed in the sample cup to an appropriate depth according to the instrument
requirements, and measurements were performed in triplicate for each treatment. Values are expressed on
a scale from 0 to 1, where 1.0 represents pure water. The results were reported as mean + standard

deviation.
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2.5 Chemical Composition Analysis
Moisture, ash, crude protein, crude fat, and crude fiber contents were determined according
to the Official Methods of Analysis of AOAC INTERNATIONAL (2023) using AOAC Official Methods 925.10,
923.03, 981.10, 920.39, and 962.09, respectively. Protein content was determined using a nitrogen-to-protein
conversion factor of 6.25. Carbohydrate content was calculated by difference as follows:

Carbohydrate (%) = 100 — [moisture (%) + protein (%) + fat (%) + ash (%) + crude fiber (%)] (2)

All analyses were performed in triplicate, and the results were expressed as mean +
standard deviation.
2.6 Antioxidant Properties
Dried Wolffia powder extract was prepared using a modified method described by Yadav et al.
(2024). Briefly, 0.2 ¢ of dried Wolffia powder was extracted with 10 mL of distilled water. The mixture was
sonicated at 4 + 2 °C, frequency of about 120 kHz for 25 min, followed by centrifugation at 9,000 rpm for
15 min at 4 + 2 °C. The supernatant was collected and used for the analysis of antioxidant properties and
total phenolic content. All analyses were performed in triplicate, and the results were expressed as mean
+ standard deviation.
2.6.1 DPPH Radical Scavenging Assay
DPPH radical scavenging activity was determined according to Maduwanthi & Marapana
(2021), with slight modifications. The extract (0.1 mL) was mixed with 0.02 mM DPPH solution (10%) in
ethanol, (1 mL), vortexed, and incubated in the dark for 30 min at room temperature. Absorbance was
measured at 517 nm using a spectrophotometer (UVmini-1240, Shimadzu, Japan). Trolox 10 - 100 pg/ml
was used to construct the standard curve, and the results were expressed as mg Trolox equivalent/g
sample.
2.6.2 Ferric Reducing-Antioxidant Power (FRAP) Assay
FRAP assay was performed according to Kubola & Siriamornpun (2008), with slight
modifications. The FRAP reagent was prepared by mixing 300 mM acetate buffer, 20 mM FeCl3-6H20, and
10 mM TPTZin 40 mM HCl at a ratio of (ratio, e.g., 10:1:1). The extract (20 pL) was mixed with FRAP reagent
(150 uL) and 30 pL of acetate buffer and incubated at 37 °C for 4 min. Absorbance was measured at 593
nm using a spectrophotometer. Ferrous sulfate (0.1-1.0 mM) was used to construct the standard curve, and
the results were expressed as pmol Fe(ll)/g sample.
2.6.3 Total Phenolic Content
Total phenolic content was determined using a modified Folin-Ciocalteu colorimetric
method described by Wolfe et al.(2003). The extract (20 pL) was mixed with 10% of Folin—Ciocalteu reagent
(110 uL) and allowed to react for 6 min. Then, 10% of sodium carbonate solution (70 pL) was added, and
the mixture was incubated for 30 min at room temperature in the dark. Absorbance was measured at 765
nm using a spectrophotometer. Gallic acid (15-270 pug/ml) was used to construct the standard curve, and
the results were expressed as mg gallic acid equivalent/g sample.
2.7 Total Chlorophyll Content
Chlorophyll a, chlorophyll b, and total chlorophyll contents were determined according to
Rajput & Patil (2017), with slight modifications. Briefly, 1.0 ¢ of dried Wolffia powder was extracted with 80%
acetone under light-protected conditions and centrifuged at 5,000 rpm for 5 min. The supernatant was
collected and adjusted to a final volume of 100 mL with 80% acetone. The absorbance of the extract was

measured at 645 and 663 nm using a spectrophotometer. All analyseswere performed in triplicate. To align
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with the reported results, chlorophyll contents were calculated and expressed as millisrams per kilogram
(mg/kg) of sample using the following equations:

\%
Chlorophyll a (mg/kg) = [(12.7 X A663) — (2.69 X A645)] X w (3)
\%
Chlorophyll b (mg/kg) =[(22.9 X A645) — (4.68 X A663)] X W (4)
\%
Total chlorophyll (mg/kg) = [(20.2 X A645) + (8.02 X A663)] X W (5)

where
A645 and A663 are the absorbance values measured at 645 and 663 nm, respectively
V is the final volume of the extract (mL)

W is the sample weight (g).

2.8 Statistical Analysis
The experiment was designed using a completely Randomized Design (CRD). Data were
expressed as mean + standard deviation (SD) from triplicate analyses (n = 3), unless otherwise stated.
Statistical differences among treatments were analyzed using one-way analysis of variance (ANOVA) at a
significance level of p < 0.05. Differences among treatment means were further evaluated using Duncan’s
multiple range test. Statistical analyses were performed using IBM SPSS Statistics version 27.0 (IBM Corp.,
Armonk, NY, USA).

3. Results
3.1 Percent yield and water activity of dried Wolffia

After drying, the percent yield of dried Wolffia decreased significantly with increasing MgSQOaq
concentration (Table 1). The untreated dried Wolffia (control) sample showed the highest yield (%) of
3.74 + 0.05. As the MgSQ4 concentration increased from 0.1% to 0.7%, the yield continuously declined from
3.63 + 0.09 to the lowest value of 3.22 + 0.02. In contrast, the water activity (aw) values of all MgSOq-treated
samples were significantly higher than that of the untreated sample (0.49 + 0.01). However, the a, values
did not increase proportionally with the MgSO4 concentration. The highest a,, value was observed in the
0.1% MgSQOq treatment (0.58 + 0.01). When the MgSOq4 concentration increased to 0.3%, 0.5%, and 0.7%,
the aw values decreased slightly to 0.53 + 0.01, 0.53 + 0.01, and 0.52 + 0.01, respectively, but remained
higher than the control.

Table 1. Percent yield and water activity (aw) of dried Wolffia under different MgSOq4 blanching

concentrations

Treatment Yield (%) By

Dried Wolffia 3.74+0.05° 0.49+0.01°
MgSQa4 0.1 % 3.63+0.09° 0.58+0.01°
MgSQq 0.3 % 3.53+0.04° 0.53+0.01°
MgSQq 0.5 % 3.34+0.02° 0.53+0.01°
MgSQ4 0.7 % 3.22+0.02° 0.52+0.01°

Note: Data are expressedas mean + standard deviation (n=3). Different superscript letters (a—-e) within the same column indicate significant differences
(p < 0.05).
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3.2 Color analysis using CIE L*, a*, b* system of dried Wolffia
After drying, MgSOq blanching significantly affected the color values of dried Wolffia (Table 2).
Compared with the untreated dried Wolffia, all MgSOq-treated samples exhibited significantly lower L*
values (ranging from 15.41 + 0.29 to 16.89 + 0.33, compared to 21.88 + 0.18 for the control), indicating
reduced lightness and a darker appearance. The b* values also decreased after MgSOa treatment (from
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20.66 + 0.25 to a range of 14.35-15.14), suggesting a reduction in yellowness. For the a* value, all samples
remained in the negative range, indicating the presence of green pigment. However, MgSO,-treated samples
showed significantly less negative a* values (-3.18 to -4.16) than the untreated control (-5.40). Since all
measured a* values were well below zero, this shift must be interpreted strictly as reduced greenness
rather than an increase in redness. The visual appearance of the samples shown in Figure 1 is highly
consistent with these instrumental color results. As depicted, the untreated dried Wolffia (T1) displays a
vibrant, lighter green color, which directly corresponds to its higher L* (lightness), higher b* (yellowness),
and more negative a* (stronger greenness) values. In contrast, the MgSOq-treated samples (T2-T5) generally
appear visually darker, duller, and less intensely green, accurately reflecting the objective

spectrophotometric measurements of reduced lightness, reduced greenness, and reduced yellowness.

Table 2. Color values (L*, a*, and b*) of dried Wolffia under different MgSO4 blanching concentrations

Treatment Color values

LZ a* b*
Dried Wolffia 21.88+0.18° -5.40+0.05° 20.66+0.25°
MgSOq 0.1 % 15.41+0.29° -3.18+0.04° 15.14+0.23
MgSQq 0.3 % 16.89+0.33" -3.74+0.04° 14.83+0.11°
MgSOq 0.5 % 16.24+0.09" -4.16+0.02° 14.35+0.02°
MgSO4 0.7 % 16.22+0.62° -4.13+0.08° 14.89+0.29°

Note: Data are expressedas mean + standard deviation (n=3). Different superscript letters (a—d) within the same column indicate significant differences
(p < 0.05).

Dried Wolffia MgSOq 0.1 % MgSOq 0.3 % MgSQq 0.5 % MgSOq 0.7 %

Figure 1. Appearance of dried Wolffia under different MgSO4 blanching concentrations

3.3 Chemical composition of dried Wolffia
After drying, the proximate composition of dried Wolffia was significantly affected by the
MgSQq blanching treatments (Table 3). It was observed that blanching with higher concentrations of MgSOq
solution resulted in a significant increase in carbohydrate content. The carbohydrate content rose
continuously from 50.42 + 0.01 in the untreated dried Wolffia to the highest value of 55.07 + 0.03 in the

Journal of SciTech-ASEAN 6



0.7% MgSQq treatment. Conversely, increasing the MgSOq concentration led to a significant decrease in
protein content, which declined from 18.49 + 0.02% in the control to 16.06 + 0.01 in the 0.7% treatment.
Additionally, the ash and crude fiber contents generally decreased at higher MgSO4 concentrations
(0.3%-0.5%) compared to the 0.1% treatment, although the crude fiber content exhibited a notable
recovery at the 0.7% concentration (11.25 + 0.02).
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Table 3. Proximate composition of dried Wolffia samples under different MgSO4 blanching concentrations.

Treatment Moisture (%) Protein (%)  Fat (%) Ash (%)  Fiber (%) Carbohydrate (%)
Dried Wolffia  10.45+0.05°  18.49+0.02°  3.92+0.01° 4.91x0.01° 12.16+0.01°  50.07+0.01°
MgSOq 0.1 %  10.80+0.10°  17.55+0.06° 4.89+0.01%° 4.56+0.01° 11.25+0.02°  61.75+0.05°
MgSO4 0.3 %  10.35+0.05™  16.92+0.10° 4.90+0.01°  4.34+0.01°  10.73+0.01°  64.23+0.07°
MgSO; 0.5 %  10.38+0.02  16.50+0.10° 4.81+0.01° 4.30+0.01°  9.61x0.01Y  64.96+0.19"
MgS040.7 %  10.32+0.02°  16.06+0.01° 3.00£0.10°  4.30+0.02°  9.43+0.01°  65.39+0.02°

Note: Data are expressedas mean + standard deviation (n=3). Different superscript letters (a—e) within the same column indicate significant differences
(p < 0.05).

3.4 Total phenolic content and antioxidant properties of dried Wolffia

The total phenolic content and antioxidant properties of dried Wolffia samples are presented
in Table 4. The untreated dried Wolffia showed the highest total phenolic content (4.25 + 0.05 mg GAE/g
sample) and DPPH radical scavenging activity (4.50 + 0.18 mg Trolox eq./g sample). MgSO. blanching
generally reduced total phenolic content and DPPH activity compared with the untreated sample. Among
the MgSQOq-treated samples, the lowest total phenolic content and DPPH activity were observed in the 0.5%
MgSQq treatment, whereas the 0.7% MgSO4 treatment showed slightly higher values than the 0.5%
treatment.

For FRAP activity, the untreated dried Wolffia exhibited the highest value (44.73 + 0.43 umol
Fe(ll)/g sample). The 0.1% MgSQ4 treatment showed a comparable FRAP value (43.76 + 0.68 pmol Fe(ll)/g
sample) and was not significantly different from the untreated sample. However, FRAP values decreased
markedly in the 0.3-0.7% MgSO, treatments, with the lowest value observed in the 0.5% MgSO4 treatment.
Overall, MgSO4 blanching, particularly at concentrations of 0.3% and above, was associated with reduced

phenolic content and antioxidant activity in dried Wolffia.

Table 4. Total phenolic content and antioxidant properties of dried Wolffia.

Treatment Total phenolic content Antioxidant activity

(mg GAE/g sample)

DPPH (mg Trolox eq./g sample) FRAP (umol Fe(ll)/g sample)

Dried Wolffia 4.25+.0.05° 4.50+0.18° 44.73+0.43°
MgSQq 0.1 % 4.20+0.02° 4.10+0.02° 43.76+0.68"
MgSOq 0.3 % 2.20+0.02° 1.87+0.10° 19.48+0.74°
MgSQq 0.5 % 1.40+0.01° 1.02+0.03° 11.91+0.10¢
MgSO4 0.7 % 1.89+0.02¢ 1.56+0.02° 15.87+0.62°

Note: Data are expressedas mean + standard deviation (n=3). Different superscript letters (a—e) within the same column indicate significant differences
(p < 0.05).
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3.5 Total chlorophyll content of dried Wolffia
The chlorophyll a, chlorophyll b, and total chlorophyll contents of dried Wolffia samples are
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shown in Table 5. Overall, MgSO4 blanching treatments significantly enhanced the retention of both
chlorophyll fractions compared to the untreated control (p < 0.05). In the untreated dried Wolffia,
chlorophyll a and chlorophyll b contents were 2,862.05 = 0.01 mg/kg and 1,172.17 + 0.02 meg/kg,
respectively, resulting in a total chlorophyll content of 4,034.21 + 0.11 mg/kg. For the MgSO-treated
samples, both chlorophyll a and chlorophyll b levels were consistently higher than those of the control.
Across all treatments, chlorophyll a remained the dominant pigment fraction compared to chlorophyll b.
The 0.7% MgSOq4 treatment demonstrated the most effective pigment preservation, yielding the highest
concentrations of chlorophyll a (3,906.66 + 0.01 mg/kg), chlorophyll b (2,240.65 + 0.02 mg/kg), and total
chlorophyll (6,147.31 + 0.01 mg/kg). Interestingly, the pigment retention did not follow a simple linear
concentration-dependent trend; while the 0.3% MgSOq treatment showed highly effective retention
(chlorophyll a: 3,796.73 + 0.01 mg/kg; chlorophyll b: 2,109.86 + 0.02 mg/kg), a significant drop occurred at
0.5% MgSQq before reaching the maximum peak at 0.7%. These results indicate that MgSO4 blanching,
particularly at 0.7%, successfully protects both chlorophyll a and b molecules from degradation during the
drying process.

Table 5. Total chlorophyll content of dried Wolffia

Treatment Chlorophyll a Chlorophyll b Total chlorophyll
(mg/kg) (mg/kg) (mg/kg)
Dried Wolffia 2862.05+0.01° 1172.17+0.02° 4034.21+0.11°
MgSOq 0.1 % 3280.77+0.17° 1069.09+0.57¢ 4349.85+0.05¢
MgSOq 0.3 % 3796.73+0.01° 2109.86+0.02° 5906.59+0.04°
MgSQOq4 0.5 % 3315.41+0.01¢ 1530.41+0.01°¢ 4845.82+0.02°
MgSO4 0.7 % 3906.66+0.01° 2240.65+0.02° 6147.31+0.01°

Note: Data are expressedas mean + standard deviation (n=3). Different superscript letters (a—e) within the same column indicate significant differences
(p < 0.05).

4. Discussion

The application of magnesium sulfate (MgSQ4) blanching pretreatments significantly influenced the
physicochemical properties, proximate composition, and visual characteristics of dried Wolffia. The
observed decrease in percentage yield at higher MgSO4 concentrations could be attributed to the potential
loss of dry mass and the leaching of water-soluble compounds into the blanching medium. This leaching
mechanism might also explain the alterationsin proximate composition; as MgSO4 concentration increased,
protein content significantly decreased from 18.49% to 16.06%, while the relative carbohydrate proportion
increased continuously from 50.42% to 55.07%. Regarding water activity (aw), all MgSO.-treated samples
exhibited higher aw values compared to the unblanched control. A possible explanation for this anomaly
is that the combined thermal treatment and ionic stress might have altered the plant tissue structure,
potentially facilitating the release of previously bound water into the free water pool. However, within the
treated groups, increasing the MgSOq4 concentration from 0.1% to 0.7% resulted in a slight progressive
decrease in aw, which could reflect a concentration-dependent interaction between the sulfate salt and

water molecules (Fomenko et al., 2025).
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Despite the physical and compositional alterations, chemical analysis indicated that MgSOq
blanching, particularly at 0.7%, successfully retained higher levels of total chlorophyll compared to the
untreated control (Negi & Roy, 2000). It is hypothesized that the presence of exogenous Mg2+ jons during
thermal processing might help stabilize the chlorophyll structure and reduce its conversion to pheophytin,
although further mechanistic studies are required to confirm this direct ionic substitution or protection in
Wolffia. Interestingly, this enhanced chemical retention of chlorophyll did not translate to improved visual
green coloration. Both instrumental color analysis and visual observations demonstrated that MgSOq -
treated samples were significantly darker and less green than the control, as evidenced by decreased
lightness (L*) and less negative a* values. This discrepancy between chemical pigment content and visual
appearance could possibly be driven by non-enzymatic browning reactions during the extended drying
process, or by structural changes that altered surface light reflectance.

Furthermore, a significant trade-off was observed between chlorophyll retention and the
preservation of bioactive compounds. The MgSOq-treated dried Wolffia exhibited significantly lower total
phenolic content (TPC) and antioxidant activities (DPPH and FRAP) compared to the unblanched control.
While blanching is theoretically utilized to inactivate oxidative enzymes, the exposure to 80 °C for 3 mins
combined with an osmotic gradient from the salt solution might have facilitated the extensive leaching of
water-soluble phenolic compounds into the blanching water (Kim et al., 2013; Pichairat & Mahea, 2014).
The magnitude of this leaching loss profoundly outweighed any potential benefits of enzymatic inhibition.
Ultimately, while 0.7% MgSO4 pretreatment effectively maximizes chemical chlorophyll concentration, it
negatively impacts the overall visual lightness, visual greenness, and functional antioxidant capacity of the

final dried product.

