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ABSTRACT

The food sector is under increasing pressure to improve productivity and food security while reducing resource
consumption, food loss, waste, and environmental impacts. Emerging technologies are providing new approaches to address
these challenges, but their contribution to sustainability depends on their technical performance, economic feasibility, and
integration within the wider food system. This review examines recent advances in sustainable food innovation, focusing on
five complementary areas: advanced food processing, powder engineering, circular food systems, digital transformation, and
sustainable packaging. Technologies including high-pressure processing, pulsed electric fields, cold plasma, ultrasound,
electrostatic powder coating, artificial intelligence, food-waste valorisation, and biodegradable and active packaging are
discussed in relation to their effects on processing efficiency, resource use, product quality, and waste reduction. The review
also considers the main barriers to wider adoption, including scale-up, investment costs, regulatory requirements, process
integration, data availability, and variability in raw materials and processing conditions. Particular attention is given to the
need for life cycle, techno-economic, and social assessment to determine whether improvements at individual processing
stages translate into benefits at the food-system level. Future research should focus on integrating complementary
technologies, developing data-driven and resource-efficient manufacturing systems, and improving the commercial viability
of circular and sustainable solutions. Such an integrated approach can help move promising technologies from laboratory

research towards practical applications that support more resilient, efficient, and sustainable food systems.

KEYWORDS: Sustainable food innovation, Emerging technologies, Food processing, Powder engineering, Circular economy
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1. INTRODUCTION

The global food system is facing unprecedented

challenges in ensuring food security while
minimising environmental impacts and meeting
evolving consumer expectations. Global food
systems currently account for approximately one-
third of anthropogenic greenhouse gas emissions,
utilise around 70% of global freshwater
withdrawals, and occupy nearly half of the world's
habitable land, highligshting the substantial
environmental footprint associated with food
production (Cerutti et al,, 2023; Knorr & Augustin,
2025; Wisser et al., 2024). Rapid population growth,
urbanisation, climate change, diminishing natural
resources, and increasing pressure on agricultural
production have intensified the need for innovative
approaches to food production and processing.
According to the United Nations, the g¢lobal
population is projected to reach approximately 9.7
billion by 2050, increasing global food demand by
an estimated 50-60% compared with current
production levels (Hussain et al., 2025; Oluwole et
al,, 2023). Meeting this demand while reducing
environmental impacts represents one of the
greatest challenges facing modern food systems.
Consequently, sustainability has become a central
objective throughout the food supply chain,
encompassing food

agricultural  production,

manufacturing, distribution, consumption, and
waste management.

In recent years, sustainable food innovation has
emerged as an important response to these
pressures. It extends beyond the development of
new food products to consider how foods are
sourced, processed, packaged, distributed,
consumed, and ultimately disposed of. The aim is
to use resources more efficiently, reduce
environmental impacts, maintain nutritional and

sensory quality, and minimise food loss. At the

same time, manufacturers are responding to
growing interest in healthier foods, clean-label
products, minimally processed ingredients, and
more environmentally responsible production
practices. These expectations are increasingly
influencing product development and processing
decisions across the food sector (Balasubramaniam

et al,, 2023).

Emerging technologies are central to this transition.

Developments in food processing, materials

science, biotechnology, digitalisation, and
engineering are giving manufacturers new ways to
improve process efficiency without compromising
food quality. Technologies such as high-pressure
processing, pulsed electric fields, cold plasma,
ultrasound, ohmic heating, and microwave-assisted
processing provide altermnatives to conventional
thermal treatments, with potential benefits for
microbial safety, product quality, processing time,
and energy use (Srivastava & Sit, 2025). At the same
time, artificial intelligence (Al), machine learning,
digital twins, and smart sensing are being used to

monitor processes, support quality control, and

improve resource management (Ding et al., 2023).

Alongside advances in processing technologies,
innovations in powder engineering have gained

increasing  attention owing to their broad

applications across the food industry. Powder-
based ingredients are widely utilised in snack
seasonings, dairy products, beverages, nutritional
supplements, and functional food formulations,
characteristics and adhesion

where particle

behaviour significantly influence manufacturing

efficiency, product quality, and ingredient

utilisation.  Emerging  technologies such as
electrostatic powder coating provide promising
approaches to improving powder transfer efficiency,
enhancing seasoning adhesion, reducing ingredient

losses, and facilitating the development of
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healthier food products with lower salt and fat

contents (Sumonsiri & Barringer, 2024). Such
innovations demonstrate how engineering solutions
can simultaneously improve product performance
and contribute to more sustainable manufacturing
practices through reduced material waste and

improved process efficiency.

Another important pillar of sustainable food
innovation is the transition towards circular food
systems. Approximately one-third of food produced
globally is lost or wasted throughout the supply
chain, representing substantial losses of resources,
energy, and economic value (Heydari, 2024).

Consequently, increasing emphasis has been
placed on the valorisation of agricultural by-
products and food processing residues into high-
value ingredients, bioactive compounds, functional
food ingredients, biodegradable  packaging
materials, and renewable biomaterials. Emerging
extraction technologies, biorefinery approaches,
and novel biomaterial engineering have expanded
opportunities to transform food waste streams into
valuable resources, thereby supporting circular
economy principles and reducing environmental

burdens (Panda et al, 2024).

Sustainable food innovation also extends beyond
food production to encompass packaging and
distribution systems. Growing concerns regarding
plastic pollution and carbon emissions have
accelerated research into biodegradable polymers,
edible coatings, active packaging, intelligent
packaging, and bio-based composite materials
(Murugesan & Li, 2026). These innovations aim not
only to reduce dependence on petroleum-based
plastics but also to improve food preservation,
minimise spoilage, and extend product shelf life.
The integration of sustainable packaging with

advanced food processing technologies represents

an increasingly important strategy for reducing the
overall environmental impact of food systems.