5. Conclusions and recommendations

Blanching with magnesium sulfate (MgSQOa) solution significantly impacts the quality parameters of
dried Wolffia. While the treatment, particularly at 0.7% w/v MgSQs, effectively retains the highest levels of
chemically extracted total chlorophyll, this chemical retention does not translate to overall visual color
preservation. The MgSQOq pretreatment resulted in dried products that were visually darker and less green
compared to the unblanched control. Furthermore, the pretreatment caused a reduction in overall yield
and significantly decreased the total phenolic content and antioxidant capacity, likely due to the leaching
of water-soluble bioactive compounds. Consequently, the application of MgSO4 blanching presents a clear
trade-off between maximizing chemical chlorophyll retention and preserving both visual greenness and
functional antioxidant properties. Future studies should explore alternative processing conditions to better

balance these quality attributes and conduct sensory evaluations for further product applications.
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24h, CLG-DI-48h), n15tansnazdAn (CLG-AC-24h, CLG-AC-48h), n158 aanataulysiunuu (CLG-PP-24h), ANS
goumuteulyidaniaa (CLG-ACL-24h), uagnisldiaulesimndulunsney@iin (CLG-ACP-24h, CLG-ACP-48h) 1N
anmegnuuiigaumadl 37 °C Meghdluannznsngnaziiiu Adande sonislnerlada uazviliusisieiadeswin
wiswyionuds dregr9gniinszvinyilsidululasiasesieaninsalnd dunsusauuuiis ssnsuanasy
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Wo9) Nsganduuasdansbilewan (43) vesansaratuiieg e kasfanssunismineyyadaseAnilies nan1sfinw
wandlyiiiiuin CLG-ACP-20h T¥esasnandngsan (98.77 + 0.41%), Tuvauedl CLG-ACL-24h ssranuuTunalusiu
s aian (98.43 + 4.30%) | oifisuivanzmsimIend uq Wanun (p < 0.05) aansuvesaninsalnd
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idoudiduivslndidsstunsnerilumnsgiu CLG-AC-24h wag CLG-ACP-2ah uansiasazvoansdosiuuadiui
Us1aanloosu (1o 7.0) 7 95.97 + 3.82, WAy 94.80 + 0.87 AUARU CLG-AC-24h wag CLG-ACP-24h Wan <
Audnvazveansiinlily Tnefifosavauafiosnmlunisifaliy 100 + 0.01 fienududu 200 fadn3ude
10885 CLG-AC-20h waz CLG-ACP-20h WAAIAINITAANFULAIZSAATIT29 190-230 unluns luynzfinunis
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Abstract

The Asian red-tail catfish (Hemibagrus wyckioides) is a species of freshwater fish that is popular for
consumption in Thailand, especially its flesh. However, H. wyckioides bones are waste materials from
industrial processes with low economic value. This study aimed to compare methods for preparing
hydrolysed collagen peptides from H. wyckioides bone in terms of yield and total protein content, and to
examine their characteristic and functional properties. Hydrolysed collagen peptides were prepared under
five conditions: deionised water (CLG-DI-24h and CLG-DI-48h), acetic acid (CLG-AC-24h and CLG-AC-48h),
enzymatic digestion with papain (CLG-PP-24h), enzymatic digestion with Alcalase (CLG-ACL-24h), and
enzymatic digestion with pepsin in acetic acid (CLG-ACP-24h and CLG-ACP-48h). All conditions were
incubated at 37°C. The samples prepared under acidic conditions were neutralised, desalted by dialysis,
and then freeze-dried. The samples were characterised for their functional groups by Fourier transform
infrared (FTIR) spectroscopy. The amino acid composition was studied using thin-layer chromatography.
The percentage transmittance (%T) of the sample solution was analyzed using a spectrophotometer. This
included evaluating the foaming properties (foam formation and foam stability), the Ultraviolet (UV)
absorption of the sample solutions, and the DPPH radical-scavenging activity. The results showed that
CLG-ACP-24h exhibited the highest percentage yield (98.77 + 0.41%), whereas CLG-ACL-24h exhibited the
highest total protein content (98.43 + 4.34%), among all the preparation conditions (p < 0.05). The FTIR
spectra showed bands at 3400-3440 cm ! (amide A) and 1640-1655 cm” * (amide 1), corresponding to N-H
stretching and C=0 stretching vibrations, respectively. The amino acids identified in the samples by paper
chromatography, namely glycine, proline, and hydroxyproline, exhibited Retention factor (R¢) values similar
to those of the standard amino acids. CLG-AC-24h and CLG-ACP-24h showed %T in deionized water
(pH 7.0) of 95.97 + 3.82, and 94.80 + 0.87, respectively. CLG-AC-24h and CLG-ACP-24h exhibited foaming
characteristics with foam stability of 100 + 0.01% at a concentration of 20.0 mg/mL. CLG-AC-24h and
CLG-ACP-24h showed a main absorbance peak at 190-230 nm, whereas only weak absorption was observed
at 260-280 nm. CLG-AC-24h and CLG-ACP-24h exhibited DPPH radical scavenging activity of 32.95 + 7.68
and 31.03 + 5.45%, respectively. These findings suggest that H wyckioides bone, an industrial by-product,

may be an alternative raw material for the preparation of hydrolysate collagen peptides.

Keywords: Red-tailed mystus fish, Biomaterial, Inhibition, Functional food, Safety

1. Introduction

Collagens are the fibrous proteins localized in the extracellular matrix of connective tissue,
including vertebrate tendons, cartilage, and bones. They display the physiological function to support the
stability of cell structures. There have been reports of several collagens with animal origins, ranging from
Type | to XXViIl (Karsdal, 2023). Approximately 30 % of all animal proteins are found to be collagens
(Birk & Bruckner, 2005). Collagen type | is the most dominant collagen, with 90% of all collagen types.

Collagen's wide-ranging uses in cosmetics, food processing, and biomedical fields are driving strong global
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demand. As a result, the market was forecasted to nearly double from US$3.61 billion in 2016 to US$6.63
billion in 2025 (Orel et al., 2021; Wang, 2021). Previously, pigs and cows were considered the primary sources
of raw materials used to produce collagen (Ogawa et al., 2004; Orel et al.,, 2021). However, the use of pigs
and cows in collagen production is associated with several concerns: (1) religious restrictions (Islam,
Buddhism, Hinduism, and Judaism); (2) the risk of transmitting zoonotic diseases, such as foot-and-mouth
disease (FMD), bovine spongiform encephalopathy (BSE), and transmissible spongiform encephalopathy
(TSE), and (3) the potential for allergic reactions (Orel et al., 2021; Wang, 2021). Therefore, new sources of
collagen are being investigated.

Aquatic animals are an alternative source for gathering collagen. The freshwater and marine
organism industries produce a high number of processed byproducts, remarkably the fish processing
byproducts such as scales, skin, bones, and fins (Zhang et al., 2011; Chalamaiah et al., 2012; Nguyen & Thai,
2024). These sources are used for the preparation of bicactive peptides, including hydrolysate collagens
(Ishak & Sarbon, 2018; Abdo et al., 2023).

Improving the functional properties of proteins can broaden their range of applications. The
structure of proteins can be modified through several methods, including physical (heat, high-pressure
processing, ultrasound), chemical (acidic, alkaline, or saline), and biological (Jafari et al., 2020; Nguyen &
Thai, 2024; Kaya et al., 2025). The preparation of hydrolysed peptides using chemical methods, such as
sulfuric acid, causes an unpleasant odour (Kristinsson & Rasco, 2000; Pasupuleti & Demaimay, 2010).
Additionally, hydrochloric acid causes the loss of the amino acids tryptophan, cysteine, serine, and
methionine (Fountoulakis & Lahm, 1998). Protein breakdown by alkali (alkali hydrolysis) can cause some
amino acids to undergo racemisation, converting L-amino acids into D-amino acids, which cannot be utilised
by the body. In addition, this process degrades certain amino acids, such as arginine, threonine, and cysteine
(Friedman, 1999). Owing to these limitations, chemical preparation methods are not favoured in the food
industry. A widely used method is protease hydrolysis, because the enzyme exhibits high substrate
specificity and efficiently accelerates the breakdown of peptide bonds (Kadam & Aluko, 2026).

Generally, several process factors must be considered, including the enzyme-to-substrate ratio,
reaction duration, pH, and temperature. Therefore, controlling the optimal conditions for protease
hydrolysis affects the characteristics of the resulting hydrolysed peptide product (Jafari et al., 2020; Kaya
et al,, 2025). However, the main limitation of using enzymes is the high cost. Additionally, enzymes can
naturally degrade, which can lead to reduced biological activity. One possible solution is a hybrid or
integrated approach that combines chemical and biological (enzymatic) methods, which could help address
these limitations.

Red-tailed Mystus (Hemibagrus wyckioides), or red-tailed catfish, is a fish species in the family
Bagridae. The natural freshwater rivers are the habitat of H. wyckioides. The original distribution of
H. wyckioides was found along the Mekong River. With a body length of 130 cm and a weight of 80 kg, the
red-tail catfish is the largest member of the Bagridae family (Shao et al., 2021). H. wyckioides is a freshwater
fish species popular for consumption owing to its weaker fishy and muddy odour, flavourful flesh, and high
protein content. Moreover, H. wyckioides fish also exhibits strong disease resistance, rapid growth, and ease
of domestication, which contribute to its increased economic value (Shao et al., 2021; Zhou et al., 2023).
Based on the survey data on aquatic resources in Thailand, compiled by the Fisheries Development Policy
and Planning Division (2019) for the year 2019, statistics on freshwater aquaculture production were
collected. The data indicate that fish constitute the largest group of aquatic organisms of economic
importance, with Nile tilapia and catfish ranking as the top two species. According to the findings, freshwater
fish categorised under “other species” accounted for 4.26% of total production. This group generated
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economic value amounting to 899,669,000 baht from the total volume of all freshwater aquatic organisms.
Among these, the H. wyckioides represents a significant contributor to economic value. The total volume
of H. wyckioides reached 1,403 tonnes, with an aggregate market value of 144,646,000 baht. With the
increase in farming, consumer demand, and the expansion of the processing industry, the number of
by-products from H. wyckioides has also increased (Shao et al., 2021; Zhou et al., 2023).

However, studies on value-added utilisation of by-products from H. wyckioides fish remain limited,
especially data on the preparation of hydrolysed collagen peptides. Therefore, this study aimed to compare
three methods, chemical, biological (enzymatic), and a combination of both, for preparing hydrolysed
collagen peptides from H. wyckioides bone, and to examine their characteristics and functional properties.
The results of this study provide a method for preparing hydrolysed collagen peptides from H. wyckioides
bone, which possess several important biological and functional properties. These findings may contribute
to zero waste in the H. wyckioides processing industry and support the value-added utilisation of this
by-product.

2. Materials and methods

The experimental protocols used in this study were reviewed and approved by the Research Ethics
Committee of Rajamangala University of Technology Thanyaburi (Approval No. RMUTT.SCI. 2022.R009).

2.1 Materials and Chemicals

Nhan Tailed Mystus fish entrepreneur in Bangplee district, Samut Prakan province, Thailand,

purchased fresh H. wyckioides (Figure 1) from a Tantarum fish farm in Bangbao district, Samut Prakan
province, Thailand. This farm received the Certificate of Good Aquaculture Practice (GAP) from the
Department of Fisheries, Thailand. Glacial acetic acid, n-butanol, sodium hydroxide (NaOH), trichloroacetic
acid (TCA), and ethanol were obtained from RCl Labscan Limited (Thailand). The standard amino acids and
2,2-diphenyl-1-picrylhydrazyl (DPPH) and alcalase were purchased from HiMedia Laboratories Private
Limited (India) and Sigma Aldrich. Standard collagen peptides, Type | and Il, were bought from Nippi Peptide
FCP-EX-G (Japan) and 10KATE laboratory (Netherlands), respectively. Pepsin (activity, 3000NF) and papain

powder were ordered from Xi’an Pincredit Bio-Tech Co., Ltd (China).

Figure 1. Representative of 10 months red-tailed Mystus fish (H. wyckioides) from Tantarum fish farm in
Bangbao district, Samut Prakan province, Thailand. H. wyckioides is approximately 8-10 months of age.
The fish average weight of 1-1.2 kilograms each, which is the size at which they are sold to

the processing industry and restaurant businesses
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2.2 H. wyckioides bone preparation

In this research, H. wyckioides bones were supported by Nhan Tailed Mystus fish entrepreneur
in the amount of 50 kg. The fresh H. wyckioides bones were placed in an ice box to be transferred to the
laboratory. The bones were cut to the same size (2-5 cm). To remove the earthy odour, H. wyckioides
bones were weighed, and then placed into the chambers placed/ immersed/ submerged in ice-cold
deionized water (DI). The chambers containing H. wyckioides bones were sonicated using the 35 kHz normal
attitude ultrasonic bath (Sonorex digitec, Bandelin, Germany) at 4 °C, for 5 min, three times. The water was
transferred. Next, to remove the musty off-flavors, the bones were washed with 5% v/v of ice-cold acetic
acid at a ratio of 1:2 w/v. Then, the containers were sonicated using the same conditions. In the last step,
the bones were washed with ice-cold DI water, like the above technique. To enhance collagen purity,
non-collagenous proteins were removed using a method adapted from Chuaychan et al, (2015).
The deodorised bones of H. wyckioides were placed into the chambers containing ice-cold sterile 0.1 M
NaOH at 1:10 w/v. The containers were incubated at 4 °C for 2 h and this process was repeated three times.
The deproteinised bones were washed with ice-cold sterile DI water to neutral (pH 7.0). The nearly dry
bones were homogenised using a homogeniser at 10,000 rpm, 4 °C for 30 seconds. The homogenised bones
were equilibrated for use in the next procedure.

2.3 Collagen extraction process

Generally, there are various processes for extracting active peptides from fish waste
components, including acid, alkaline, and enzyme extraction under multiple conditions. In this study,
collagen-derived peptides from H. wyckioides bone were prepared using a method adapted by combining
approaches from several previous studies (Nagash & Nazeer, 2011; Jafari et al., 2020; Kaya et al., 2025).

In the initial step, the 20 ¢ of homogenate bones (dried weight average 6.22 g) was divided
into 8 groups, with 3 replicates per group. For the control group, 200 mL of ice-cold sterile DI water was
placed into an extraction chamber and then was shaken at 120 rpom and incubated at 37°C for 24-48 h.
The reaction was then terminated by immersing the extraction chambers in boiling water at 100°C for
5 min. The samples were collected and freeze-dried using a lyophiliser (OPERON, South Korea). In addition,
200 mL of 0.5 M sterile acetic acid and 1.0% w/v pepsin in 0.5 M acetic acid were added to the extraction
chambers for the chemical and combined chemical-biological methods, respectively. Then, the reactions
were incubated and shaken at the same temperature, speed, and duration as described for the control
group. However, the reaction in these chambers were stopped by titration with 10% w/v NaOH.
The supernatant of these conditions was collected and desalted by a 3.5 kDa cut-off dialysis bag in 6-fold
ice-cold sterile double-distilled water for four times. Then, the desalted supernatants of each condition
were frozen dry.

Moreover, for the biological method, 1.0% w/v papain and 1.0% w/v alcalase were added to
each chamber in the same volume as the above conditions. These extraction chambers were treated under
the same conditions as the control group, except that the incubation time was only 24 h. The reactions for
the papain and alcalase conditions were terminated by immersing in boiling water at 100°C for 5 min.
The supernatant from each condition was collected and dried using lyophilizer. The dried powder of the
hydrolysed collagen peptides was weighed to calculate the percentage yield, and the total protein content
was determined using the Kjeldahl method (AOAC, 2023). Dry weight, percentage sample recovery, and the
total protein contents under all conditions were statistically compared at a significance level of p < 0.05.

2.4 Determination of functional groups using Fourier transform infrared spectrum (FTIR)

Functional group analysis of the samples was performed by FTIR according to the standard

in-house method specified in the instrument's operating manual. Standard potassium bromide (KBr) was
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accurately weighed, finely ground using a mortar and pestle, and oven-dried to remove residual moisture.
A mass of 0.1 g of the dried KBr powder was immediately transferred to a desiccator. The powder was then
placed into a sample holder and compressed using a hydraulic press at a pressure of 10 MPa for 5 min to
form a KBr pellet. The prepared KBr pellet was stored in a desiccator prior to analysis. Approximately
0.001-0.005 g of the dried sample powder was thoroughly mixed with the KBr powder. The resulting mixture
was processed following the same procedure as that used for the standard KBr pellet preparation.
The sample-KBr pellet was subsequently analysed by Fourier-transform infrared (FTIR) spectroscopy
(SPECTRUM ONE, PERKIN ELMER, USA) in the spectral region of 400-4000 cm ™t (Yang et al., 2021), with an
absolute threshold of 0.0003 and a sensitivity of 37. The percentage transmittance was then recorded.
2.5 Determination of amino acids of digested collagen peptides using Thin-layer
chromatography (TLC)
The dried powder of CLG-STD-Il, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h were collected at
0.01 ¢ and placed into sterile microtubes. Then, 100 KL of 6 M hydrochloric acid (HC) was added into
microtubes, mixed vigorously, and incubated at 100°C for 120 h. The reactions were centrifuged at 3000
rom for 5 min. The clear supernatant was collected and neutralized for separation by paper
chromatography. The 0.01 g of the standard amino acids (glycine, proline, hydroxyproline, lysine, alanine,
leucine, and isoleucine) was dissolved in DI to 10 mg/mL. All standard solutions and supernatants of each
sample were spotted on the TLC sheet. The stationary phase was placed into the separating chamber that
contained the mobile phase (n-butanol: acetic acid: water, 3:1:1). The chamber was closed and incubated
until the mobile phase moved to the ending line. The stationary phase was oven to 100°C for 10 min. The
1.0% w/v of ninhydrin in ethanol was sprayed on the stationary phase and oven to 100°C for 10 min. The

retention factor (Rs) was analyzed according to the formula below.

Rr= X/Y (1)

X = The distance ending of sample spot (cm)
Y = The distance ending of the mobile phase (cm)

2.6 Investigation percentage transmittance (%T) of dissolved collagen hydrolysate peptides
The powder of CLG-STD-Il, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h was placed to tubes
and then dissolved by deionized water (DI) and 5.0% w/v trichloroacetic acid (5% w/v TCA) to a
concentration of 250 Mlg/mL. The mixture in each tube was vortexed gently for 5 min. The dissolved
samples were measured for % transmittance at the wavelength 600 nm using a UV-Vis spectrophotometer
(Thermo Scientific, Sweden).
2.7 UV-Vis Absorption Analysis
The purity of hydrolysate collagen peptides was modified according to a previous report by
Zhang et al, (2011). The 0.001g of CLG-STD-ll, CLG-DI-2d4h, CLG-AC-24h, and CLG-ACP-24h powder was
dissolved in DI water for 1.0 mg/mL preparation. The solution was placed into a quartz cell to determine
the absorbance values at wavelengths of 190-340 nm using the scanning mode of a UV-visible
spectrophotometer (FP-8500, JASCO, JAPAN), following a slightly modified method from Kaya et al., (2025).
The data was recorded and plotted in the graphs. The wavelength was set to the X-axis and paired with
the Y-axis as the absorbance values.
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2.8 Foam formation and foam stability assay

A slightly modified version of the procedure outlined by Naghdi et al., (2023) was used to
determine the foaming capacity and stability of the hydrolysed collagen peptides. The dried powder of
CLG-STD-ll, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h was dissolved in DI. The samples were prepared to
5, 10, and 20 mg/mL for 20 mL. The 20 mL of sample solution was investigated, and the pH value was then
placed into the 50 mL cylinder. The initial volume (Vi) was recorded. The homogenizer probe was positioned
into a cylinder and localized at a height of Vi. The homogenizer was turned on to produce the foaming for
1 min. The volume after homogenization was read and recorded as V1. The reaction was allowed to stand
at room temperature for 30 min, and then the foaming (V3) volume was recorded. Foaming and stability
were calculated following the equation below:

Foam expansion (%) = [(V1-Vi)/Vi] x 100
Foam stability (%) = [(V30-Vi)/(V1-V))] x 100

—~
W N
= =

2.9 Antioxidant activity assay

This study used a 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay to determine
the antioxidant potential of collagen and collagen peptides. This experiment was briefly modified from the
previously described one by Patathananone et al., (2019). The DPPH powder was dissolved in ethanol to a
concentration of 0.2028 mM. This solution was diluted two-fold using DI water. The 190 ML of 0.1014 mM
DPPH solution (0.1014 mM DPPH in 50% v/v ethanol) was subjected to wells of the 96-well plate. A 10 ML
aliquot of each sample solution (at an initial concentration of 500 Jlg/mL) was added to the DPPH solution.
The plate was incubated at 37°C in the dark for 30 min. The absorbance values were detected at a
wavelength of 515 nm using a microplate reader (EZ-Read 2000, Biochrom, United Kingdom). The

percentage of antioxidant activity was evaluated following the formula below.

% Inhibition = Abﬁ_comml — blank rontrol] - [Ab'ﬁlSt(—‘- + = blankﬂ] x 100 (4)
[Ab515 control — blank control]

2.10 Statistical analysis
The dry weight, percentage yield, total protein contents, percentage transmittance (%T), foam
formation, and foam stability of the hydrolysate collagen peptides were calculated and are presented as
mean = SD (n = 3). One-way ANOVA was used to evaluate statistical differences among treatments, and
Duncan's Multiple Range Test (DMRT) was applied for post hoc comparisons. Values marked with different
superscript letters differ significantly (p < 0.05).

3. Results
3.1 Dried weight, yield, and total protein contents
The preparation of hydrolysate collagen peptides derived from the bones of H. wyckioides is
presented in Figure 2 and Table 1. Three extraction approaches were evaluated: (1) chemical (CLG-AC-24h
and CLG-AC-48h); (2) biological (CLG-PP-24h and CLG-ACL-24h), and (3) combined chemical-biological
(CLG-ACP-24h and CLG-ACP-48h), with deionised water (CLG-DI-24h and CLG-DI-48h) as the control group.
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The physical appearance of the products differed depending on the extraction method.
CLG-DI-24h and CLG-ACL-24h appeared as viscous, gelatin-like solids, whereas CLG-PP-24h formed a light
cream-coloured powder. Both CLG-AC-24h and CLG-ACP-24h appeared as white powders.

After 24 h of incubation, the dry weights of CLG-AC-24h, CLG-PP-24h, CLG-ACL-24h, and CLG-
ACP-24h were 5.88 + 0.07, 5.58 £ 0.14, 5.16 = 0.03, and 6.14 + 0.03 g, respectively, with significant differences
observed among the treatments (p < 0.05). In addition, CLG-DI-24h and CLG-DI-48h showed dry weights of
4.24 + 0.09 and 4.74 + 0.06 g, respectively, which were significantly lower than those of the samples
prepared by all three other methods at 24 h (p < 0.05). However, CLG-AC-48h and CLG-ACP-48h were found
to have dry weights of 1.13 + 0.02 ¢ and 2.09 + 0.07 ¢, respectively, which were significantly lower than
those of all the conditions mentioned above (p < 0.05).

Moreover, CLG-DI-24h, CLG-DI-48h, CLG-AC-2dh, CLG-AC-48, CLG-PP-24h, CLG-ACL-24h,
CLG-ACP-24h, and CLG-ACP-48h exhibited the percentage yield (% vyield) of 68.22 + 2, 76.15 + 1.16,
94.48 + 1.11, 18.22 + 1.35,89.76 + 2.42, 83.01 + 0.49, 98.77 + 0.41, and 33.55 + 0.419%, respectively. Among
all treatments, CLG-ACP-24h showed the highest percentage yield (98.77 + 0.41%) (p < 0.05).

However, the total protein content varied markedly among treatments. CLG-ACL-24h
(98.43 + 4.34%) and CLG-PP-24h (84.20 + 9.72%) exhibited substantially higher protein content than
CLG-AC-24h (32.24 + 0.19%) and CLG-ACP-24h (33.77 + 0.03%). The control samples (CLG-DI-24h and
CLG-DI-48h) showed the lowest values.

(A) (B)

©)

Figure 2. The morphology of protein/peptide products extracted by deionised water, acidic reagents, and protease
enzymes. (A) CLG-DI-24h, (B) CLG-AC-24h, (C) CLG-ACL-24h, (D) CLG-PP-24h and (E) CLG-ACP-24h. CLG-DI-24h, CLG-AC-24h,
CLG-ACL-24h, CLG-PP-24h, and CLG-ACP-24h are the ID name of hydrolysate collagen peptides that was prepared by 6.22 g
of the dried powder homogenate bones, incubated in DI water (A), 0.5 M acetic acid (B), 1.0% w/v alcalase (O),

1.0% w/v papain (D), and 1.0% w/v pepsin in 0.5 M acetic acid (E), respectively. All conditions were
shaken at 120-160 rpm, 37°C for 24 h, and frozen dry to powder using lyophilization
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Table 1. Dry weight of hydrolysate peptides yield and total proteins in each extracted condition

Extracted The dry weight of Total
Conditions conditions ID Names collagen hydrolysate Yield (%) proteins
peptides (g) (%)
Control (1) DI CLG-DI-24h 4.24 + 0.09' 68.22 + 2.00°  7.00 + 3.30°
CLG-DI-48h 4.74 + 0.06° 76.15 + 1.16°  9.56 + 3.98°
Acidic (2)05M CLG-AC-24h 5.88 + 0.07*° 94.48 + 1.11°  32.24 + 0.19°
(Chemical) acetic acid CLG-AC-48h 1.13 + 0.02*" 18.22 + 1.35" -
Enzymatic (3) 1.0% w/v papain CLG-PP-24h 5.58 + 0.14° 89.76 + 2.42°  84.20 + 9.72°
(Biological) (4) 1.0% w/v alcalase CLG-ACL-24h 5.16 + 0.03¢ 83.01 + 0.49¢ 98.43 + 4.34°
Enzymatic (5) 1.0% w/v pepsin in 0.5 CLG-ACP-24h 6.14 + 0.03* 98.77 £ 0.41*  33.77 £ 0.03"
with acidic M acetic acid CLG-ACP-48h 2.09 + 0.07*¢ 33.55 + 0.418
(Chemical + -
Biological)

Note: The dried weight of hydrolysate collagen peptides, percentage yield, and total proteins are represented as mean + SD. The statistical
differences between groups were analysed using one-way ANOVA. The superscript letters (a-h) showed statistically significant differences at p < 0.05.
CLG-DI-24h, CLG-DI-48h, CLG-AC-24h, CLG-AC-48h, CLG-PP-24h, CLG-ACL-24h, CLG-ACP-24h, and CLG-ACP-48h are the ID names of hydrolysate
collagen peptides. The conditions of each ID name were expressed below:

(1) CLG-DI-24h and CLG-DI-48h: Died weight of homogenate bones (6.22 g) were incubated in DI water, shaked 120-160 rpm at 37°C for 24 and 48 h
(2) CLG-AC-24h and CLG-AC-48h: Died weight of homogenate bones were incubated in 0.5 M acetic acid, shaked 120-160 rpm at 37°C for 24 and 48 h
(3) CLG-PP-24h: Died weight of homogenate bones (6.22 g) were incubated in 1.0% w/v papain, shaked 120-160 rpm at 37°C for 24 h

(4) CLG-ACL-24h: Died weight of homogenate bones (6.22 g) were incubated in 1.0% w/v alcalase, shaked 120-160 rpm at 37°C for 24 h

(5) CLG-ACP-24h and CLG-ACP-48h: Died weight of homogenate bones (6.22 g) were incubated in 1.0% w/v pepsin in 0.5 M acetic acid, shaked
120-160 rpm at 37°C for 24 and 48 h

3.2 FTIR spectra of hydrolysate collagen peptides

The FTIR spectra of STD-CLG-Il, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h are shown in Figure
3A-D. The results showed that the FTIR spectrum of CLG-STD-II (Figure 3A) exhibited bands at 579, 920,
1027, 1242, 1405, 1653, 2924, and 3402 cm 1. The FTIR spectrum of CLG-DI-24h (Figure 3B) presented bands
at 727, 1238, 1465, 1655, 1745, 2925, and 3397 cm L. The FTIR spectrum of CLG-AC-24h (Figure 3C) exhibited
bands at 809, 1020, 1416, 1561, 1646, and 3457 cm .. Similarly, the FTIR spectrum of CLG-ACP-24h (Figure
3D) showed bands at 809, 1020, 1413, 1561, 1643, 1703, and 3433 cm  *. An R peak at around 3397-3457
cm’ t was found in all three prepared samples and matched the band observed in standard collagen type
Il (STD-CLG-ll). The band appearing at 3400-3440 cm ! has been reported as the amide A band,
corresponding to N-H stretching vibrations. The amide | band (1640-1655 cm 1), associated with C=0
stretching, was present in all samples. The C-H stretching band at 2924-2933 cm™ ! was clearly observed
in STD-CLG-l and CLG-DI-24h but appeared weaker in CLG-AC-24h and CLG-ACP-24h. In addition,

the wavenumber range of 1230-1245 cm !, associated with C-N and N-H bend, was observed in
STD-CLG-Il and CLG-DI-24h but was absent from CLG-AC-24h and CLG-ACP-24h.
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Figure 3. The FTIR spectrum of samples. (A) Standard collagen type Il (STD-CLG-II), (B) CLG-DI-24h, (C) CLG-
AC-24h, and (D) CLG-ACP-24h. CLG-DI-2dh, CLG-AC-24h, and CLG-ACP-24h are the ID names of collagen
hydrolysate peptides that were prepared by 6.22 ¢ of the dried powder homogenate bones,
incubated in DI water, 0.5 M acetic acid, and 1.0% w/v pepsin, respectively.

All conditions were shaken at 120-160 rpm, 37°C for 24 h

3.3 Amino acid composition by thin-layer chromatography

The chromatographic profiles of amino acids separated by thin-layer chromatography (TLC)
are presented in Figure 4. In this study, lysine, glycine, hydroxyproline, alanine, proline, isoleucine, and
leucine were used as standard amino acids to compare their Rt values with those of the spots found in the
hydrolysed collagen peptides prepared from H. wyckioides bones. These standard amino acids constitute
a major part of the amino acid composition of collagen from various sources and are present in relatively
high proportions (Duan et al., 2009). The Rrvalues of the standard amino acids compared with those of the
amino acids in the samples are shown in Table 2. Lysine, glycine, hydroxyproline, alanine, proline,
isoleucine, and leucine, exhibited Rr values of 0.22, 0.27, 0.29, 0.38, 0.38, 0.64, and 0.67, respectively.
CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h showed spots with Rfvalues close to those of several standard
amino acids, including glycine, hydroxyproline, proline, alanine, isoleucine, and leucine. However, the
analysis in this study was qualitative in nature, providing preliminary data for the subsequent quantitative

analysis of amino acid composition using advanced techniques.
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Figure 4. The standard amino acids and samples separated profile on TLC. The standard amino acids are

glycine (Gly), proline (Pro), hydroxyproline (Hpro), alanine (Ala), lysine (Lys), leucine (Leu), and Isoleucine

(Ite). Lanes 1, 2, 3, 4, and 5 showed the separation profile of acid hydrolysate of standard collagen type |
(STD-CLG-), standard collagen type Il (STD-CLG-II), CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h,

respectively. The Rr of each spot number is represented in Table 2

Table 2. Retention factor (Rf) of standard amino acid and the amino acid products from hydrolysate

peptides using strong acid reagent

Retention factor (Rf)

STD amino Collagen Collagen CLG-DI-24h CLG-AC-24h CLG-ACP-24h
acids Type | Type 2

Lys = 0.22 Spot 1.1 = 0.04 Spot 2.1 =0.04 Spot3.1=0.15 Spotd.l=0.24 Spotb5.1=0.24

Gly = 0.27 Spot 1.2 =0.10 Spot2.2=0.10 Spot3.2=020 Spotd2=0.32 Spot52=0.32

Hpro = 0.29 Spot 1.3=0.18 Spot 2.3 =0.18 Spot3.3=032  Spot4.3=0.39 Spotb3=041

Ala = 0.38 Spot 1.4 = 0.37 Spot 2.4 = 0.26 Spot 3.4 =0.39  Spot 4.4 =0.64 Spot 5.4 = 0.67

Pro = 0.38 Spot 1.5=0.42 Spot 2.5=0.29 Spot 3.5 = 0.64

lle = 0.64 Spot 2.6 = 0.42

Leu = 0.67 Spot 2.7 = 0.64

Note: CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h are the ID names of hydrolysate collagen peptides that were prepared by 6.22 g of the
dried powder homogenate bones, incubated in DI water, 0.5 M acetic acid, and 1.0% w/v pepsin, respectively. All conditions were shaken
at 120-160 rpm and 37°C for 24 h.

Journal of SciTech-ASEAN 11



J%_@L‘A( Volume 6 Number 2 (July-December 2026)

3.4 Percentage transmittance (%T)

The percentage transmittance data of the hydrolysed collagen peptides and standard collagen
type Il (STD-CLG-II) in solvents with different pH levels are shown in Figure 5. The results indicated that at
250 Mg/mL, STD-CLG-Il, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h dissolved in deionized (DI) water (pH 7.0)
exhibited percentage transmittance (%T) values of 63.90 + 0.52, 64.37 + 2.12, 95.97 + 3.82, and 94.80 +
0.87, respectively. In addition, when dissolved in an acidic solvent (5% w/v TCA), STD-CLG-Il, CLG-DI-24h,
CLG-AC-24h, and CLG-ACP-24h exhibited %T values of 58.83 + 0.81, 82.20 + 0.72, 97.60 + 1.42, and 93.63 +
3.03, respectively. CLG-AC-24h and CLG-ACP-24h exhibited significantly higher %T values than those of STD-
CLG-Il and CLG-DI-24h (p < 0.05). Furthermore, the %T of STD-CLG-Il in water was higher than that in the
acid solvent, whereas CLG-DI-24h showed a higher %T in the acid solvent than in water; both differences
were statistically significant (p < 0.05).