Despite remarkable technological progress, several
challenges continue to limit the widespread
adoption of emerging technologies within the food
industry. High capital investment, technological
complexity, regulatory  approval  processes,
scalability, consumer acceptance, and integration
remain

into existing manufacturing  systems

significant  barriers.  Furthermore,  evaluating
sustainability requires a systems-level perspective
that considers environmental, economic, and social
dimensions throughout the entire food value chain
(Alamandi, 2025). Future innovations must
therefore balance technological feasibility with
commercial viability, regulatory compliance, and
societal expectations to achieve meaningful and

lasting impacts.

This review critically examines recent advances in
emerging technologies that are driving sustainable
food innovation, with particular emphasis on novel
food processing technologies, powder engineering,
circular food systems through food waste
valorisation, digital transformation, and sustainable
packaging. In addition to discussing current
applications and sustainability benefits, the review
highlights existing challenges, knowledge gaps, and
future  research

directions. By integrating

perspectives from food engineering, material
science, and sustainable manufacturing, this review
aims to provide a comprehensive overview of how
emerging technologies can contribute to the
development of resilient, resource-efficient, and

environmentally sustainable food systems.

2. SUSTAINABLE FOOD INNOVATION

2.1 Concept and Drivers of Sustainable Food

Innovation



Journal of Applied Science and Emerging Technology (JASET) Vol. 25, No. 2 [2026]: €900009

Sustainability is now an important consideration in
the development of food products and

manufacturing  processes.  Conventional food
production has traditionally placed strong emphasis
on productivity, yield, and economic return, while
environmental pressures and resource constraints
have broadened the criteria used to judge
innovation (Galanakis, 2024). The food and
beverage sector is also energy intensive, accounting
industrial

for approximately 30% of energy

consumption in many developed economies
(Corigliano et al., 2025). Improving the efficiency of
food processing therefore offers a practical route to
reducing environmental impacts. Sustainable food
innovation encompasses not only new products,
but also changes in processing, packaging,
distribution, and consumption that can improve
environmental while

performance remaining

economically viable and socially beneficial.

The concept of sustainable food innovation is

closely aligned with the three pillars of

sustainability—environmental protection,
economic prosperity, and social responsibility.
Environmentally, food innovation seeks to reduce
greenhouse gas emissions, conserve water and
energy resources, minimise food loss and waste,
and decrease reliance on non-renewable materials.
Economically, innovations  should  improve
production efficiency, enhance resource utilisation,
and generate value throughout the food supply
chain. Socially, sustainable innovation aims to
improve food security, nutrition, consumer health,
and equitable access to safe and affordable foods
(Cakmakgr et al.,, 2023). Consequently, successful
food innovation requires balancing these
interconnected dimensions rather than optimising a

single objective.

Several global initiatives have accelerated the

transition towards sustainable food systems. The

United Nations Sustainable Development Goals

(SDGs), particularly Zero Hunger (SDG  2),
Responsible Consumption and Production (SDG 12),
Climate Action (SDG 13), and Life Below Water (SDG
14), have provided strategic frameworks that
encourage governments, industries, and researchers
to develop sustainable solutions throughout the
food value chain (Jacob-John et al, 2021).
Simultaneously, increasing corporate commitments
towards carbon neutrality and circular economy
principles have further stimulated investment in
innovative food technologies and sustainable

manufacturing practices.

Consumer expectations are another important
driver of food innovation. There is growing interest
in foods that are nutritious, minimally processed,
clean-label, and

produced  with  greater

consideration ~ for  environmental  impacts

(Balasubramaniam et al., 2023). This has
contributed to increased interest in plant-based
foods, functional ingredients, sustainable packaging,
and processing technologies that use resources
more  efficiently (Golshany et al, 2026).
Sustainability is therefore becoming increasingly
relevant to product development and market
positioning, rather than being treated solely as an

environmental consideration.

2.2 Pillars of Sustainable Food Innovation

Sustainable food innovation encompasses multiple
interconnected domains throughout the food
system. These domains extend beyond product
formulation and include technological innovations
that improve efficiency, reduce environmental

impacts, and enhance resource utilisation across

the entire food value chain.

The first pillar is sustainable food processing, which
focuses on improving manufacturing efficiency

while maintaining food safety and nutritional
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quality. Conventional thermal processing often

requires substantial energy inputs and may
negatively affect heat-sensitive nutrients and
sensory characteristics (Srivastava & Sit, 2025).
Consequently, considerable research has been
directed towards developing alternative processing
technologies that reduce energy consumption

while preserving product quality.

The second pillar involves sustainable ingredients

and product development. This includes
reformulation strategies to reduce salt, sugar, and
saturated fat without compromising sensory quality
(Onyeaka et al., 2023), as well as the incorporation
of functional ingredients derived from sustainable
sources (Teixé-Roig et al., 2023). Advances in
ingredient functionality and powder engineering
have enabled the development of healthier food
products with improved ingredient utilisation and

reduced manufacturing losses.

A third pillar is the transition towards circular food
systems, where agricultural by-products and food
processing residues are viewed as valuable
resources rather than waste. Valorisation strategies
convert these materials into functional food

ingredients, nutraceuticals, biodegradable
packaging materials, animal feeds, and bio-based
chemicals (Boudalia et al., 2026). Such approaches
simultaneously reduce waste generation and create
new economic opportunities while supporting
circular economy principles.

Another increasingly important pillar is digital
transformation, encompassing artificial intelligence,
machine learning, big data analytics, Internet of
Things (IoT) technologies, and digital twins. These
technologies facilitate real-time process monitoring,
predictive

maintenance, quality optimisation,

supply chain  transparency, and precision

manufacturing, thereby improving both productivity

and sustainability (Rahmani et al., 2024).

Finally, sustainable packaging innovation has

become essential for reducing environmental
impacts associated with food preservation and
distribution. Research efforts increasingly focus on
biodegradable polymers, edible coatings, bio-based
composites, active packaging, and intelligent
packaging systems capable of extending shelf life
reliance  on  conventional

while  reducing

petroleum-based plastics (Dutta & Sit, 2024).

These areas are closely connected in practice. For
example, a more efficient processing method may
reduce energy use, but its overall sustainability will
also depend on ingredient utilisation, packaging,
waste management, and the resources required
elsewhere in the supply chain. Similarly, digital
process optimisation can support better control of
processing and powder application, while packaging
and by-product valorisation can help reduce losses
after production. Considering these interactions is
therefore important when evaluating the overall
contribution  of

emerging  technologies  to

sustainable food systems.

2.3 Measuring Sustainability in Food Innovation
The sustainability of food innovations cannot be
assessed  solely based on  technological
performance or product quality. Comprehensive
evaluation requires consideration of environmental,
economic, and social impacts throughout the
product life cycle (Marques et al, 2025).
Consequently, life cycle assessment (LCA) has
become one of the most widely adopted
methodologies for quantifying environmental
impacts associated with food production, including
greenhouse gas emissions, energy consumption,
water use, land use, and waste generation. For
example, LCA enables quantification of greenhouse
gas emissions (kg CO,-equivalent), energy demand
(MJ), water footprint (m?), land use (m?), and waste

generation across the entire food life cycle (D’Agaro
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Figure 1 Integrated framework illustrating how emerging technologies

collectively advance sustainable food innovation.

et al,, 2021), providing a comprehensive basis for

comparing emerging technologies.

Environmental performance is only one part of the
assessment. Techno-economic analysis (TEA) can
be used to examine capital investment, operating
costs, productivity, and scalability, while social
considerations include food safety, nutritional
quality, consumer acceptance, affordability, and
ethical issues (Vickram et al., 2025; Biesbroek et al.,
2023). Considering these factors together can reveal
trade-offs that may not be apparent when a
technology is assessed on processing performance
alone. A process that uses less energy, for example,
may still be unattractive if its capital cost is
prohibitive or if it requires substantial changes to

existing production infrastructure.

Despite substantial progress, evaluating

sustainability remains challenging due to the
complexity of food systems and the trade-offs that

often exist between different sustainability

dimensions. Technologies that reduce energy

consumption may require high capital investment,

while biodegradable packaging materials may
present limitations in barrier performance or shelf-
life extension (Panou & Karabagias, 2023). Similarly,
highly efficient processing technologies may face
regulatory hurdles or consumer scepticism,
particularly when they involve novel manufacturing
methods. These considerations highlight the
importance of adopting holistic and systems-based
approaches when designing and implementing

sustainable food innovations.

Collectively, these five technological domains
provide a comprehensive framework for advancing
sustainable  food

innovation by integrating

engineering,  digitalisation,  circular  resource
management, and environmentally responsible
packaging to improve food quality, manufacturing
efficiency, and sustainability outcomes. The
relationships between these technological pillars
and their contributions to sustainable food systems

are illustrated in Figure 1.

3. EMERGING TECHNOLOGIES IN
SUSTAINABLE FOOD INNOVATION

Technological development is changing how food
products are processed, formulated, monitored,
and packaged. Recent advances in food
engineering, materials science, biotechnology, and
digital technologies have created alternatives to
conventional processes and provided new
opportunities to improve efficiency and reduce
resource use (Alam et al., 2025). The technologies
discussed in this section differ considerably in their
maturity and applications, but they share a
common objective: to improve food production
while addressing one or more environmental,
sustainability

economic, or social

(Gavahian, 2024).

concerns
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3.1 Novel Food Processing Technologies

Food processing plays a fundamental role in
ensuring food safety, extending shelf life, and
improving  product  functionality.  However,
conventional thermal processing methods often
involve prolonged heating, leading to high energy
consumption and undesirable changes in nutritional
value, flavour, texture, and colour (Srivastava & Sit,
2025). Consequently, considerable research has
focused on developing non-thermal and advanced
thermal technologies capable of maintaining food

quality while improving process sustainability.

Among  these  technologies,  high-pressure
processing (HPP) has become one of the most
commercially established non-thermal preservation
methods. HPP applies hydrostatic pressures
typically ranging from 300 to 600 MPa to inactivate
microorganisms and certain enzymes without
requiring high temperatures (Abera, 2019). Because
pressure is transmitted uniformly throughout the
food matrix, products retain their nutritional quality,
fresh flavour, colour, and texture more effectively
than conventionally heat-treated foods. HPP has
been widely adopted for fruit juices, ready-to-eat
meats, seafood, dairy products, and fresh produce,
reduced food

contributing  to spoilage and

extended shelf life (Nema et al,, 2022).

Another promising technology is pulsed electric
field (PEF) processing, which utilises short high-
voltage electrical pulses to permeabilise microbial
and cellular membranes (Gao et al., 2026). Besides
microbial inactivation, PEF enhances mass transfer
processes, improving extraction efficiency, drying
performance, and juice vyield while reducing
processing time and energy consumption. Studies
have demonstrated improvements in juice
extraction yields by approximately 35-40%, while
drying (or extraction) times may be reduced by

60-80% compared with conventional processing

methods, depending on the food matrix and the
target compounds (Chatzimitakos et al., 2023). Its
ability to preserve heat-sensitive nutrients has
attracted increasing interest in fruit and vegetable
processing.

Cold plasma technology has emerged as an
environmentally friendly approach for surface
decontamination (Katsigiannis et al., 2022). Reactive
oxygen and nitrogen species generated within
plasma effectively inactivate microorganisms while
requiring minimal water and chemical inputs. Cold
plasma has shown considerable potential for fresh
produce, grains, packaging materials, and food
Microbial  reductions  of

contact  surfaces.

approximately 1.5 to 3.5 log CFU have been
reported for various fresh=-produce applications
without the use of chemical disinfectants (Pignata
et al, 2017). Although industrial implementation
remains limited by equipment design and
regulatory considerations, the technology offers

significant opportunities for sustainable sanitation.