3.5 UV-Vis spectrophotometric data

The ultraviolet absorption of the sample solutions was analysed at wavelengths of 190-340
nm to examine the amino acids containing aromatic rings in their side chains, namely phenylalanine,
tyrosine, and tryptophan. The results are shown in Figure 6A-F. The results showed that phenylalanine
(Figure 6A), tyrosine (Figure 6B), and standard collagen type Il (STD-CLG-I) (Figure 6C) had two main
absorbance peaks, at 190-230 nm and 260-280 nm. On the other hand, CLG-DI-24h, CLG-AC-24h, and CLG-
ACP-24h showed a main absorbance peak at 190-230 nm, with a smaller peak at 260-280 nm. This indicates

that the hydrolysed collagen peptides had a low signal from aromatic amino acids.
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Collagen Tyvpe I CLG-D;—“Z:IL CLG—A("J.-24”h CLG-A(;-;;h
Figure 5. The percentage transmittance (%T) of sample solution that was dissolved in deionised water (DI)
and 5.0% w/v trichloroacetic acid (5.0% w/v TCA). The 250 Hg/mL was the final concentration of each
condition. CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h are the ID names of collagen hydrolysate peptides
that were prepared by 6.22 g of the dried powder homogenate bones, incubated in DI water, 0.5 M acetic
acid, and 1.0% w/v pepsin, respectively. All conditions were shaken at 120-160 rpm, 37°C for 24 h.
The %T represented as mean + SD (n = 3). The statistical differences between groups were analysed using

one-way ANOVA. The superscript letters (a-e) showed statistically significant differences at p < 0.05.
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Figure 6. The scanning absorbance values profile of 250 Jlg/mL sample solutions at UV wavelength
190 - 340 nm. (A) phenylalanine, (B) Tyrosine, (C) Standard collagen type Il (STD-CLG-II), (D) CLG-DI-24h,
(E) CLG-AC-24h, and (F) CLG-ACP-24h. CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h are the ID names of
hydrolysate collagen peptides that were prepared by 6.22 g of the dried powder homogenate bones,

incubated in DI water, 0.5 M acetic acid, and 1.0% w/v pepsin, respectively.

All conditions were shaken at 120-160 rpm, 37°C for 24 h.

3.6 Foaming properties

The results of the foam formation test and foam stability are shown in Table 3. The results
indicated that STD-CLG-Dipeptides, STD-CLG-ll, and CLG-DI-24h showed no foam formation at a
concentration of 5.0 mg/mL. In contrast, CLG-AC-24h and CLG-ACP-24h exhibited foam formation of
2.5+ 0.01% and 12.5 + 0.02%, respectively, at the same concentration. Foam formation was observed in
all samples at concentrations of 10.0 and 20.0 mg/mL. CLG-AC-24h exhibited a foam formation of
20.00 + 0.03% at 20.0 mg/mL, which was higher than those of all the other tested samples at the same
concentration.

STD-CLG-Il and CLG-DI-24h exhibited no measurable foam stability at all tested concentrations.
At concentrations of 10 and 20 mg/mL, CLG-AC-24h showed foam stability percentages of 75 + 0.01% and
100 + 0.01%, respectively. CLG-ACP-24h exhibited foam stability percentages of 40 + 0.01%, 83 + 0.05%,
and 100 + 0.01% at 5.0, 10.0, and 20.0 mg/mL, respectively. These results indicated that only CLG-ACP-24h
exhibited measurable foam stability at all tested concentrations. CLG-AC-24h and CLG-ACP-24h showed a

significant increase in the percentage of foam stability in a concentration-dependent manner.
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Table 3 Comparison of foaming and foam stability of hydrolysate collagen peptides in each condition

Foaming (%) Foam stability (%)
Samples 50mg/mL  10.0 mg/mL  20.0 mg/mL 5.0 10.0 20.0
mg/mL mg/mL meg/mL

STD-CLG-Dipeptides ND 2.51+0.01* 1250+ 0.01° ND ND 60 + 0.01°
STD-CLG-II ND 7.50 + 0.01° 12,51 + 0.01° ND ND ND
CLG-DI-24h ND 250 + 0.01* 12.51 + 0.01° ND ND ND
CLG-AC-24h 2.5+ 0.01° 12.52 # 0.01°  20.00 + 0.03¢ ND 75 +0.01* 100 + 0.01°
CLG-ACP-24h 125+ 0.02° 1251 £ 0.01° 15.00 £ 0.01° 40 +0.01° 83 +0.05° 100 = 0.01°

Note: The data were expressed as mean + SD (n = 3). ND indicates no foam formation, no measurable foam stability, or values below the detection
limit. CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h are the ID names of hydrolysate collagen peptides that were prepared by 6.22 g of the dried powder
homogenate bones, incubated in DI water, 0.5 M acetic acid, and 1.0% w/v pepsin, respectively. All conditions were shaken at 120-160 rpm, 37°C for
24 h. The results were analysed using one-way ANOVA followed by Duncan's Multiple Range Test (DMRT). Different superscript letters (a—c) indicate a
statistically significant difference (p < 0.05).

3.7 Antioxidant activity

The results comparing the DPPH radical-scavenging activity of the standard compounds and
the hydrolysed collagen peptides are shown in Table 4. All samples were compared at the same final
concentration of 25 pg/mL. L-ascorbic acid, used as a standard antioxidant compound, exhibited the highest
DPPH radical-scavenging activity among all tested samples (86.41 = 0.36%). STD-CLG-Dipeptides,
STD-CLG-Tripeptides, STD-CLG-Il, CLG-AC-24h and CLG-ACP-24h exhibited DPPH radical-scavenging activities
of 33.50 + 1.16, 28.00 = 0.94, 44.44 + 526, 2.95 + 7.68, and 31.03 = 5.45%, respectively, which were
significantly lower than that of L-ascorbic acid (p < 0.05). Notably, CLG-AC-24h and CLG-ACP-24h showed
DPPH radical-scavenging activities comparable to those of STD-CLG-Dipeptides and STD-CLG-Tripeptides,
with no significant differences (p = 0.05). CLG-AC-48h and CLG-ACP-48h exhibited significantly lower DPPH
radical-scavenging activities than those of L-ascorbic acid, STD-CLG-Dipeptides, STD-CLG-Tripeptides,
STD-CLGHII, CLG-AC-24h, and CLG-ACP-24h (p < 0.05). However, CLG-ACL-24h and CLG-PP-24h showed no
detectable DPPH radical-scavenging activity at the tested concentrations.

Journal of SciTech-ASEAN 14



‘JS_JLA‘ Volume 6 Number 2 (July-December 2026)

Table 4. Comparison of DPPH radical-scavenging activity between standard compounds and hydrolysed
collagen peptides

DPPH radical scavenging

Conditions Samples
activity (%)
Standard compounds L-ascorbic acid 86.41+ 0.36°
STD-CLG-Dipeptides 335+ 1.16°
STD-CLG-Tripeptides 28 + 0.94°

STD-CLGII 44.44 + 5.26°
Control CLG-DI-24h 19.54 + 3.52°
Acidic (Chemical) CLG-AC-24h 32.95 + 7.68°
CLG-AC-48h 0.91 + 0.02f

Enzymatic CLG-ACL-24h ND

(Biological) CLG-PP-24h ND
Enzymatic with acidic CLG-ACP-24h 31.03 + 5.45°
(Chemical + Biological) CLG-ACP-48h 2.82 + 0.03°

Note: ND indicates antioxidant values below the detection limit.

STD-CLG-Dipeptides: Collagen dipeptides of fish skin (Japanese collagen dipeptides).

STD-CLG-Tripeptides: Collagen tripeptides of mammalian skin.

STD-CLG-II: Collagen type Il of chicken.

CLG-DI-24h: Homogenate bones were incubated in DI water, shaken at 120-160 rpm at 37°C for 24 h

CLG-AC-24h and CLG-AC-48h: Homogenate bones were incubated in 0.5 M acetic acid, shaken at 120-160 rpm at 37°C for 24 and 48 h
CLG-ACL-24h: Homogenate bones were incubated in 1.0% w/v alcalase, shaken at 120-160 rpm at 37°C for 24 h

CLG-PP-24h: Homogenate bones were incubated in 1.0%w/v papain, shaken at 120-160 rpm at 37°C for 24 h

CLG-ACP-24h and CLG-ACP-48h: Homogenate bones were incubated in 1.0% w/v pepsin in 0.5 M acetic acid, shaken at 120-160 rpm at 37°C for 24
and 48 h.

Different superscript letters (a—f) indicate significant differences among treatment groups (p < 0.05).

4. Discussion

Fish processing by-products represent a sustainable and valuable source of bioactive compounds,
particularly collagen and its hydrolysates, which have applications in food, pharmaceutical, and biomedical
industries (Kaya et al., 2025).

The present study demonstrates that the extraction method significantly influences the yield,
composition, and functional properties of collagen hydrolysate peptides derived from H. wyckioides bones.
Among the tested conditions, the combined chemical-biological method (CLG-ACP-24h) yielded the highest
recovery, suggesting a synergistic effect between acid pre-treatment and enzymatic hydrolysis. The total
protein content of CLG-AC-24h and CLG-ACP-24h was approximately 32.24 + 0.19 and 33.77 + 0.03%,
respectively, which were significantly lower than that of CLG-ACL-2dh and CLG-PP-24h (p < 0.05).
One possible explanation for this decrease in total protein content is the dialysis process. In general, the
principle of dialysis is to remove small molecules, such as residual salts or acids used during sample
preparation, that are smaller than the pore size of the membrane. In this study, CLG-AC-24h and
CLG-ACP-24h were subjected to dialysis using a membrane with a molecular weight cut-off (MWCO) of 3.5
kDa. It is possible that low-molecular-weight hydrolysate collagen peptides were also removed during this
process. Therefore, the decrease in total protein content may be attributed to the dialysis process described
above. One piece of evidence supporting this hypothesis is that CLG-ACL-24h and CLG-PP-24h, which did
not undergo dialysis, exhibited a significantly higher percentage of total protein content than those of
CLG-AC-24h and CLG-ACP-24h (p < 0.05). Similar trends have been reported in other fish collagen studies,
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although the magnitude of yield loss may vary depending on enzyme specificity and membrane cut-off
thresholds (Jafari et al,, 2020; Gaikwad et al., 2024; Kaya et al., 2025). A possible solution is to modify the
pore size of the dialysis membrane to achieve a lower molecular weight cut-off (MWCO), which may help
reduce yield loss and increase the percentage of total protein content.

FTIR is a technique commonly used in research to analyse the functional groups present in the
structure of interested substances, including collagens. According to Li et al., (2004), an unassociated N-H
stretching vibration typically appears between 3400 and 3440 cm t. However, when the N-H group of a
peptide participates in hydrogen bonding, this band shifts to a lower wavenumber, generally around 3300
cm’ L. In this study, the FTIR spectra of standard collagen type I, CLG-DI-24h, CLG-AC-24h, and CLG-ACP-
24h showed a band in the range of 3397-3457 cm’ 1, corresponding to the position of an unassociated
(free) N-H stretching vibration. This result differs from that reported by Duan et al., (2009) for acid-soluble
collagen (ASC) prepared from carp (Cyprinus carpio) bone, in which the FTIR spectrum showed a band at
3313.85 cm !, indicating the presence of hydrogen bonding within the collagen structure. In addition,
STD-CLG-Il and CLG-DI-24h exhibited a C-H stretching band at 2924-2933 cm” !, which was not observed in
CLG-AC-24h and CLG-ACP-24h. Muyonga et al., (2004) indicated that this IR band corresponds to the C-H
groups of the collagen backbone. The decrease in intensity, or absence, of the C-H stretching band in
CLG-AC-24h and CLG-ACP-24h may be associated with the cleavage of bonds within the main collagen
chain, resulting in a conformational change into short peptide chains. This, in turn, may account for the
band being undetectable or poorly resolved. Similarly, CLG-DI-24h and STD-CLG-Il exhibited a band at 1238
and 1242 cm 1, respectively. However, this band was absent in CLG-AC-24h and CLG-ACP-24h. This result
is consistent with the report by Kittiphattanabawon et al., (2012), in which high-molecular-weight collagen
was shown to exhibit a band at 1230-1245 cm . The above findings suggest that CLG-AC-24h and
CLG-ACP-24h were converted into hydrolysed collagen peptides through the catalytic mechanism of
peptide bond hydrolysis by acid and the enzyme pepsin (Govindharaj et al., 2019; Kaya et al., 2025).
Furthermore, the amide | band generally occurs within the range of 1625-1690 cm ™, while the amide |
band typically appears within the normal absorption range of 1550-1600 cm ! (Duan et al, 2009).
Based on the FTIR spectra, bands were detected at 1653, 1655, 1646, and 1643 cm ! for STD-CLG-I,
CLG-DI-24h, CLG-AC-24h, and CLG-ACP-24h, respectively, indicating the position of the amide | band in these
samples. More importantly, an amide Il band was also detected in CLG-AC-24h and CLG-ACP-24h, both
appearing at a similar position of 1561 cm™* (Duan et al., 2009; Jafari et al., 2020).

Fibrillar collagens, such as types | and Il, are composed of repeating Gly-X-Y triplets, in which the
X and Y positions are frequently occupied by proline and hydroxyproline, respectively (Berillis, 2015). The
presence of hydroxyproline is particularly significant as it is unique to collagen and plays a central role in
stabilizing the triple helix through hydrogen bonding (He et al., 2019). Analysis of the amino acid composition
of collagen from different sources revealed variations in amino acid proportions. The amino acid
composition of acid-soluble collagen from calf skin, cod skin, and carp (including carp scale and bone)
showed the highest proportion of glycine among all amino acids present. Proline, alanine, and
hydroxyproline were detected in decreasing order of proportion, respectively (Duan et al., 2009). In this
study, the amino acid groups in the samples were preliminarily examined using paper chromatography.
The Rr values of the amino acid spots in collagen type |, collagen type Il, CLG-DI-24h, CLG-AC-24h, and
CLG-ACP-24h were like those of the standard amino acids glycine, hydroxyproline, proline, alanine, leucine,

and isoleucine. This result is consistent with the findings reported by Duan et al, (2009). However,
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the amino acid analysis performed in this study was qualitative, serving as preliminary data to guide future
quantitative analysis of amino acid composition using more advanced analytical techniques.

The percentage of transmittance of the prepared hydrolysed collagen peptide samples and
standard collagen type Il (STD-CLG-II) was analysed to assess sample cloudiness in solvents at different pH
levels. Generally, collagen is a fibrous protein with a large molecular size and is poorly soluble in water
(Nelson & Cox, 2005; Espinales et al.,, 2023). Consequently, a cloudy appearance is commonly observed
when high-molecular-weight collagen is dissolved in water. This effect can pose challenges for product
development. The results showed that, in deionized water, CLG-AC-2dh and CLG-ACP-24h exhibited
percentages of transmittance of 95.97% and 94.80%, respectively, which were higher than those of
STD-CLG-Il and CLG-DI-24h. A similar trend was observed for the percentage of transmittance of the samples
in a solvent with low pH (high acidity). Therefore, acid and enzymatic hydrolysis related to reduced collagen
size enhancing the turbidity decrease. This data may support the development of beverages, liquid
nutritional, and functional food products in the future.

The foaming capacity and stability of proteins are relevant functional properties for applications in
aerated food systems such as ice cream, whipped creams, and meringues (Kittiphattanabawon et al., 2015).
The results of this study showed that CLG-AC-24h and CLG-ACP-24h formed foam in a concentration-
dependent manner, similar to STD-CLG-Dipeptides and STD-CLG-Il. However, the foam formation percentage
was relatively low, which might be related to the sample concentration and the molecular size of the
protein or peptide (Naghdi et al., 2023). The percentage of foaming stability is related to foam formation
and depends on the sample concentration. However, the foam stability of STD-CLG-Il was relatively low,
which might be due to its solubility behaviour.

UV-Vis spectrophotometric analysis provided additional evidence of the purity of the extracted
collagen peptides. The absence of a significant absorbance peak at 260-280 nm in CLG-DI-24h, CLG-AC-24h,
and CLG-ACP-24h. The absence of a distinct peak at 260-280 nm suggests a relatively low abundance of
aromatic residues or other UV-absorbing components; however, this observation alone does not confirm
sample purity.

The DPPH radical scavenging assay revealed that hydrolysate collagen peptides from H. wyckioides
bones possess moderate antioxidant activity. CLG-AC-24h and CLG-ACP-24h exhibited antioxidant efficacy
comparable to standard collagen dipeptides and tripeptides, which are known bioactive fractions.
The antioxidant activity of collagen peptides is primarily attributed to specific amino acid sequences—
particularly those rich in proline, glycine, and hydroxyproline—which can donate hydrogen atoms to
neutralize free radicals (Neo et al, 2010). However, CLG-ACL-24h and CLG-PP-24h lack antioxidant
measurable activity at 500 Jlg/mL. The antioxidant inactivity of CLG-ACL-24h and CLG-PP-24h might be
related to their amino acid sequence and size. Using just one type of protease may result in hydrolysed
collagen peptides with a high molecular weight. Thus, only papain or alcalase may still not be suitable for
preparing hydrolysate collagen peptide from H. wyckioides bone. The large molecular size of the peptides
may affect the effectiveness of DPPH radical scavenging. This finding is consistent with the report by Ishak
and Sarbon (2018), who demonstrated that hydrolysed peptides with a lower molecular weight exhibited
greater antioxidant activity.

Collectively, the findings of this study demonstrate that H. wyckioides bone waste is a viable and
underutilized source of hydrolysate collagen peptides. The chemical and combined chemical-biological
method offers the most favorable balance of yield, foaming stability, and antioxidant activity. The dialysis
process can remove salt and small molecules. Thus, this step may decrease the geosmin and 2-MIB, which

is critical for consumer acceptance of freshwater fish-derived collagen products. Future research should
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focus on: (1) optimization of biological extraction conditions (enzyme concentration, pH, temperature) for
improved color and texture; (2) fractionation of active peptides; (3) evaluation biocavailability and safety of
hydrolysate collagen peptide in vitro and in vivo and (4) scale-up studies to assess industrial feasibility.
The valorization of fish processing by-products, such as bones of H. wyckioides, aligns with circular economy
principles and contributes to sustainable aquaculture value chains. These data support the classification of
the isolated peptides as collagen-derived, reinforcing the suitability of H. wyckioides bone waste as a source
for collagen peptide production.