Other  innovative  technologies, including
ultrasound, ohmic heating, and microwave-assisted
processing, have also demonstrated considerable
sustainability advantages. Ultrasound enhances

extraction, emulsification, and freezing

drying,
processes through acoustic cavitation, reducing
processing times and improving energy efficiency.
Ultrasound-assisted extraction has been shown to
reduce extraction times by up to 90% while
decreasing solvent consumption by between 25%
and 50%, depending on the food matrix and target
compounds (Linares & Rojas, 2022). Ohmic heating
enables rapid and uniform volumetric heating by
passing electrical currents directly through food
materials, thereby reducing thermal gradients and
improving product quality (Javed et al,, 2025).
Microwave-assisted  processing

provides rapid

internal heating that shortens cooking and drying
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times while lowering overall energy consumption
compared with conventional heating methods

(Ekezie et al., 2017).

Despite these advantages, several challenges
continue to hinder widespread industrial adoption.
High capital investment, equipment
standardisation, process validation, and regulatory
approval remain significant barriers (Alamandli,
2025), particularly for small- and medium-sized
enterprises.  Furthermore,  optimisation  of
processing parameters for different food matrices
research to  maximise

requires  continued

sustainability benefits while maintaining food

quality and consumer acceptance.

3.2 Powder Engineering and Electrostatic
Coating Technologies

Powder ingredients are widely used throughout the
food industry, from seasonings and flavourings to
milk  powders, beverage mixes, nutritional
supplements, spices, and bakery premixes. Their
behaviour during handling and application depends
on properties such as particle size, morphology,
density, moisture content, surface characteristics,
and electrostatic charge (Sumonsiri & Barringer,
2024). These affect

properties flowability,

segregation, adhesion, dust generation, and
ultimately the amount of ingredient that reaches
the intended product surface. Powder engineering
therefore means of

provides an important

improving  material  utilisation and  process

consistency.

One of the major challenges associated with
powder application is poor adhesion efficiency.
Conventional seasoning systems often rely on
mechanical tumbling, where a considerable
proportion of powder fails to adhere to the product
surface and is subsequently lost during processing

(Sumonsiri & Barringer, 2024). Such losses increase

raw material consumption, cleaning requirements,
and production costs while generating unnecessary

food waste.

Electrostatic powder coating (EPC) has emerged as
a promising technology for improving powder
deposition  efficiency. By electrically charging
powder particles and applying an opposite charge
or grounded surface to the food product,
electrostatic attraction enhances particle adhesion
and promotes more uniform coating distribution
(Barringer & Sumonsiri, 2015). Compared with
conventional seasoning methods, EPC can
substantially improve transfer efficiency, reduce
overspray losses, and achieve desired flavour
intensity using smaller quantities of seasoning.
Electrostatic coating, influenced by powder
characteristics, processing parameters, and surface
properties of the product, has been shown to
enhance powder transfer efficiency by roughly 20—
50%, thereby minimising ingredient loss and
improving overall coating performance (Sumonsiri &

Barringer, 2024).

Beyond improving  manufacturing  efficiency,
electrostatic coating offers several sustainability
advantages. Enhanced particle adhesion reduces
losses, minimises

ingredient airborne  powder

emissions, and lowers cleaning requirements,
thereby improving both material utilisation and
workplace hygiene (Likitwattanasade & Barringer,
2015). More precise powder deposition also

supports  product reformulation by enabling
targeted delivery of salt, sugar, flavourings, and
functional ingredients while maintaining desirable
sensory attributes. Consequently, electrostatic
coating not only improves process efficiency but
also contributes to healthier product development
and more sustainable manufacturing practices

(Sumonsiri et al., 2020; Sumonsiri & Barringer, 2024).
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Recent developments in particle engineering have
further expanded the capabilities of electrostatic
coating. Optimisation of particle size distribution,
particle morphology, moisture content, and surface
charge characteristics can significantly improve
powder flowability and deposition behaviour
(Suhag et al.,, 2024). The integration of electrostatic
coating with computational modelling, image
analysis, and machine learning offers additional
opportunities for process optimisation and quality

prediction (Davalos-Saucedo et al., 2026).

Although electrostatic coating has demonstrated
considerable promise, several technical challenges
remain. Product ceometry, surface roughness,
humidity, powder composition, and environmental
conditions all influence electrostatic charging
behaviour and coating efficiency. Furthermore,
scale-up from laboratory systems to industrial
production requires robust process control
strategies to ensure consistent product quality
(Song et al, 2025). Continued interdisciplinary
research combining food engineering, materials
science, and process automation will be essential
for maximising the commercial potential of this

technology.

3.3 Circular Food Systems and Food Waste
Valorisation

The transition from linear production models
towards circular food systems represents a
fundamental shift in sustainable food innovation.
Rather than treating food processing residues as
waste, circular approaches seek to recover valuable
components and reintroduce them into the food
value chain (Rizwan et al., 2025). This strategy not
only reduces environmental impacts but also
additional value from

generates economic

underutilised resources.

Numerous agricultural by-products, including fruit
peels, vegetable residues, cereal bran, brewer's spent
grain, coffee grounds, seafood shells, and seaweed
biomass, contain valuable dietary fibre, proteins,
bicactive compounds, pigments, antioxidants, and
polysaccharides (Boruah & Ray, 2024). Globally, fruit
and  vegetable processing alone  generates
approximately 25-30% by-product biomass (Ray et al.,
2025), much of which remains underutilised despite
valuable dietary fibre,

containing proteins,

polyphenols, pigments, and other bioactive
compounds. Advances in extraction technologies—
including ultrasound-assisted extraction, microwave-
assisted extraction, supercritical fluid extraction, and
extraction—have

enzyme-assisted significantly

improved the recovery of these high-value
compounds while reducing solvent usage and energy

consumption (Diaz-de-Cerio & Trigueros, 2025).