5. Conclusions and recommendations

H. wyckioides bones are a collagen source that can be extracted using various conditions (chemical,
biological, and combined methods). Among the conditions tested, CLG-ACP-24h produced the highest
collagen peptide yield, while CLG-ACL-24h showed the highest total protein content. The FTIR spectrum of
the prepared samples showed functional groups like those detected in the standard collagen. CLG-AC-24h
and CLG-ACP-24h exhibited foaming properties, and foam stability was concentration-dependent.
The percentage of transmittance in water and trifluoroacetic acid was higher than that of collagen type II.
The amino acids identified in the sample separated by paper chromatography — g¢lycine, proline, and
hydroxyproline, exhibited Rfvalues close to those of the standard amino acids. Solutions of both samples
(CLG-AC-24h and CLG-ACP-24h) exhibited maximum UV absorption at 200-220 nm, similar to that observed
for the standard collagen type Il solution; however, both samples showed a low UV absorption signal at
280 nm. CLG-AC-24h and CLG-ACP-24h exhibited DPPH radical-scavenging activity that was not significantly
different from that of the standard collagen dipeptide solution (CLG-STP-Dipeptides). These findings offer
preliminary support for the potential application of fish bone from H. wyckioides in the development of
collagen-based products.

6. Acknowledgements

This work was supported by Thailand Science, Research, and Innovation Promotion Funding (TSRI).

7. References

Abdo, S., Hou, V., Al-Dalali, S., Aleryani, H., Shehzads, Q., Asawmahi, O., Shehzad, Q., AL-Fargas, A., Mohammed, B., Lui, X. &
Sang, Y. (2023). Modification of marine bioactive peptides: strategy to improve the biological activity, stability, and
taste properties. Food and Bioprocess Technology, 17, 1412-1433. https://doi.org/10.1007/511947-023-03142-w

AOAC, (2023). Nitrogen (Total) in Water: Kjeldahl Method', in Melton Bryant (22nd ed.). Association of Official Analytical
Chemists. https://doi.org/10.1093/9780197610145.002.001

Berillis, P. (2015). Marine collagen: extraction and applications. Research Trends in Biochemistry, Molecular Biology and
Microbiology, 1, 1-13.

Birk, D. E. & Bruckner, P. (2005). Collagen suprastructures. Topics in Current Chemistry, 247, 185-205.
https://doi.org/10.1007/b103823

Chalamaiah, M., Dinesh Kumar, B., Hemalatha, R. & Jythirmayi, T. (2012). Fish protein hydrolysates: Proximate composition,
amino acid composition, antioxidant activities and applications: A review. Food Chemistry, 135(4), 3020-3038.
https://doi.org/10.1016/j.foodchem.2012.06.100

Chuaychan, S., Benjakul, S. & Kishimura, H. (2015). Characteristics of acid- and pepsin-soluble collagens from scale of
seabass (Lates calcarifer). LWT - Food Science and Technology, 63(1), 71-76. https://doi.org/10.1016/j.lwt.2015.03.002

Duan, R., Zhang, J., Du, X., Yao, X. & Konno, K. (2009). Properties of Collagen from skin, scale and bone of Carp (Cyprinus
carpio). Food Chemistry, 112(3), 702-706. https://doi.org/10.1016/j.foodchem.2008.06.020

Journal of SciTech-ASEAN 18


https://doi.org/10.1007/s11947-023-03142-w
https://doi.org/10.1093/9780197610145.002.001
https://doi.org/10.1007/b103823
https://doi.org/10.1016/j.foodchem.2012.06.100
https://doi.org/10.1016/j.lwt.2015.03.002
https://doi.org/10.1016/j.foodchem.2008.06.020

JSTA

Espinales, C., Romero-Pefia, M., Calderdn, G., Vergara, K., Caceres, P. J. & Castillo, P. (2023). Collagen, protein hydrolysates

Volume 6 Number 2 (July-December 2026)

and chitin from byproducts of fish and shellfish: An overview. Heliyon, 9(4), 1-12.
https://doi.org/10.1016/j.heliyon.2023.e14937

Fisheries Development Policy and Planning Division, (2019). Fisheries statistics of Thailand.
https://wwwd fisheries.go th/local/file_document/20220324135109 new.pdf.

Fountoulakis, M., & Lahm, H. W. (1998). Hydrolysis and amino acid composition analysis of proteins. Journal of
Chromatography A, 826(2), 109-134. https://doi.org/10.1016/50021-9673(98)00721-3

Friedman, M. (1999). Chemistry, biochemistry, nutrition, and microbiology of lysinoalanine, lanthionine, and histidinoalanine
in food and other proteins. Journal of Agricultural and Food Chemistry, 47(4), 1295-1319.
https://doi.org/10.1021/jf981000+

Gaikwad, S. & Kim, M. J. (2024). Fish By-Product Collagen Extraction Using Different Methods and Their Application. Marine
Drugs, 22(2), 60. https://doi.org/10.3390/md22020060

Govindharaj, M., Roopavath, U. K. & Rath, S. N. (2019). Valorization of discarded Marine eel fish skin for collagen extraction
as Ea 3D printable blue biomaterial for tissue engineering. Journal of Cleaner Production, 230, 412-419. https://doi:
10.1016/j.jclepro.2019.05.082

He, L., Mu, C., Shi, J., Zhang, Q., Shi, B. & Lin, W. (2019). Modification of collagen with a natural cross-linker, procyanidin.
International Journal of Biological Macromolecules, 48(2), 354-359. https://doi: 10.1016/j.ijbiomac.2010.12.012

Ishak, N. H. & Sarbon, N. M. (2018). A review of protein hydrolysates and bioactive peptides deriving from wastes generated
by fish processing. Food Bioprocess Technology, 11(1), 2-16. https://doi.org/10.1007/511947-017-1940-1

Jafari, H., Lista, A., Siekapen, M. M., Ghaffari-Bohlouli, P., Nie, L., Alimoradi, H. & Shavandi, A. (2020). Fish collagen: extraction,
characterisation, and applications for biomaterials engineering. Polymer, 12(10), 1-37.
https://doi.org/10.3390/polym12102230

Kadam, D., & Aluko, R. E. (2026). Functional Properties of Enzymatic Food Protein Hydrolysates. Annual review of food
science and technology, 17(1), 505-540. https://doi.org/10.1146/annurev-food-053124-013151

Karsdal, M. A. (2023). Biochemistry of collagens, laminins and elastin: Structure, function and biomarkers (3rd ed.). Academic
Press.

Kaya, S., Ulusoy, D., Bodur, M. E., Tokmak, O., Yiyit D. S. & Kondolot S. E. (2025). Sustainable Collagen Extraction from Fish
Bones: A Green Solution for Waste Management. Hacettepe Journal of Biology and Chemistry, 53(2), 97-106.
https://doi.org/10.15671/hjbc.1579144

Kittiphattanabawon, P., Benjakul, S., Sinthusamran, S. & Kishimura, H. (2015). Characteristics of collagen from the skin of
clown featherback (Chitala ornata). International Journal of Food Science & Technology, 50(9), 1972-1978.
https://doi.org/10.1111/ijfs.12864

Kittiphattanabawon, P., Benjakul, S., Visessanguan, W. & Shahidi, F. (2012). Effect of extraction temperature on functional
properties and antioxidative activities of gelatin from shark skin. Food Bioprocess Technology, 5, 2646-2654.
https://doi.org/10.1007/511947-010-0427-0

Kristinsson, H. G., Rasco, B. A. (2000). Fish protein hydrolysate: productivity, biochemical and functional properties. Critical
Reviews in Food Science and Nutrition, 40(1), 43-81. https://doi.org/10.1080/10408690091189266

Li, H., Liu, B. L., Gao, L. Z., &Chen, H. L. (2004). Studies on bullfrog skin collagen. Food Chemistry, 84, 65-69.
https://doi.org/10.1016/50308-8146(03)00167-5

Muyonga, J.H., Cole, C. G. B., & Duodu, K.G. (2004). Characterisation of acid soluble collagen from skins of young and adult
Nile perch (Lates niloticus). Food Chemistry, 85(1), 81-89. https://doi.org/10.1016/j.foodchem.2003.06.006

Naghdi, S., Lorenzo, J. M., Mirnejad, R., Ahmadvand, M. & Moghaddam, M. M. (2023). Bioactivity evaluation of peptide
fractions from bighead carp (Hypophthalmichthys nobilis) using alcalase and hydrolytic enzymes extracted
from Oncorhynchus mykiss and their potential to develop the edible coats. Food and Bioprocess Technology, 16,
1128-1148. https://doi.org/10.1007/511947-022-02986-y

Nagash, S. Y., & Nazeer, R. A. (2011). Evaluation of bioactive properties of peptide isolated from Exocoetus volitans
backbone. International Journal of Food Science and Technology, 46(1), 37-43. https:.//doiorg/10.1111/j.1365-
2621.2010.02443 x

Nelson, D. L. & Cox, M. M. (2005). Lehninger principles of biochemistry (4th ed). Freeman.

Journal of SciTech-ASEAN 19


https://doi.org/10.1016/j.heliyon.2023.e14937
https://doi.org/10.1016/S0021-9673(98)00721-3
https://doi.org/10.1021/jf981000
https://doi.org/10.3390/md22020060
https://doi.org/10.1016/j.jclepro.2019.05.082
https://doi.org/10.1016/j.jclepro.2019.05.082
https://doi.org/10.1016/j.jclepro.2019.05.082
https://doi.org/10.1007/s11947-017-1940-1
https://doi.org/10.3390/polym12102230
https://doi.org/10.1146/annurev-food-053124-013151
https://doi.org/10.15671/hjbc.1579144
https://doi.org/10.1111/ijfs.12864
https://doi.org/10.1007/s11947-010-0427-0
https://doi.org/10.1080/10408690091189266
https://doi.org/10.1016/S0308-8146(03)00167-5
https://doi.org/10.1016/j.foodchem.2003.06.006
https://doi.org/10.1007/s11947-022-02986-y
https://doi.org/10.1111/j.1365-2621.2010.02443.x
https://doi.org/10.1111/j.1365-2621.2010.02443.x

‘JS_@LJAQ Volume 6 Number 2 (July-December 2026)

Ngo, D. H., Qian, Z. J., Ryu, B., Park, J. W. & Kim, S. K. (2010). In vitro antioxidant activity of a peptide isolated from Nile
tilapia (Oreochromis niloticus) scale gelatin in free radical-mediated oxidative systems. Journal of Functional Foods,
2(2), 107-117. https://doi.org/10.1016/j.jff.2010.02.001

Nguyen, T. C., & Thai H. (2024). Review: fish collagen: extraction, characterization and application in wound healing and drug
delivery. Vietnam Journal of Science and Technology, 62(1), 1-22. https.//doi.org/10.15625/2525-2518/19438

Ogawa, M., Portier, R. J., Moody, M. W., Bell, J., Schexnayder, M. A. & Losso, J. N. (2004). Biochemical properties of bone and
scale collagens isolated from the subtropical fish black drum (Pogonia cromis) and sheepshead seabream
(Archosargus probatocephalus). Food Chemistry, 88(4), 495-501. https://doi.org/10.1016/jfoodchem.2004.02.006

Orel, B., Giovine, M., & Ilan, M. (2021). On the path to thermo-stable collagen: Culturing the versatile sponge Chondrosia
reniformis. Marine Drugs, 19(12), 669. https://doi.org/10.3390/md 19120669

Pasupuleti, V. K., & Demaimay, A. (2010). Protein Hydrolysates in Biotechnology. Dordrecht. Springer.

Patathananone, S., Daduang, J., Koraneekij, A. & Li, C. Y. (2019). Tyrosinase inhibitory effect, antioxidant and anticancer
activities of bioactive compounds in Ripe Hog Plum (Spondias pinnata) Fruit Extracts. Oriental Journal of Chemistry,
35(3), 916-926. https://doi:10.13005/0jc/350302

Shao, F., Pan, H., Li, P, Ni, L., Xu, Y. & Peng, Z. (2021). Chromosome-level genome assembly of the Asian red-tail catfish
(Hemibagrus wyckioides). Frontiers in Genetics, 12,1-7. doi: 10.3389/fgene.2021.747684. https://doi:
10.3389/fgene.2021.747684

Wang, H. (2021). A Review of the Effects of Collagen Treatment in Clinical Studies. Polymers, 13(22), 1-20.
https://doi.org/10.3390/polym13223868

Yang, X., Yu, X., Yagoub, A.GA., Chen, L., Wahia, H., Osae, R., & Zhou, C. (2021). Structure and stability of low molecular
weight collagen peptide (prepared from white carp skin) -calcium complex. LWT - Food Science and Technology, 136,
110335. https://doi: 10.1016/j.\wt.2020.110335

Zhang, F., Wang, A, Li, Z,, He, S. & Shao, L. (2011). Preparation and characterisation of collagen from freshwater fish scales.
Food and Nutrition Sciences, 2(8), 818-823. https://doi.org/10.3390/polym13223868

Zhou, Y. L., Wy, J. J., Gong, G. R, Liu, M., Li, Z., Guo, X. F., Wei, W. Y., Zhang, X. J., Mej, J., Zhou, L., Wang, Z. W. & Gui, J. F.
(2023). Barbel regeneration and function divergence in red-tail catfish (Hemibagrus wyckioides) based on the
chromosome-level genomes and comparative transcriptomes. International Journal of Biological Macromolecules,
232, 1-13. https://doi.org/10.1016/j.ijbiomac.2023.123374

Journal of SciTech-ASEAN 20


https://doi.org/10.1016/j.jff.2010.02.001
https://doi.org/10.15625/2525-2518/19438
https://doi.org/10.3390/md19120669
https://doi.org/10.3390/md19120669

45_4/-—'.49‘ Volume 6 Number 2 (July-December 2026)

nsRRuILasUsTiuAMNIATRNE aaTUNRTTIdR aNdINaldgn Taanasu
Development and Quality Evaluation of a Reduced-Energy
Aloe vera Jelly Beverage Containing Fruit Juice

aussml Agnae’” Asvu gHunes’ guSHUS Jai3as" uudy nvdinsuui’
e Wisnaw® uae vigydn daszg’
Amornrat Srisukong'’, Weerachon Phuhinkong’, Rittipun Rungruang', Monchai Dejsungranont’,
Visakha Tiemlom? and Khwunijit Itsarasook®
"Ag I ImansuazmAlulad ININgIRYAINEN NTUVINUMIUAT

ZAEINYINTITIANTT UAINYIFAUATN NTUNNUNIUAT
*AEINYIAERNT UNNINITETIUAAY NTHNNUNIUAT

'Faculty of Science and Technology, Suan Dusit University, Bangkok

“Faculty of Management Sciences, Suan Dusit University, Bangkok

*Faculty of Science, Ramkhamhaeng University, Bangkok

Corresponding Author: amornrats@hotmail.com

Received: May 26, 2026 Revised: September 21, 2026 Accepted: October 20, 2026

unfnge

NI Usradifioauaesiueadumasaduaiinaliignsaandinu wasspfiuanta
mamenmiaziedl arsweuUssamduda a1seengvisynaiinm eadUszneuynalaruInis wazANNAL
sewinaninfuine lnsAnwvinuammd osiuvesaaiumsssdan mnduiaundnfasilaednuinaves
ShsduasAuuuuasuayn samslyaslaaaunuihmansefisyduiosas 0,50uas 100 HamsAnvINUD
Watumeessdaniien ABTS" radical scavenging activity $ouae 46.57+3.62 fiamududuiiet1s 200 me/mL
WazAI FRAP 23.37 +081 mg TE/100 g fresh weight N1s@nw1dnsnadiuasnataanyin qmﬁwmsﬁl,l,uu%aaz
0.6 affunsyniesay 0.07 Iezuuuanuveudiusas i Heduia uazauseulnesiugsfign efinwins
naunuiinna wuhnmsldgaslaanaunuiiaansiefesar 50 Iasuuuanuveulassulndids sgnsniugu
wionanndsnuveswdniasiann 94.52 1Ju 59.72 Alaunasde 100 3 Hanfasignsfivnzauiiviinauiiuedn
598 7.18 mg GAE/g sample Usinaumlanliusensiu 5.88 mg QE/g sample A1 DPPH radical scavenging activity
Yovay 34.81 fanududuiiegns 1,000 me/mL waeiiU3inmesladu 1.25 me/ke sample seminanisifiusnwi i
ungil 4+2°C 1uian 4 dUai ndnssidauiininisnmuasieieudansih sasiiduiugdunidaun
ganuazsn ladwesu Escherichia coli Way Staphylococcus aureus EJq'iuwﬁumémaaﬂmiLﬁ‘U%Jﬂm layagy
ansfildansduuudosar 0.6 Satunayniosar 0.07 uagnaunuiwnannedsgaslaadosas 50 LT ugesi
wanzaufigelunguitdiny Tasannsnaamdanuvesdndue varfidinsesiuunnuvoulassiulndifsgns
Al wagllaudEvnnisnm vl wagannwnwadvinerreuiasianglinsinuinwuuuwddwduen
4 dUann

AENATY: TUNRTELY, 1ATRIRILEAT, FATILAE, NITNALNUUIMIANTIY, 1590NONEN1NTININ

Abstract

This study aimed to develop a reduced-energy Aloe vera jelly beverage containing fruit juice and
to evaluate its physicochemical properties, sensory liking, bioactive compounds, nutritional composition,
and storage stability. The effects of carrageenan and konjac powder ratios, together with sucrose
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replacement with sucralose at levels of 0, 50, and 100%, were investigated. Fresh Aloe vera gel exhibited
an ABTS." radical scavenging activity of 46.57 + 3.62% at a sample concentration of 200 mg/mL and a FRAP
value of 23.37 + 0.81 mg TE/100 g fresh weight. The formulation containing 0.6% (w/w) carrageenan and
0.07% (w/w) konjac powder achieved the highest scores for taste, texture, and overall liking. Replacing 50%
of sucrose with sucralose was considered the most appropriate level among those tested, providing overall
liking comparable to the control while reducing the energy content from 94.52 to 59.72 kcal/100 g. The
selectedformulation contained a total phenolic content of 7.18 mg GAE/g sample, a total flavonoid content
of 5.88 mg QE/g sample, DPPH radical scavenging activity of 34.81% at a sample concentration of 1000
me/mL, and an aloin content of 1.25 mg/kg sample. During refrigerated storage at 4 + 2 °C for 4 weeks, the
product maintained relatively stable physicochemical properties, while total microbial counts, yeasts and
molds, coliforms, Escherichia coli, and Staphylococcus aureus remained at low levels throughout storage.
Overall, the formulation containing 0.6% carrageenan and 0.07% konjac powder with 50% sucrose
replacement by sucralose was the most appropriate among those tested, reducing the energy content
while maintaining overall liking comparable to the control and relatively stable physicochemical and

microbiological quality during 4 weeks of refrigerated storage.