Recovered materials can be incorporated into

functional foods, nutraceuticals, natural
preservatives, biodegradable packaging materials,
and biomaterials, supporting both product
innovation and waste reduction (Hossain et al,
2026). For example, seaweed-derived
polysaccharides have attracted increasing attention
for the development of biodegradable films and
edible coatings, while seafood processing by-
products provide valuable sources of chitosan,
collagen, and bioactive peptides with applications
in food preservation and packaging (Sousa et al,

2025).

Despite  substantial progress, the successful
implementation of circular food systems requires
overcoming technical, regulatory, and economic
barriers. Variability in raw material composition,
collection logistics, consumer acceptance, and
standardisation of extraction processes continue to
commercialisation

limit  large-scale (Ligarda-

Samanez et al., 2025). Future research should
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therefore  focus on integrated  biorefinery

approaches capable of maximising resource

recovery while maintaining economic feasibility.

3.4 Digital Technologies and Smart Food
Manufacturing

Digitalisation  is  rapidly  transforming  food
manufacturing by enabling data-driven decision-
making and intelligent process optimisation. The
integration of artificial intelligence (Al), machine
learning (ML), Internet of Things (loT) devices, cloud
computing, digital twins, and advanced sensing
technologies has facilitated the emergence of smart
food factories capable of continuously monitoring
production processes in real time (Ding et al., 2023).
Machine learning algorithms can analyse large
datasets generated during food manufacturing to
predict product quality, optimise process
parameters, detect equipment faults, and minimise
production variability (Ding et al,, 2023). Recent
studies have reported prediction accuracies
exceeding 90-95% for quality classification, shelf-
life prediction, and process optimisation using
machine learning algorithms (Melikoglu, 2026). Al-
assisted product formulation further enables the
rapid identification of ingredient combinations that
satisfy  nutritional, sensory, economic, and
sustainability objectives simultaneously (Datta et

al., 2026).

Digital twins—virtual representations of physical
manufacturing systems—offer new opportunities
for process simulation, optimisation, and predictive
maintenance  without  disrupting  industrial
production (Corradini et al., 2024). Combined with
loT-enabled sensors, these technologies improve
traceability, resource management, and energy
efficiency while supporting more responsive
manufacturing systems. Nevertheless, widespread
adoption remains constrained by data integration

challenges, cybersecurity concerns, infrastructure

investment, and workforce training requirements
(Iranshahi et al., 2025). Establishing standardised
digital platforms and improving interoperability
between manufacturing systems will be essential
for fully realising the sustainability benefits of
Industry 4.0 technologies.

3.5 Sustainable Packaging Technologies

Packaging plays a critical role in maintaining food
quality, reducing spoilage, and ensuring safe
distribution throughout increasingly complex food
supply chains. However, conventional petroleum-
based plastics have raised significant environmental
concerns due to their persistence in ecosystems
and contribution to global plastic pollution (Yin &
Woo, 2024). Consequently, considerable research
has focused on developing sustainable alternatives
that combine environmental benefits with effective

food protection.

Bio-based polymers derived from renewable
resources, including starch, cellulose, proteins,
chitosan, alginate, and seaweed polysaccharides,
have  shown  considerable  potential  as
biodegradable packaging materials (Gamage et al,
2024). Recent advances have also enabled the
development of active packaging, capable of
releasing antimicrobial or antioxidant compounds,
and intelligent packaging, incorporating sensors that
monitor freshness, temperature, or gas composition
throughout storage and distribution (Mkhari et al.,
2025). Although biodegradable materials continue
to improve, challenges relating to mechanical
performance, moisture  sensitivity,  industrial
scalability, regulatory compliance, and end-of-life
management remain significant (Murugesan & Li,
2026). Future developments should focus on
designing balance

packaging  systems  that

functionality, environmental performance, and

economic viability while integrating seamlessly with

emerging  food  processing and  circular
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Table 1 Comparison of emerging technologies supporting

sustainable food innovation.

Technology Sustainability Major
contribution Challenge
HPP Longer shelf life High investment
PEF Higher extraction efficiency ~ Mainly liquids
Cold plasma Chemical-free Regulatory
decontamination approval
Ultrasound Faster extraction Scale-up
Electrostatic Reduced ingredient loss Humidity
powder coating sensitivity
Al Process optimisation Data quality
Packaging Reduced plastic waste Barrier
properties
manufacturing  technologies.  Although  each

technological domain offers distinct advantages,
their greatest potential lies in their integration
the food value chain, illustrated

across as

conceptually in Figure 1.

Although each emerging technology offers distinct
advantages for improving sustainability, their levels
of technological maturity, industrial application,
and implementation challenges vary considerably.
A comparative of the

summary principal

technologies, their sustainability contributions,

representative food applications, and current
limitations is presented in Table 1, highlighting both
their potential and the barriers to wider industrial

adoption.

4. CHALLENGES IN IMPLEMENTING
EMERGING TECHNOLOGIES FOR
SUSTAINABLE FOOD INNOVATION

Despite  significant  advances in  emerging

technologies, heir widespread adoption within the
food industry remains constrained by several
scientific, technological, economic, and societal
challenges. While many technologies have
demonstrated promising results at laboratory and
pilot scales, translating these innovations into

commercially viable solutions requires overcoming

1"

numerous  barriers  related to  scalability,

investment, regulatory compliance, consumer

acceptance, and systems integration. Addressing
these challenges is essential to fully realise the
potential of emerging technologies in supporting

sustainable food systems.

4.1 Technological and Scale-Up Challenges
One of the primary challenges associated with

emerging food technologies is the successful

transition from laboratory-scale research to

industrial-scale implementation (Suput et al., 2026).

Many  technologies  demonstrate  excellent

performance under controlled experimental

conditions but encounter significant limitations
when applied to commercial manufacturing
environments. Differences in production capacity,
equipment design, product variability, and process
stability often result in reduced efficiency and
increased operational complexity during scale-up.
For example, the effectiveness of non-thermal
technologies such as pulsed electric field
processing, cold plasma, and ultrasound is highly
dependent on product characteristics, including
moisture electrical

composition, content,

conductivity, and structural properties (Yuan et al,,

2026). Similarly, electrostatic powder coating
performance is influenced by particle size
distribution, surface morphology, electrostatic

charge density, ambient humidity, and product
geometry (Sumonsiri & Barringer, 2024). Maintaining
consistent under

process performance

continuously  changing  industrial  conditions
therefore requires robust process control systems

and extensive optimisation.

Another challenge involves the limited availability

of standardised equipment and operating

protocols. Many emerging technologies continue to
rely on customised laboratory-scale systems that

differ substantially from commercial production
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equipment (Martinez-Monteagudo et al., 2017). The
absence of harmonised operating standards makes
direct comparison between studies difficult and
slows industrial adoption. Future research should
therefore place greater emphasis on technology
validation under realistic manufacturing conditions
standardised

and the  development  of

methodologies that facilitate industrial

implementation.

4.2 Economic and Industrial Adoption

Although emerging technologies often provide long-
term sustainability benefits, their adoption is
frequently constrained by economic
considerations. Advanced processing equipment,
automation systems, and digital manufacturing
platforms typically require substantial capital
investment, which may be difficult to justify,
particularly for small- and  medium-sized
enterprises (SMEs) (Ndiata et al,, 2025). Additional
costs associated with equipment maintenance, staff
training, process validation, and infrastructure
upgrades further increase implementation barriers.
The economic benefits of sustainable technologies
are not always immediately apparent. While
technologies such as high-pressure processing or
electrostatic coating may reduce ingredient losses,
improve product quality, or extend shelf life, the
financial return on investment often depends on
production scale, product value, and operational
efficiency. Consequently, comprehensive techno-
economic should

analyses accompany

technological development  to evaluate
commercial feasibility alongside environmental

performance.

Industrial  adoption is also influenced by
compatibility with existing production systems.
Many food manufacturers operate established
processing lines designed around conventional
technologies,

making the integration of new

equipment technically challenging and
economically disruptive (Galanakis, 2024). Modular
technologies capable of being incorporated into
existing manufacturing infrastructure may therefore
facilitate more rapid industrial uptake than
technologies requiring complete production line

redesign.

4.3 Regulatory and Consumer Acceptance

The successful commercialisation of emerging food
technologies depends not only on technical
performance but also on regulatory approval and
consumer acceptance (Lisboa et al.,, 2024). Food
safety authorities require comprehensive scientific
evidence demonstrating that novel technologies
consistently  produce safe  foods  without
compromising nutritional quality or generating
unintended chemical or microbiological risks.
Obtaining regulatory approval can therefore be
both

time-consuming and  resource-intensive,

particularly for technologies involving new

processing mechanisms or packaging materials.

Consumer  perception represents an equally

important determinant of market success. Although
sustainability has become an increasingly influential

purchasing criterion, consumers may remain

hesitant to accept foods produced using unfamiliar

technologies. Terms such as cold plasma,

nanotechnology, or artificial intelligence may

generate uncertainty despite the scientific evidence
supporting their safety and benefits. Transparent
communication, effective risk assessment, and
public education will therefore play essential roles
in improving consumer confidence and encouraging
acceptance of innovative food technologies (Meijer,
etal, 2021). Furthermore, sustainability claims must
be supported by robust scientific evidence.
Consumers increasingly expect food manufacturers
environmental

to demonstrate  measurable

benefits rather than relying on broad or
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Table 2 Key research challenges and future directions for sustainable

food innovation.

Area Current Future direction
challenge

Food processing Scale-up Integrated processing
Powder Process Al-assisted coating
engineering variability
Circular Feedstock Biorefineries
economy variability
Digitalisation Data integration Digital twins
Packaging Barrier properties  Smart biodegradable

materials

unsubstantiated marketing claims. Consequently,
life cycle assessment (LCA), environmental product
and sustainability

declarations, transparent

reporting are becoming increasingly important

components of technology commercialisation.

4.4 Towards Integrated and Systems-Based
Food Innovation

Most emerging technologies are developed to
address a particular processing or manufacturing
contribution to

problem. Their sustainability,

however, depends on what happens before and

after that individual process. For example,
combining advanced processing with digital
monitoring, precision powder engineering, by-

product valorisation, and sustainable packaging
could reduce losses at several stages of the food
value chain rather than improving only one
operation (Ligarda-Samanez et al., 2025). This
broader perspective also calls for collaboration
scientists, materials

between food engineers,

scientists, data specialists, economists,

policymakers, and industry. Such collaboration is
needed to ensure that improvements in technical
performance are compatible with cost, regulation,
environmental and

performance, practical

manufacturing requirements.

Sustainability assessments should likewise consider
more than the individual manufacturing operation.

Raw material sourcing, transport, packaging,

13

consumer use, and end-of-life treatment can all
influence the overall environmental performance
of a food product. Assessing these stages together
can help identify where a technolosical
improvement delivers a genuine system-level
benefit and where it may simply shift an
environmental burden from one stage of the

supply chain to another.

5. FUTURE PERSPECTIVES

The next stage of sustainable food innovation will
depend less on developing individual technologies
and more on how well they can be combined and
implemented. Progress has already been made in
advanced processing, powder engineering, digital
manufacturing,  circular  resource  use, and
sustainable packaging, but these developments are
often considered separately. Future research
should therefore examine how complementary
technologies can work together to improve
production efficiency and product quality while
reducing environmental impacts and maintaining
economic viability (Galanakis, 2024).