Keywords: Aloe vera, Jelly beverage, Sucralose, Sucrose replacement, Bioactive compounds

1. Introduction

Aloe vera (Aloe barbadensis Mill.) is a succulent plant whose inner gel has been widely utilized in
the food, beverage, cosmetic, and pharmaceutical industries. Fresh Aloe vera gel consists predominantly of
water, accounting for approximately 99% of its composition, but also contains several bioactive
constituents, including polysaccharides such as glucomannan and acemannan, phenolic compounds,
flavonoids, vitamins, minerals, enzymes, amino acids, and anthraquinone-related compounds (Hamman,
2008; Maan et al., 2018). These constituents have been associated with various biological activities, including
antioxidant and anti-inflammatory effects, making Aloe vera a potentially useful plant-based ingredient for
the development of functional foods and beverages (Sanchez et al., 2020). However, the sensory
characteristics of Aloe vera, particularly its mild flavor and the possible bitterness associated with residual
latex-derived compounds, may limit its palatability when used as a major beverage ingredient. Careful
processing is therefore required because the yellow latex located beneath the outer rind contains
anthraquinones, particularly aloin, which may adversely affect sensory quality and product safety if not
adequately removed (Maan et al., 2018).

The incorporation of fruit juice into Aloe vera-based beverages may improve both sensory and
physicochemical characteristics. Fruit juice can contribute natural sweetness, characteristic flavor and
aroma, color, organic acids, soluble solids, and additional phytochemicals, thereby improving palatability
and consumer liking. Previous studies have demonstrated the feasibility of combining Aloe vera with fruit-
derived ingredients. Mishra and Sangma (2017) developed a ready-to-serve beverage containing Aloe vera,
sweet lime, amla, and ginger and reported favorable sensory, physicochemical, phytochemical,
microbiological, and storage characteristics. Sharma et al. (2022) developed a low-calorie Aloe vera-based
beverage blended with apricot and aonla juice and showed that fruit blending and partial replacement of
sucrose with a high-intensity sweetener could improve sensory quality while reducing energy content. More
recently, an Aloe vera ready-to-drink beverage containing ginger and lemon was evaluated for sensory,

biochemical, microbiological, and refrigerated storage characteristics, further supporting the use of
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fruit-derived ingredients in Aloe vera-based beverage development. These findings support the
incorporation of fruit juice as a practical approach to improving the sensory characteristics and overall
quality of Aloe vera-based beverages.

Jelly beverages are ready-to-consume products characterized by a soft gel-like texture, and their
quality is strongly influenced by the type and concentration of hydrocolloids used. Carrageenan is widely
used as a gelling agent in food systems, whereas konjac glucomannan provides water-holding, thickening,
and texture-modifying properties. The combination of carrageenan and konjac glucomannan can exhibit
synergistic gelation, resulting in improved gel strength, elasticity, and rheological properties (Saha &
Bhattacharya, 2010; Li et al., 2024). In addition to texture optimization, reducing sugar and energy content
is increasingly important in the development of healthier food products. Sucralose is a high-intensity
sweetener approximately 600 times sweeter than sucrose and can therefore be used at substantially lower
concentrations. However, sucrose contributes not only sweetness but also flavor balance, mouthfeel, total
soluble solids, and textural properties. Consequently, partial or complete replacement of sucrose with
sucralose may affect both physicochemical characteristics and consumer liking (Di Monaco et al., 2018).

Although several Aloe vera-based beverages containing fruit-derived ingredients have been
developed, previous studies have mainly focused on conventional liquid, ready-to-serve, or ready-to-drink
beverages. Mishra and Sangma (2017) emphasized formulation, sensory, physicochemical, microbiological,
and storage characteristics, whereas Sharma et al. (2022) investigated a reduced-energy fruit-blended Aloe
vera beverage and sweetener replacement. A recent study by Martinez et al. (2026) integrated Aloe vera
gel with cashew and acerola juices and evaluated formulation optimization, aloin content, physicochemical
properties, and shelf-life behavior, demonstrating increasing interest in more comprehensive evaluation of
Aloe vera-fruit beverages. Nevertheless, comparatively fewer studies have focused on Aloe vera-based jelly
beverages containing fruit juice, particularly reduced-energy formulations. Limited information is available
on studies integrating gelling-agent formulation, sucrose replacement with sucralose, consumer liking,
bioactive compounds, aloin content, nutritional composition, microbiological quality, and refrigerated
storage stability within a single Aloe vera jelly beverage development framework. Such an integrated
evaluation is important because product quality and consumer liking depend simultaneously on gel
structure, sweetness, energy content, bioactive composition, residual aloin, microbiological quality, and
stability during storage.

In addition to addressing this research gap, the present study aimed to promote the value-added
utilization of locally available Aloe vera. The fresh Aloe vera leaves used in this study were obtained from
Homkhajorn Farm, Suan Dusit University, Suphan Buri Campus, Thailand. Developing a value-added food
product from this university-grown raw material may provide an additional approach for expanding its
utilization beyond fresh plant material. Therefore, this study aimed to develop and evaluate a reduced-
energy Aloe vera jelly beverage containing fruit juice. The effects of carrageenan—konjac glucomannan
formulation and sucrose replacement with sucralose were investigated, followed by evaluation of
physicochemical properties, consumer liking, bioactive compounds, aloin content, nutritional composition,
microbiological quality, and refrigerated storage stability to identify the optimal formulation among those
tested.
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2. Materials and methods
2.1 Raw materials and chemicals

Fresh Aloe vera leaves (Aloe barbadensis Mill.) were obtained from Homkhajorn Farm, Suan
Dusit University, Suphan Buri Campus, Suphan Buri, Thailand. Otheringredients used for product preparation
included food-grade carrageenan, konjac powder, fruit juice concentrate, sucrose, citric acid, and malic acid.

Analytical chemicals included 2,2-diphenyl-1-picrylhydrazyl (DPPH; >90%, Sigma-Aldrich,
St. Louis, MO, USA), ethanol (analytical grade, QRec, New Zealand), Folin-Ciocalteu reagent (Fluka, USA),
sodium carbonate (Na,CO,; Fluka, USA), gallic acid (Fluka, USA), and Trolox (Sigma-Aldrich, USA).

2.2 Quality analysis of Aloe vera gel
The Aloe vera gel was characterized for its proximate composition, bioactive compound
contents, antioxidant activity, and aloin content prior to product development. Prior to analysis, fresh Aloe
vera leaves were thoroughly washed with clean water, and the outer green rind was carefully removed to
minimize contamination of the inner gel with the yellow latex-containing tissues. The inner gel was
separated, washed three times with clean water to remove residual latex and surface mucilage, drained,
cut into small pieces, and homogenized to obtain a uniform sample for subsequent analyses. Unless
otherwise stated, analytical results for fresh Aloe vera gel were expressed on a fresh-weight basis.
2.2.1 Determination of chemical composition
The prepared Aloe vera gel was analyzed for proximate composition, including
moisture, protein, fat, ash, crude fiber, and carbohydrate contents, according to the AOAC International
Official Methods of Analysis (2019).
2.2.2 Determination of total phenolic content
Total phenolic content (TPC) was determined using the Folin—-Ciocalteu colorimetric
method, modified from Maizura et al. (2011). The homogenized Aloe vera gel sample was prepared at
approximately 1 g/mL. Briefly, 25 pL of the sample was mixed with 125 pL of 10% (v/v) Folin—-Ciocalteu
reagent and allowed to react for 4 min at room temperature. Subsequently, 100 uL of 5% (w/v) sodium
carbonate solution was added, and the mixture was incubated at room temperature for 30 min. Absorbance
was measured at 765 nm using a microplate reader (EZ Read 2000, Biochrom Ltd., UK). All measurements
were performed in triplicate. Gallic acid (0.01-0.25 mg/mL) was used to construct the calibration curve, and
the results were expressed as mg gallic acid equivalents (GAE)/100 ¢ fresh weight.
2.2.3 Determination of total flavonoid content
Total flavonoid content (TFC) was determined using the aluminium chloride
colorimetric method, modified from Itsarasook et al. (2021). The Aloe vera gel sample solution was prepared
at a concentration of 10 mg/mL. Briefly, 25 uL of the sample solution was mixed with 75 L of 95% (v/v)
ethanol, followed by the addition of 10 pL of 10% (w/v) aluminium chloride solution, 10 pL of 1.0 M
potassium acetate, and 140 pL of distilled water in a 96-well microplate. The reaction mixture was incubated
in the dark at room temperature for 40 min. Absorbance was measured at 415 nm using a microplate reader
(EZ Read 2000, Biochrom Ltd., UK). All measurements were performed in triplicate. Total flavonoid content
was calculated from a quercetin calibration curve and expressed as mg quercetin equivalents (QE)/100 ¢
fresh weight.
2.2.4 Determination of antioxidant activity by ABTS assay
Antioxidant activity was evaluated using the ABTS radical cation decolorization assay,
as modified from Vongsak et al. (2018). The ABTS«" working solution was prepared by mixing 14 mM ABTS
solution with 4.9 mM potassium persulfate solution at a ratio of 1:1 (v/v) and incubating the mixture in the
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dark at room temperature for 16-20 h. The resulting ABTSe" solution was diluted with ethanol to obtain an
absorbance of 0.70 + 0.02 at 734 nm.

For the assay, 100 uL of the ABTSe" working solution was mixed with 100 uL of the Aloe
vera gel sample solution at a concentration of 200 mg/mL. The reaction mixture was vortex-mixed and
incubated in the dark at room temperature for 6 min. Absorbance was measured at 734 nm using a
microplate reader (EZ Read 2000, Biochrom Ltd., UK). All measurements were performed in triplicate.

ABTS«" radical scavenging activity was calculated using the following equation:

ABTS«" radical scavenging activity (%) = [(Acontrol — Asample) / Acontrol] x 100

where Asample is the absorbance of the ABTSe" working solution mixed with the
sample, and Acontrol is the absorbance of the ABTSs" working solution without the sample. The results
were expressed as percentage ABTS" radical scavenging activity at a sample concentration of 200 mg/mL.

2.2.5 Determination of antioxidant activity by FRAP assay

Ferric reducing antioxidant power (FRAP) was determined using the method of
Tananuwong and Tewaruth (2010), with minor modifications. The FRAP reagent was freshly prepared by
mixing 300 MM acetate buffer (pH 3.6), 20 mM ferric chloride hexahydrate solution, and 10 mM TPTZ
solution prepared in 40 mM HCl at a ratio of 10:1:1 (v/v/v). Subsequently, 190 uL of freshly prepared FRAP
reagent was mixed with 10 pL of the Aloe vera gel sample solution in a 96-well microplate. The reaction
mixture was incubated at 37 °C for 30 min. Absorbance was measured at 593 nm using a microplate reader
(EZ Read 2000, Biochrom Ltd., UK).

Trolox was used to construct the calibration curve. FRAP values were calculated from
the Trolox calibration curve and expressed as mg Trolox equivalents (TE)/100 g fresh weight. All
measurements were performed in triplicate.

2.2.6 Determination of aloin content

Aloin content was determined by the Department of Medical Sciences, Ministry of
Public Health, Thailand, using an in-house high-performance liquid chromatography (HPLC) method based
on the procedure described by Yamamoto et al. (1985). Results were expressed as milligrams per kilogram
of sample (mg/kg).

2.3 Development of Aloe vera jelly beverage containing fruit juice
2.3.1 Preparation of Aloe vera juice

Fresh Aloe vera leaves were washed thoroughly with tap water and cut into
approximately 2-cm pieces. The outer green rind was carefully removed to prevent contamination of the
inner gel with the yellow latex (aloin-containing exudate). The obtained gel was washed three times with
clean water to remove residual latex and mucilage. The gel was then drained, cut into small pieces,
homogenized using a blender, and filtered through a fine mesh to obtain Aloe vera juice for use as an
ingredient in jelly beverage production.

2.3.2 Basic formulation of Aloe vera jelly beverage

The Aloe vera jelly beverage containing fruit juice was prepared using a basic
formulation adapted from Phoonphu (2004), with minor modifications. The formulation consisted of Aloe
vera juice, white grape juice concentrate (24 °Brix), carrageenan, konjac powder, sweetener, citric acid, and
malic acid. White grape juice concentrate (24 °Brix) was selected as the fruit juice source.

Dry ingredients (sweetener, carrageenan, and konjac powder) were first blended to
ensure uniform dispersion before being added to the heated Aloe vera juice. Aloe vera juice was heated

to 80-85 °C before the dry ingredients were gradually added under continuous stirring. The mixture was
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stirred continuously for 5 min until completely dissolved. White grape juice concentrate was subsequently
incorporated, and stirring was continued for 2 min. After cooling to 75-80 °C, citric acid and malic acid were
incorporated and mixed until completely dissolved. The resulting mixture was filled into screw-cap
pouches, sealed, and allowed to gel at room temperature. The jelly beverage was then stored under
refrigerated conditions (4 + 2 °C).

This basic formulation was used as the starting formulation for investigating the effects
of gelling agent ratios and sucrose replacement with sucralose on the quality of the Aloe verajelly beverage.

2.3.3 Determination of the appropriate gelling agent ratio

The effects of carrageenan and konjac glucomannan concentrations on the quality of
an Aloe vera jelly beverage containing fruit juice were investigated. Carrageenan and konjac glucomannan
concentrations were varied between 0.6-0.8% (w/w) and 0.07-0.10% (w/w), respectively, based on the total
formulation weight. Four formulations were prepared according to a completely randomized design (CRD),
while all other ingredients were kept constant. Each formulation was evaluatedfor its physicochemical and
sensory properties.

Each jelly beverage formulation was analyzed for physicochemical properties. Physical
properties included color parameters (L*, a*, and b*), which were measured using a colorimeter (CR-400,
Konica Minolta, Osaka, Japan). Total soluble solids (TSS) were determined using a hand refractometer and
expressed as °Brix. Chemical properties included pH and titratable acidity (expressed as % citric acid),
determined according to AOAC Official Methods (2019). All physicochemical analyses were performed in
triplicate.

Consumer sensory evaluation was conducted using a 9-point hedonic scale (1 = dislike
extremely; 9 = like extremely). Fifty untrained consumers evaluated the products for color, aroma, taste,
texture, and overall liking. The formulation with the highest overall liking score was selected for the
subsequent sweetener optimization study.

2.3.4 Determination of the appropriate level of sucrose replacement with sucralose

The Aloe vera jelly beverage formulation containing the selected gelling-agent ratio
from the previous experiment was used to investigate sucrose replacement with sucralose for the
development of a reduced-energy jelly beverage. Three levels of sucrose replacement were evaluated: 0%
replacement (control), 50% replacement, and 100% replacement. Because sucralose is a high-intensity
sweetener, the amount used in each formulation was calculated based on its relative sweetness compared
with sucrose to provide an approximately equivalent level of sweetness. In the 50% replacement
formulation, half of the sucrose was retained and the sweetness corresponding to the remaining sucrose
was provided by sucralose, whereas in the 100% replacement formulation, sucrose was completely
removed and sweetness was provided by sucralose. All other ingredients in the formulation were kept
constant.

The three jelly beverage formulations were analyzed for physical quality, including L*,
a*, and b* color values and total soluble solids. Chemical and nutritional qualities, including pH, titratable
acidity, total energy, energy from fat, carbohydrate, total fat, moisture, protein, and ash, were analyzed
according to AOAC International (2019) and the laboratory’s in-house methods based on Methods of
analysis for nutrition labeling (Sullivan & Carpenter, 1993).

Sensory evaluation was conducted using a randomized complete block design (RCBD),
with the jelly beverage formulations as treatments and consumers as blocks. Fifty untrained consumers

evaluated all formulations using a 9-point hedonic scale (1 = dislike extremely; 9 = like extremely) for color,
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aroma, taste, texture, and overall liking. The appropriate formulation was selected based on overall liking
and energy content.
2.3.5 Evaluation of quality changes during storage

The selected formulation was packaged in 150-g screw-cap aluminum foil pouches and
stored under refrigerated conditions (4 + 2 °C) for 4 weeks. Sample were collected at week 0 (initial value)
and week 4 to evaluate changes in product quality during refrigerated storage.

Quality changes during storage were evaluated by determining physicochemical,
bioactive, and microbiological properties. Physicochemical properties included color (L*, a*, b¥), total
soluble solids (°Brix), pH, and titratable acidity (% citric acid). Bioactive properties included total phenolic
content, total flavonoid content, and DPPH radical scavenging activity. Microbiological quality was evaluated
by determining total viable count (TVC), yeasts and molds, coliforms, Escherichia coli, and Staphylococcus
aureus, according to the APHA (2015) and AOAC Official Methods (2019).

2.3.6 Quality analysis of the final product

The selected formulation was analyzed for total phenolic content, total flavonoid
content, antioxidant activity, aloin content, and nutritional composition.

2.3.6.1 Total phenolic content

Total phenolic content (TPQ) of the final jelly beverage was determined
according to the method described in Section 2.2.2. The results were expressedas mg gallicacid equivalents
(GAE)/g sample.