The Al and machine learning are likely to have a
growing role across the food value chain. Current
applications include process optimisation, quality
prediction, equipment monitoring, and decision
support, with the potential to reduce production
variability and improve the use of energy and raw
materials (Yang et al., 2025). As sensor networks and
Interet of Things (IoT) systems become more
widely connected, digital twins could allow
manufacturers to test process changes and predict
production outcomes before making changes to the
physical system (Corradini et al., 2024; Rahmani et
al., 2024). The main challenge will be moving these
isolated demonstrations

applications  beyond

towards reliable systems that can operate with real
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industrial data and existing manufacturing

infrastructure.

Precision food engineering offers another route to
improving the efficiency of ingredient use and
product  formulation.  Controlling  ingredient
functionality, processing conditions, and product
structure at smaller length scales can help tailor
nutritional, sensory, and functional properties to
specific applications (Hailu et al, 2026). In this
context, electrostatic coating could support more
controlled deposition of flavours, micronutrients,
and other functional ingredients while reducing
losses during application (Sumonsiri & Barringer,
2024). Further work is needed to establish how such
precision approaches can be incorporated into
commercial reformulation strategies, particularly
where reductions in salt, sugar, or fat must be
achieved  without

compromising  consumer

acceptance.

Food by-products are likely to become increasingly
important feedstocks as manufacturers look for
ways to recover more value from existing resources.
Residues from agricultural and food-processing
operations can be processed into ingredients,
bioactive compounds, biomaterials, and packaging
components, but the economic case depends on
the consistency, availability, and cost of the
feedstock as well as the efficiency of the recovery
process (Ligarda-Samanez et al., 2025). Future work
should  therefore towards

move integrated

biorefinery systems that can recover several
products from the same biomass stream rather than

relying on a single high-value compound.

Packaging development will also need to keep pace
with changes in food processing and product
formulation. Biodegradable materials  are
increasingly being combined with active and

intelligent functions, such as antimicrobial agents,

freshness indicators, gas sensors, and digital
traceability (Mkhari et al., 2025). These systems
could provide benefits beyond replacing
conventional plastics by helping to monitor product
condition and reduce spoilage. However, their
practical value will depend on achieving adequate
barrier and mechanical properties, compatibility
with  food-processing  conditions,  regulatory
approval,

(Murugesan & Li, 2026).

and appropriate end-of-life options

Future studies should also assess technologies at
the food-system level rather than focusing only on
individual processing steps. Life cycle assessment
(LCA), techno-economic analysis (TEA), and social
life cycle assessment (S-LCA) can be combined to
examine  environmental impacts, economic
feasibility, and social consequences across the life
cycle (Engel-Cox et al, 2022). This is particularly
important when technologies involve trade-offs—
for example, when a process reduces energy
consumption but requires more expensive
equipment, or when a biodegradable packaging
material

performs well environmentally but

provides a shorter shelf life.

Technology development alone will not be
sufficient to bring these innovations into routine
industrial use. Researchers need to work with
manufacturers, regulators, policymakers, and other
stakeholders to address practical issues such as
validation,

skills,

process regulatory  requirements,

workforce investment, and consumer
communication. Early collaboration between these
groups could also help identify commercial and
regulatory constraints before technologies reach
the later stages of development, improving the
prospects for successful scale-up.

Taken together, these developments point towards
a food manufacturing sector in which processing,

formulation, digital monitoring, resource recovery,
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and packaging are considered as connected parts of
the same system. The challenge is to determine
which  combinations

of technologies provide

meaningful  benefits under real production
conditions, rather than assuming that adding more
technology will automatically improve
sustainability. Research that combines technical
performance with life cycle, economic, and social
assessment will be particularly valuable in guiding
these decisions. The main research priorities
identified from this perspective are summarised in

Table 2.

6. CONCLUSIONS

Food production is under increasing pressure to
improve efficiency and resilience while reducing its
environmental  footprint.  The  technologies
discussed in this review show that these objectives
can be approached through changes in processing,
ingredient application, resource recovery, digital
manufacturing, and packaging. Their sustainability
benefits, however, depend on how they are
designed, implemented, and assessed within the

wider food system.

The review shows that emerging technologies can
address different points along the food value chain.
Advanced processing can improve preservation and
processing efficiency; powder engineering can
increase the precision of ingredient application;
valorisation can turn processing residues into useful
products; digital tools can support process
monitoring and optimisation; and new packaging
materials can help maintain quality while reducing
reliance on conventional plastics. Considered
together, these approaches offer greater potential
for sustainable food production than any single

technology considered in isolation.

15

The main barriers are no longer limited to technical
performance. Cost, scale-up, regulatory requirements,
compatibility with existing manufacturing systems, and
consumer acceptance can all determine whether a

promising laboratory  technology  succeeds

commercially. Addressing these issues will require

closer interaction between researchers,

manufacturers, regulators, and policymakers, together

with  sustainability — assessments that  capture

environmental, economic, and social outcomes rather

than relying on a single performance indicator.

The long-term  contribution of  emerging

technologies will depend on their successful
integration across the food value chain. Advances

in  food engineering, digital technologies,

biotechnology, materials science, and circular

resource management can provide the building
blocks for more resilient and resource-efficient food
systems, but their benefits must be demonstrated
under realistic  technical, economic, and
environmental conditions. Continued collaboration
across academia, industry, and policy will be
essential to move promising technologies from
research into practice and to ensure that innovation
contributes to the production of safe, nutritious,

affordable, and environmentally responsible foods.
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ABSTRACT

This study investigates the ergonomic design of student backpacks, considering factors such as load distribution, proper
fit, strapping, accessibility, and aesthetics. Through a comparative analysis of five sample backpacks and a developed backpack
prototype, various performance metrics were evaluated. The analysis revealed notable variations in dimensions, weight, strap
length, and compartmentalization among the sample backpacks. Results indicated that the developed backpack prototype
exhibited favourable characteristics in load distribution, proper fit, and strapping, outperforming some of the sample
backpacks. However, there were areas of improvement identified across all backpacks, particularly in accessibility and
aesthetics. The findings underscore the importance of ergonomics in backpack design, highlighting the need for careful
consideration of user comfort and functionality. Additionally, the study provides valuable insights for designers and
manufacturers to enhance the design of student backpacks, aiming to mitigate the risk of musculoskeletal issues and improve
overall user experience. Further research may explore additional design features and conduct empirical testing to validate
the effectiveness of proposed ergonomic solutions. In conclusion, this study contributes to advancing the field of ergonomic

backpack design, with potential implications for student well-being and academic performance.
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1. INTRODUCTION