2.3.6.2 Total flavonoid content

Total flavonoid content (TFC) of the final jelly beverage was determined
according to the method described in Section 2.2.3. The results were expressed as mg quercetin equivalents
(QE)/g sample.

2.3.6.3 DPPH radical scavenging activity

Antioxidant activity of the final jelly beverage was evaluated using the DPPH
radical scavenging assay following the method of Itsarasook et al. (2021), with minor modifications. A 0.2
mM DPPH solution was prepared in ethanol. The jelly beverage samples were extracted with 70% (v/v)
ethanol. In a 96-well microplate, 75 pL of the sample extract was mixed with 150 pL of DPPH solution and
incubated in the dark at room temperature for 30 min. Absorbance was measured at 515 nm using a
microplate reader (EZ Read 2000, Biochrom Ltd., UK). DPPH radical scavenging activity was calculated using

the following equation:

Ab n _Abssam le
9% DPPH scavenging = Lok Remle 5 100 (1)

ADSplank

where Absample is the absorbance of the DPPH solution mixed with the sample extract, and
AbScontrol is the absorbance of the DPPH solution without the sample extract.

The results were expressed as percentage DPPH radical scavenging activity at a sample
concentration of 1000 mg/mL.

2.3.6.4 Aloin content
Aloin content in the final jelly beverage was determined by the Department

of Medical Sciences, Ministry of Public Health, Thailand, using the same in-house HPLC method described

in Section 2.2.6. Results were expressed as mg/kg of sample.
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2.3.6.5 Nutritional composition
The selected formulation was submitted to Central Laboratory (Thailand) Co.,
Ltd., Thailand, for nutritional analysis. Energy, energy from fat, total fat, saturated fat, cholesterol, protein,
carbohydrate, dietary fiber, sugars, sodium, calcium, iron, ash, and moisture contents were determined
according to AOAC standard methods (AOAC International, 2019) and the laboratory’s in-house methods
based on Methods of Analysis for Nutrition Labeling (Sullivan & Carpenter, 1993).
2.4 Statistical analysis
Physicochemical and chemical data are presented as mean + standard deviation (SD) of
triplicate analyses. Statistical analyses were performed using IBM SPSS Statistics version 23 (IBM Corp.,
Armonk, NY, USA). Differences among formulations were analyzed using one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test. Statistical significance was considered at p < 0.05.
Sensory evaluation was conducted using a randomized complete block design (RCBD), with
formulations as treatments and consumers as blocks. Sensory liking scores from 50 untrained consumers
using a 9-point hedonic scale were analyzed by ANOVA according to the RCBD. Duncan’s multiple range

test was used for mean comparison when significant differences were detected (p < 0.05).

3. Results

The physicochemical properties, bioactive compounds, antioxidant activity, and product
development of the reduced-energy Aloe vera jelly beverage containing fruit juice are presented in this
section.

3.1 Chemical composition, bioactive compounds, and antioxidant activity of Aloe vera gel

The chemical composition, bicactive compounds, and antioxidant activity of fresh Aloe vera
gel are summarized in Table 1. Moisture was the predominant component of Aloe vera gel, accounting for
99.26%, followed by carbohydrate (0.47%), dietary fiber (0.46%), and ash (0.27%). Protein and fat contents
were less than 0.10% and 0.01%, respectively. These findings confirm that Aloe vera gel is a high-moisture
raw material with low levels of macronutrients, consistent with previous reports.

Regarding bioactive compounds, fresh Aloe vera gel contained a total phenolic content of 2.9
+ 0.4 mg GAE/100 ¢ fresh weight and a total flavonoid content of 2.24 + 0.30 mg QE/100 ¢ fresh weight.
Because fresh Aloe vera gel had a very high moisture content (99.26%), the relatively low values observed
on a fresh-weight basis may partly reflect the high proportion of water in the sample. Therefore, comparison
with previous studies reporting phenolic or flavonoid contents on a dry-weight basis should be interpreted
with caution. Although the measured total flavonoid content appeared numerically similar to the total
phenolic content, these values should not be directly compared quantitatively because the Folin—Ciocalteu
and aluminium chloride assays are based on different analytical principles and use different calibration
standards, namely gallic acid and quercetin, respectively. Thus, the reported values represent method-
dependent estimates of phenolic- and flavonoid-related compounds rather than directly comparable
absolute concentrations.

Fresh Aloe vera gel exhibited an ABTSe+ radical scavenging activity of 46.57 + 3.62% at a
sample concentration of 200 mg/mL and a FRAP value of 23.37 + 0.81 mg TE/100 g fresh weight. These
resultsindicate that the fresh gel exhibited measurable antioxidant activity under the assay conditions used.
The aloin content of the fresh Aloe vera gel was 2.50 mg/kg sample.
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Table 1. Chemical composition, bioactive compounds, and antioxidant activity of fresh Aloe vera gel

Parameter Content
Carbohydrate (%) 0.47
Protein (%) <0.10
Fat (%) <0.01
Ash (%) 0.27
Dietary fiber (%) 0.46
Moisture (%) 99.26
Total phenolic content (mg GAE/100 g fresh weight) 2.90+0.40
Total flavonoid content (mg QE/100 g fresh weight) 2.24+0.30
ABTS radical scavenging activity (%) at 200 mg/mL 46.57+3.62
Ferric reducing antioxidant power (FRAP) (mg TE/100 g fresh weight) 23.37+0.81
Aloin (mg/kg sample) 2.50

Note: The symbol “<” indicates that the value was below the reporting limit of the analytical method

3.2 Development of Aloe vera jelly beverage containing fruit juice
3.2.1 Effect of gelling agent ratio on sensory liking of Aloe vera jelly beverage containing
fruit juice
Gelling agents play an important role in determining the texture and sensory
characteristics of jelly beverages. Table 2 summarizes the sensory evaluation scores of Aloe vera jelly
beverages prepared with different carrageenan and konjac glucomannan ratios.

Table 2. Sensory evaluation scores of Aloe vera jelly beverages with different gelling agent ratios

Carrageenan Carrageenan Carrageenan Carrageenan
Attribute 0.6% + Konjac 0.6% + Konjac 0.8% + Konjac 0.8% + Konjac
powder 0.07% powder 0.10% powder 0.07% powder 0.10%
Color™ 7.22 +0.61 7.16 + 0.62 7.01 £ 0.60 7.00 = 0.45
Aroma ™ 7.26 £ 0.82 7.02 + 0.86 7.10 £ 0.91 7.00 + 0.90
Taste 7.36 + 0.89° 6.97 + 0.82° 6.84 + 0.74° 6.77 + 0.74°
Texture 7.42 + 0.83° 6.94 + 0.74° 6.78 + 0.68° 6.72 + 0.67°
Overall liking 7.39 + 0.86° 7.00 + 0.69° 6.68 + 0.69° 6.67 + 0.59¢

Note: Different superscript letters within the same row indicate significant differences (p < 0.05); ns indicates no significant difference (p > 0.05).

The sensory evaluation scores of Aloe vera jelly beverages formulated with different
concentrations of carrageenan and konjac glucomannan are shown in Table 2. The results showed that the
color and aroma liking scores of the four formulations were not significantly different (p > 0.05). The color
scores ranged from 7.00 to 7.22, while the aroma scores ranged from 7.00 to 7.26. These findings indicate
that variations in carrageenan and konjac glucomannan concentrations did not significantly influence
sensory liking of color and aroma (p > 0.05).

For taste, texture, and overall liking, the formulation containing 0.6% carrageenan and

0.07% konjac glucomannan received the highest scores, with values of 7.36 + 0.89, 7.42 + 0.83, and 7.39 +
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Increasing the concentrations of carrageenan and/or konjac glucomannan generally reduced the liking
scores for taste, texture, and overall liking. Therefore, the formulation containing 0.6% carrageenan and
0.07% konjac glucomannan was selected as the optimal gelling agent formulation for further development
of the Aloe vera jelly beverage.
3.2.2 Effect of carrageenan and konjac glucomannan ratios on the physicochemical
properties of Aloe vera jelly beverage
Table 3 summarizes the physicochemical properties of Aloe vera jelly beverages
prepared with different carrageenan and konjac glucomannan ratios. No significant differences (p > 0.05)
were observed in L* and b* values among the four formulations, with values ranging from 31.07 to 31.57
and from 24.16 to 24.32, respectively. These results suggest that the tested gelling agent concentrations
had little influence on the lightness and yellowness of the products. This observation is likely attributable
to the identical concentrations of Aloe vera juice and white grape juice concentrate, which were the primary

contributors to product color.

Table 3. Physicochemical properties of Aloe vera jelly beverage with different ratios of gelling agents

Carrageenan Carrageenan Carrageenan Carrageenan
Attribute 0.6% + Konjac 0.6% + Konjac 0.8% + Konjac 0.8% + Konjac
powder 0.07% powder 0.10% powder 0.07% powder 0.10%
Color value L* ™ 31.57+ 0.42 31.45 £0.23 31.07+ 0.65 31.52 +0.17
a* 4.14 +0.06° 4.04 +0.07° 4.07 +0.07%° 4.01 +0.08°
b* " 24.16+ 0.33 24.25 +0.37 24.32 +0.27 24.30 +0.15
pH 3.43 +0.06" 3.46 +0.01° 3.51 +0.01° 3.53+ 0.02°
Titratable acidity (%) 0.70 +0.01° 0.68 +0.01%° 0.66 +0.01° 0.66 +0.01°
Total soluble solids 17.05+0.13 16.67+0.45 16.85+0.12 16.72+0.22

ns (°Brix) ™

Note: Different superscript letters within the same row indicate significant differences (p < 0.05); ns indicates no significant difference (p > 0.05).

The a* values differed significantly among formulations (p < 0.05). However, the
magnitude of the difference was small (4.01-4.14), suggesting only a minor effect of gelling agent ratio on
product redness. Therefore, the gelling agent ratio exerted only a minor influence on product redness.

The pH values ranged from 3.43 to 3.53, while titratable acidity ranged from 0.66% to
0.70%. As expected, formulations with lower pH exhibited higher titratable acidity because pH and titratable
acidity are inversely related. Total soluble solids (TSS) did not differ significantly (p > 0.05) among
formulations, with values ranging from 16.67 to 17.05 °Brix. This finding is likely attributable to the constant
levels of sucrose and white grape juice concentrate across formulations, whereas only the hydrocolloid
concentrations were varied.

3.2.3 Effect of sucrose replacement with sucralose on sensory liking of Aloe vera jelly
beverage containing fruit juice

The sensory liking scores of Aloe vera jelly beverages prepared with different levels of
sucrose replacement by sucralose are presentedin Table 4. The results showed that the color, aroma, and
texture liking scores of the three formulations were not significantly different (p > 0.05). The color scores
ranged from 7.10 to 7.16, aroma scores ranged from 6.92 to 7.08, and texture scores ranged from 7.24 to
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7.36. These findings indicate that sucrose replacement with sucralose at levels of 50% and 100% did not

significantly affect sensory liking of color, aroma, and texture.

Table 4. Sensory quality of Aloe vera jelly beverages with different levels of sucrose replacement with

sucralose
Control formulation 50% sucrose 100% sucrose
Attribute (0% sucrose replacement with replacement with

replacement) sucralose sucralose
Color ™ 7.16+0.93 7.10+0.86 7.12+0.75
Aroma ™ 7.08+0.60 7.06+0.71 6.92+0.83
Taste 7.28+0.75° 7.14+0.81° 6.76+0.98°
Texture ™ 7.36+1.01 7.32+0.84 7.24+0.94
Overall liking 7.28+0.83° 7.22+0.81% 6.90+0.84°

Note: Values are expressed as mean + SD. Different superscript letters within the same row indicate significant differences (p < 0.05); ns

indicates no significant difference (p > 0.05).

For taste, no significant difference (p > 0.05) was observed between the control
formulation and the formulation with 50% sucrose replacement with sucralose, with mean scores of 7.28
+ 0.75and 7.14 + 0.81, respectively. However, complete replacement of sucrose with sucralose significantly
reduced the taste score to 6.76 + 0.98 compared with the other two formulations (p < 0.05). A similar trend
was observed for overall liking, with the formulation containing 100% sucrose replacement receiving the
lowest score (6.90 + 0.84). The overall liking score of the control formulation (7.28 + 0.83) was significantly
hicher than that of the 100% replacement formulation, whereas the formulation with 50% sucrose
replacement (7.22 + 0.81) did not differ significantly from either formulation (p > 0.05).

Therefore, replacing 50% of sucrose with sucralose was considered the most
appropriate level among the formulations tested for developing a reduced-energy Aloe vera jelly beverage
containing fruit juice, as this formulation maintained taste liking and overall liking comparable to those of
the control formulation while allowing a substantial reduction in sucrose content.

3.2.4 Effect of sucrose replacement with sucralose on the physicochemical properties and
energy content of Aloe vera jelly beverage

Table 5 summarizes the physicochemical properties and energy content of Aloe vera
jelly beverages formulated with 0%, 50%, and 100% sucrose replacement with sucralose. No significant
differences were observed in L* values among the three formulations (p > 0.05), with values ranging from
31.23 to 31.78. These findings indicate that sucrose replacement with sucralose did not markedly affect the
lightness of the product. In contrast, significant differences were observed in the a* and b* values among
the formulations (p < 0.05). The formulation with 50% sucrose replacement with sucralose exhibited lower
a* and b* values than the control and the formulation with 100% sucrose replacement. These differences
may be associated with variations in sucrose concentration and soluble solids within the gel system.
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Table 5. Physicochemical properties and nutritional composition of Aloe vera jelly beverageswith different

levels of sucrose replacement with sucralose

Control formulation

50% sucrose

100% sucrose

Parameter (0% sucrose replacement with  replacement with
replacement) sucralose sucralose
Color (L*)™ 31.23 + 0.15 31.28 + 0.49 31.78 +0.46
a* 4.28 +0.16° 4.02 +0.17° 4.33 +0.09°
b* 24.26+ 0.29° 21.65 +1.06° 24.28 +0.45°
pH 3.41 +0.01° 3.39+ 0.01° 3.39 +0.01%°
Titratable acidity ™ (% citric acid) 0.80 +0.03 0.86+ 0.04 0.89 +0.08
Total soluble solids (°Brix) 15.9+ 0.10° 12.5+ 0.10° 8.50+ 0.10°
Energy (kcal/100 g) 94.52 59.72 26.00
Energy from fat (kcal/100 ¢) 0 0 0
Carbohydrate (%) 23.47 14.74 6.28
Total fat (%) <0.01 <0.01 <0.01
Moisture (%) 76.03 84.75 93.13
Protein (%) 0.17 0.19 0.22
Ash (%) 0.34 0.32 0.37

The pH values ranged from 3.39 to 3.41, indicating only minor variation among the
formulations. Although statistically significant differences were detected (p < 0.05), the magnitude of these
differences was very small. Titratable acidity ranged from 0.80% to 0.89% and did not differ significantly
among the formulations (p > 0.05). This is likely because identical amounts of citric acid and malic acid
were added to all formulations, resulting in comparable acidity.

Total soluble solids (TSS) decreased significantly (p < 0.05) as the level of sucrose
replacement increased. TSS decreased from 15.90 + 0.10 °Brix in the control formulation to 12.50 + 0.10
and 850 + 0.10 °Brix in the formulations with 50% and 100% sucrose replacement with sucralose,
respectively. The reduction in TSS was expected because sucrose is a major contributor to soluble solids,
whereas sucralose is a high-intensity sweetener used in much smaller quantities. In addition to providing
sweetness, sucrose contributes to the flavor, texture, and mouthfeel of food products; therefore, its
reduction or complete replacement may alter the overall sensory characteristics of the product (Di Monaco
et al., 2018). High-intensity sweeteners may also differ from sucrose in sweetness quality and temporal
sensory characteristics, which can influence consumer perception and acceptance (Di Monaco et al., 2014).
Consequently, the lower TSS together with the complete removal of sucrose may have contributed to the
lower taste and overall liking scores observed for the formulation with 100% sucrose replacement.

Regarding energy content, replacing sucrose with sucralose markedly reduced the
energy content of the product. The energy content decreased from 94.52 kcal/100 g in the control
formulation to 59.72 and 26.00 kcal/100 ¢ in the formulations containing 50% and 100% sucrose
replacement, respectively. This reduction was primarily attributable to the decrease in carbohydrate
content because sucrose was progressively replaced with the high-intensity sweetener sucralose.
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Carbohydrate content decreased from 23.47% in the control formulation to 14.74% and 6.28% in the
formulations with 50% and 100% sucrose replacement, respectively. Energy from fat was 0 kcal/100 g, while
total fat remained below 0.01% in all formulations.

Moisture content increased progressively with increasing levels of sucrose replacement,
from 76.03% in the control formulation to 84.75% and 93.13% in the formulations with 50% and 100%
sucrose replacement, respectively. The increase in moisture content corresponded to the reductions in
carbohydrate content and total soluble solids, reflecting the replacement of sucrose with a high-intensity
sweetener used at substantially lower concentrations. Considering both sensory liking and energy reduction,
the formulation with 50% sucrose replacement with sucralose was selected as the most appropriate
reduced-energy Aloe vera jelly beverage formulation among those tested for further quality evaluation.

3.3 Quality changes during storage
3.3.1 Changes in physicochemical properties and bioactive compounds during storage
The quality changes of the selected reduced-energy Aloe vera jelly beverage during

refrigerated storage (4 + 2 °C) are summarized in Table 6.

Table 6. Changes in physicochemical properties and biocactive compounds of Aloe vera jelly beverage

during refrigerated storage

Parameter Week 0 Week 4
Color (L*) ™ 31.55+0.27 31.37+0.23
ax " 4.02+0.16 4.03+0.12
b* ™ 22.57+0.20 22.81+0.40
pH "™ 3.42+0.03 3.46+0.02
Titratable acidity ™ 0.77+0.03 0.74+0.04
Total soluble solids (°Brix) ™ 16.8+0.10 16.63+0.15
Total phenolic content (mg GAE/g sample) ™ 7.18+1.63 6.86+0.73
Total flavonoid content (mg QE/g sample) ™ 5.88+1.41 5.04+0.99
DPPH radical scavenging activity (%) at 1,000 mg/mL 34.81+0.60° 32.01+0.07°

Note: Values are expressed as mean = SD. Different superscript letters within the same row indicate significant differences (p < 0.05); ns indicates no

significant difference (p > 0.05).

The absence of significant changes in L*, a*, b*, pH, titratable acidity, and total soluble
solids suggests that the selected Aloe vera jelly beverage maintained relatively stable physicochemical
properties during 4 weeks of refrigerated storage. Although total phenolic and total flavonoid contents
showed slight decreases during storage, these changes were not statistically significant, indicating that these
bioactive components remained relatively stable over the storage period. In contrast, DPPH radical
scavenging activity decreased significantly from 34.81 + 0.60% to 32.01 + 0.07% (p < 0.05). This reduction
may be associated with oxidation or reduced activity of antioxidant constituents during storage, even though
the measured total phenolic and flavonoid contents remained relatively stable.

3.3.2 Changes in microbiological quality of Aloe vera jelly beverage during storage

The microbiological quality of the selected Aloe vera jelly beverage during refrigerated
storage is summarized in Table 7. Total viable counts and yeast and mold counts remained below 10 CFU/g
throughout storage. Coliforms and Escherichia coli remained < 3 MPN/g, while Staphylococcus aureus

remained <10 CFU/g throughout the storage period.
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Table 7. Microbiological quality of Aloe vera jelly beverage during refrigerated storage

Microbiological parameter Week 0 Week 4
Total viable count (CFU/g) <10 <10
Yeast and mold count (CFU/g) <10 <10
Coliforms (MPN/¢) <3 <3
Escherichia coli (MPN/g) <3 <3
Staphylococcus aureus (CFU/g) <10 <10

These findings indicate that the measured microbiological counts remained low
throughout refrigerated storage. The observed microbiological stability may be associated with the low pH
of the product (approximately 3.4), together with refrigerated storage and the use of screw-cap aluminum
foil pouches, which may have helped minimize external contamination and restrict microbial growth.
Overall, the selected Aloe vera jelly beverage remained microbiologically stable throughout 4 weeks of
refrigerated storage at 4 + 2 °C.

3.4 Quality characteristics of the final Aloe vera jelly beverage formulation

The selected reduced-energy Aloe vera jelly beverage containing fruit juice was analyzed for
its physicochemical, nutritional, and bioactive characteristics. Table 8 summarizes the physicochemical,
nutritional, and bioactive characteristics of the selected formulation. The product contained an energy
content of 59.72 kcal/100 g. Carbohydrate was the major macronutrient contributing to the energy content,
with a content of 14.74 ¢/100 g, of which sugars accounted for 12.63 ¢/100 g. Protein was present at a
relatively low level of 0.19 ¢/100 g, while the moisture content was 84.75 ¢/100 g, consistent with the high
water content characteristic of jelly beverages. The product also contained sodium, calcium, and iron at
75.12, 71.23, and 0.39 mg/100 g, respectively.

Regarding bioactive compounds, the final product contained a total phenolic content of 7.18
mg GAE/g sample and a total flavonoid content of 5.88 mg QE/g sample. DPPH radical scavenging activity
was 34.81% at a sample concentration of 1000 mg/mL. These findings indicate that the final product
contained measurable levels of phenolic- and flavonoid-related compounds and exhibited DPPH radical
scavenging activity under the assay conditions used. The total phenolic content of the final formulation
was higher than that measured in fresh Aloe vera gel. This difference may be attributed, at leastin part, to
the contribution of other ingredients in the formulation, particularly white grape juice concentrate, which
may provide additional phenolic compounds. However, the individual contribution of each ingredient to
the total phenolic content was not determined in the present study; therefore, this interpretation should
be considered cautiously.

The aloin content determined by high-performance liquid chromatography (HPLC) was 1.25
me/kg sample, which was lower than that measured in fresh Aloe vera gel. The lower aloin content may
be associated with several factors, including removal of the outer leaf tissues, washing and separation of
the Aloe vera gel from latex-containing tissues, and dilution with other ingredients during product
formulation. Because these factors were not evaluated independently, their individual contributions to the
reduction in aloin content cannot be determined from the present study.
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Overall, the selected formulation had a reduced energy content and contained measurable
levels of bioactive compounds and antioxidant activity. These findings describe the nutritional and bioactive
characteristics of the selected reduced-energy Aloe vera jelly beverage formulation under the conditions
evaluated in this study.

Table 8. Nutritional composition, bioactive compounds, antioxidant activity, and aloin content of the

selected Aloe vera jelly beverage formulation

Parameter Content

Energy (kcal/100 g) 59.72
Energy from fat (kcal/100 ¢) 0
Total fat (¢/100 ¢) <0.01
Saturated fat (g/100 ¢) Not detected
Cholesterol (mg/100 ¢) Not detected
Protein (g/100 g) 0.19
Carbohydrate (¢/100 g) 14.74
Dietary fiber (g/100 g) 0.99
Sugars (¢/100 ¢) 12.63
Sodium (mg/100 ¢) 75.12
Calcium (mg/100 g) 71.23
Iron (mg/100 g) 0.39

Ash (/100 g) 0.32
Moisture (/100 g) 84.75
Total phenolic content (mg GAE/g sample) 7.18
Total flavonoid content (mg QE/g sample) 5.88
DPPH radical scavenging activity (%)at 1000 mg/mL 34.81
Aloin (me/kg sample) 1.25

Note: “Not detected” indicates that the value was below the detection limit of the analytical method.

4. Discussion

The analysis of fresh Aloe vera gel showed that moisture was the predominant component,
accounting for 99.26%, whereas protein, fat, carbohydrate, ash, and dietary fiber were present at relatively
low levels. This finding is consistent with previous reports indicating that Aloe vera gel consists primarily of
water, accounting for approximately 99% of its composition, while the remaining solids include
polysaccharides, vitamins, minerals, organic acids, enzymes, and phenolic compounds (Hamman, 2008;
Maan et al., 2018).

The TPC and TFC values were expressed on a fresh-weight basis because fresh Aloe vera gel was
used for analysis. Given the very high moisture content of the gel (99.26%), direct comparison with studies
reporting results on a dry-weight basis should be interpreted with caution. Although the total phenolic
content of fresh Aloe vera gel was relatively low, the gel exhibited antioxidant activity as determined by
the ABTS and FRAP assays, with an ABTSe+ radical scavenging activity of 46.57 + 3.62% at a sample
concentration of 200 mg/mL and a FRAP value of 23.37 + 0.81 mg TE/100 g fresh weight. These findings
suggest that the observed antioxidant activity may not be associated solely with total phenolic compounds
but may also reflect contributions from other bioactive constituents, including flavonoids, polysaccharides,
vitamins, and other phytochemicals that may act individually or synergistically. Several flavonoids have
been reported in Aloe vera and related Aloe species, including genistein, isovitexin, isorhamnetin, daidzein,
vicenin-2, lucenin-2, and orientin, some of which have been associated with antioxidant and anti-
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inflammatory activities (Tizazu & Bekele, 2024). This interpretation is consistent with previous reports
indicating that Aloe vera contains multiple classes of bioactive compounds with potential antioxidant and
anti-inflammatory activities (Sanchez et al., 2020). However, because no correlation analysis between
individual bioactive compounds and antioxidant activity was performed in the present study, a direct causal
relationship cannot be established.

Aloin was detected in fresh Aloe vera gel at 2.50 mg/kg sample, indicating the presence of a low
measurable level of latex-derived constituents after gel preparation. Aloin is an anthraquinone glycoside
associated with the laxative activity of aloe latex and is predominantly located in the yellow latex layer
beneath the leaf rind (Boudreau et al., 2017). Its concentration in Aloe vera products can be influenced by
raw material preparation and processing, particularly the extent of rind removal, separation of the inner gel
from latex-containing tissues, and washing. Therefore, careful removal of the outer leaf tissues, separation
of the gel from the yellow latex, and thorough washing are important processing steps for minimizing
residual aloin in Aloe vera-based food products. From a safety perspective, the European Food Safety
Authority has raised concerns regarding hydroxyanthracene derivatives, particularly in relation to prolonged
or high-level exposure (EFSA Panel on Food Additives and Nutrient Sources Added to Food, 2018). The aloin
concentration observed in the present study should therefore be interpreted in the context of differences
in raw material preparation and latex-removal procedures among studies. Direct comparison with regulatory
limits should also be made cautiously because applicable criteria may vary according to product category
and jurisdiction.

The present study demonstrated that the ratio of carrageenan to konjac glucomannan significantly
influenced taste, texture, and overall liking of the Aloe vera jelly beverage. The formulation containing 0.6%
carrageenan and 0.07% konjac glucomannan received the highest liking scores among the formulations
tested. This finding may be explained by the complementary functional properties of the two hydrocolloids,
whereby carrageenan contributes to gel formation while konjac glucomannan enhances water binding and
modifies gel texture. This observation agreeswith previous studies reporting that hydrocolloids can improve
the rheological and textural properties of food systems and that interactions between konjac glucomannan
and K-carrageenan can influence gel strength, elasticity, and overall structural characteristics (Saha &
Bhattacharya, 2010; Li et al., 2024). The lower texture and overall liking scores observed at higher
hydrocolloid concentrations suggest that excessive gel strength may have negatively affected sensory
perception, possibly by producing a firmer, denser, or more adhesive gel structure.

The physicochemical analyses of the jelly beverages formulated with different gelling-agent ratios
showed no significant differences in L*, b*, or total soluble solids among the formulations. These findings
indicate that variation in the levels of carrageenan and konjac glucomannan within the studied range had
little effect on product lightness, yellowness, or soluble solids content. These findings are likely attributable
to the relatively small quantities of hydrocolloids used and to the fact that the major ingredients
contributing to product color and soluble solids were maintained at constant levels across the formulations.

When sucrose was replaced with sucralose, the formulation with 50% sucrose replacement showed
taste and overall liking scores comparable to the control formulation. In contrast, complete replacement
of sucrose with sucralose significantly reduced the taste score compared with both the control and 50%
replacement formulations, while the overall liking score was significantly lower than that of the control
formulation. These findings confirm that sucrose contributes not only sweetness but also flavor balance,
mouthfeel, and overall sensory quality. This interpretation is consistent with Di Monaco et al. (2018), who
reported that sugar contributes to flavor, texture, and several other quality attributes of food products.

Sucralose is a high-intensity sweetener with a sweetness approximately 600 times greater than that of
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sucrose and is used at very low concentrations because of its high sweetening potency, thereby reducing
sugar and energy contents. However, it cannot fully replace the bulking and sensory functions of sucrose
in food systems (U.S. Food and Drug Administration [FDAI, n.d.).

The results of the present study are consistent with those of Kanpairo (2018), who reported that
50% sucrose replacement with sucralose in torch ginger gummy jelly resulted in an overall liking score that
was not significantly different from that of the control formulation. This suggests that partial sucrose
replacement may maintain sensory liking more effectively than complete replacement. Therefore, replacing
50% of sucrose with sucralose may represent an effective strategy for reducing the energy content of jelly
products while maintaining liking comparable to that of the control formulation.

Regarding the physicochemical properties and energy content, replacing sucrose with sucralose
markedly reduced total soluble solids from 15.90 °Brix in the control formulation to 12.50 and 8.50 °Brix in
the formulations with 50% and 100% sucrose replacement, respectively. This reduction was primarily
associated with the progressive decrease in sucrose and carbohydrate contents, as sucralose provides
sweetness at substantially lower concentrations than sucrose. Consequently, the energy content decreased
from 94.52 kcal/100 g in the control formulation to 59.72 and 26.00 kcal/100 g in the formulations with
50% and 100% sucrose replacement, respectively. When overall liking was considered togetherwith energy
reduction, the formulation with 50% sucrose replacement was considered the most appropriate among the
formulations tested, as it achieved a substantial reduction in energy content while maintaining taste and
overall liking comparable to the control formulation.

The final product contained an energy content of 59.72 kcal/100 ¢ and measurable levels of
bioactive compounds and antioxidant activity, including a total phenolic content of 7.18 mg GAE/g sample,
a total flavonoid content of 5.88 mg QE/¢ sample, DPPH radical scavenging activity of 34.81% at a sample
concentration of 1000 mg/mL, and an aloin content of 1.25 meg/kg sample. The higher total phenolic content
of the final product compared with fresh Aloe vera gel may be attributed, at leastin part, to the contribution
of other ingredients in the formulation, particularly white grape juice concentrate, which may provide
additional phenolic compounds and other antioxidant-related constituents. However, the present study did
not determine the individual contribution of each ingredient to the total phenolic content; therefore, this
interpretation should be considered cautiously. The lower aloin content of the final product compared
with fresh Aloe vera gel may be associated with several factors, including removal of the outer leaf tissues,
washing and separation of the Aloe vera gel from latex-containing tissues, and dilution with other ingredients
during product formulation. Because these factors were not evaluated independently, their individual
contributions to the reduction in aloin content cannot be determined from the present study.

DPPH radical scavenging activity was also examined during the preliminary evaluation of fresh Aloe
vera gel; however, the observed activity was very low, and some calculated inhibition values were negative
under the tested conditions. Therefore, antioxidant activity of the fresh gel was primarily interpreted using
the ABTS and FRAP assays. In contrast, the final jelly beverage and changes in its antioxidant activity during
storage were evaluated using the DPPH assay. Differences in assay mechanisms and sample preparation
conditions may have influenced the observed responses. Consequently, antioxidant values obtained from
the fresh gel and the final product were interpreted separately and were not directly compared
quantitatively. Future studies should apply the same antioxidant assay across experimental stages to
improve comparability.

During storage, the selected Aloe vera jelly beverage formulation maintained relatively stable
physicochemical properties under refrigerated conditions at 4 + 2 °C for 4 weeks. Color values, pH, titratable
acidity, and total soluble solids did not change significantly during storage. The observed stability may be
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associated with the combined effects of the acidic pH of the product and refrigerated storage. Although the
screw-cap aluminum foil pouch may also have helped limit exposure to light, oxygen, and external
contamination, its specific protective effect was not independently evaluatedin the present study. Total
phenolic and total flavonoid contents showed slight decreases after 4 weeks of storage, although these
changes were not statistically significant. In contrast, DPPH radical scavenging activity decreased significantly
during storage. This finding suggests that changes in antioxidant activity may have occurred even though
the measured total phenolic and flavonoid contents remained statistically unchanged. Such differences
may reflect changes in specific antioxidant constituents or their reactivity during storage; however, individual
antioxidant compounds were not determined in the present study. The product nevertheless retained
measurable levels of bioactive compounds and DPPH radical scavenging activity after 4 weeks of refrigerated
storage.

Overall, the results demonstrated that the Aloe verajelly beverage containing fruit juice formulated
with 0.6% carrageenan, 0.07% konjac powder, and 50% sucrose replacement with sucralose was the most
appropriate formulation among those tested. This formulation reduced energy content while maintaining
overall liking comparable to the control and showed relatively stable physicochemical properties and low
microbiological counts during 4 weeks of refrigerated storage. The product also contained measurable levels
of bioactive compounds and antioxidant activity. However, the present study evaluated storage stability for
only 4 weeks and employed untrained consumers for sensory evaluation. Further studies should investigate
longer storage periods, consumer liking among target populations, changes in individual bioactive
compounds and antioxidant stability during storage, and product performance under conditions relevantto
industrial-scale production.

5. Conclusions and recommendations

This study developed a reduced-energy Aloe vera jelly beverage containing fruit juice. Fresh Aloe
vera gel contained 99.26% moisture and relatively low levels of energy-providing nutrients. The gel also
contained measurable levels of phenolic compounds, flavonoids, and aloin and exhibited antioxidant
activity as determined by the ABTS and FRAP assays.

Among the gelling-agent formulations tested, the formulation containing 0.6% carrageenan and
0.07% konjac powder received the highest liking scores for taste, texture, and overall liking and was
therefore selected as the base formulation for further development. When sucrose replacement with
sucralose was investigated, replacing 50% of sucrose with sucralose was identified as the most appropriate
level among those tested because it maintained taste and overall liking comparable to the control
formulation while reducing the energy content from 94.52 to 59.72 kcal/100 ¢.

The final product contained a total phenolic content of 7.18 mg GAE/g sample, a total flavonoid
content of 5.88 mg QE/g sample, DPPH radical scavenging activity of 34.81% at a sample concentration of
1000 meg/mL, and an aloin content of 1.25 meg/kg sample. After 4 weeks of refrigerated storage at 4 + 2 °C,
no significant changes were observed in color values, pH, titratable acidity, or total soluble solids. Total
phenolic and total flavonoid contents also remained relatively stable, although DPPH radical scavenging
activity decreased significantly during storage. Total viable counts and yeast and mold counts remained
below 10 CFU/g, coliforms and Escherichia coli remained <3 MPN/g, and Staphylococcus aureus remained
<10 CFU/g throughout the storage period.

Overall, the formulation containing 0.6% carrageenan, 0.07% konjac powder, and 50% sucrose

replacement with sucralose was the most appropriate among those tested. It reduced energy content while
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maintaining overall liking comparable to the control and showed relatively stable physicochemical
properties and low microbiological counts during 4 weeks of refrigerated storage. Further studies should
investigate longer storage periods, changes in individual bioactive compounds and antioxidant stability,
consumer liking among target populations, and product performance under conditions relevant to

commercial-scale production.
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