Backpacks serve as indispensable tools for a diverse
array of individuals, prominently including students,
hikers, campers, commuters, athletes, and military
personnel, facilitating the transport of personal
belongings from one location to another (Mertes,
2023). While the use of backpacks for this purpose
is longstanding, spanning centuries, their design has
evolved over time. Nevertheless, fundamental
features persist across most backpacks, typically
including one or more shoulder straps, a back
panel, and compartments for organizing belongings.
Amongst these users, students, in particular, heavily
rely on backpacks to transport study materials such
as laptops, books, and stationery for prolonged
durations  throughout their academic years
(Mansoorian et al., 2019). Consequently, the design
of backpacks assumes paramount importance for
students, necessitating consideration of numerous
factors during the design and development phases.
These factors significantly influence how students
utilize backpacks, impacting their overall health and
academic performance. Research has highligshted
concerns regarding the weight of backpacks carried
by students, with studies revealing that many
students exceed recommended load limits relative
to their body weight (Adeyemi et al.,2014, Olatunya,
2017, Ismaila, 2018). This excess burden often
results from concerns about unexpected classes or
tests, contributing to musculoskeletal stresses and

subsequent pain in areas such as shoulders, neck,

and lower back (Kristina & Amanda, 2018).

Moreover, the use of backpacks among students
has prompted scrutiny regarding its effects and
associated issues. Research underscores the
significant impact of heavy backpacks on student
health, correlating increased backpack weight with

heightened occurrences of bodily discomfort

(Olatunya, 2017). Prolonged exposure to these

issues can vyield long-term repercussions on
students' health, academic performance, and
overall quality of life. Traditional backpacks

frequently lack features conducive to proper load

distribution, comfort, and componentry.

Consequently, designing  backpacks  tailored
explicitly to students necessitates attention to
addressing these deficiencies (Mertes, 2023).
Integrating ergonomic principles into backpack
design and development emerges as a critical
consideration. Backpacks designed with students'
ergonomic needs in mind aim to afford ease of use,
comfort, proper weight distribution, and reduced

musculoskeletal disorder risks.

Despite the burgeoning market offering various
backpack designs, few cater specifically to students'
ergonomic requirements (Dianat, et al,, 2014).
Often, manufacturers prioritize aesthetics and
material quality over functionality and comfort,
leading to inadequate weight distribution, strap
design, and back support. This oversight
compromises comfort and usability, potentially
resulting in discomfort, postural changes, and

musculoskeletal issues (Moore et al., 2007).

Moreover, beyond physical health implications,
poorly designed backpacks can detrimentally
impact students' psychological well-being, inducing
stress and anxiety. Consequently, there is a
compelling need to develop ergonomic backpacks
for students to mitigate musculoskeletal disorders
and enhance functionality. While prior studies have
documented the prevalence and health
consequences of backpack-related musculoskeletal
problems among students (Adeyemi et al.,, 2014,
Olatunya, 2017; Ismaila, 2018) and have proposed
general ergonomic guidelines for backpack design

(Dianat et al., 2014; Mansoorian et al, 2019),
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comparatively few have progressed from guideline
formulation to the design, prototyping, and
comparative evaluation of a physical backpack
against commonly used alternatives, particularly
within a Nigerian university context. This gap,
between recommended ergonomic principles and
a tested, ready-to-use design, is what the present
study seeks to address. This study aims to address
existing gaps in research by developing an
ergonomic backpack design, thereby advancing the
field and offering practical guidance for developers.
The study will utilize CAD software to create a
virtual prototype, incorporating design
modifications such as weight distribution systems,
support cushioning, and adjustable straps. Emphasis
will be placed on enhancing usability through
considerations such as storage, accessibility, and

convenience.

2. RESEARCH METHODOLOGY

2.1 Survey Design

This study utilized a survey research design to
gather data from a broad spectrum of students
through aimed at

surveys or questionnaires

assessing the ergonomic student

backpacks. The

design  of
survey encompassed  both
quantitative and qualitative aspects to ensure a
comprehensive evaluation. Primarily, participants
was drawn from the student body of Olabisi
Onabanjo University across at Ibogun campus. The
choice of Olabisi Onabanjo University (OOU) as the
primary participant source was based on its
proximity and accessibility for data collection. The
diverse student population at the university makes
it an ideal setting for compiling a sample that
accurately represents the target population.
Participants was provided informed consent before

participating in the study.

2.2 Sampling Method

Convenience  sampling was employed for
participant recruitment in this survey research
study. This method was selected for its practicality
and accessibility, considering the researcher's
affiliation with Olabisi Onabanjo University and
potential challenges associated with random
sampling. The study aims to include students from
various academic disciplines to ensure diversity in
the sample. The sample size for this investigation
was determined based on practical considerations
and available resources. To ensure an adequate
amount of data for analysis, about 500 participants
was recruited. A cohort of one hundred and sixty
(160) students was meticulously chosen. Depending
on response rates and data accuracy, the actual
sample size may be adjusted during the data
collection process. The participants' demographic
data, including age, gender, course of study, and
year of study, was collected to ensure the
participant pool accurately reflects the university's
student body and to provide a comprehensive

overview of the sample.

Data collection for this survey research study was
conducted exclusively through an online survey
administered via Google Forms. This method allows
for convenient and efficient data collection from
participants. During the survey, participants
provided gquantitative data by rating each backpack
on a scale of 1 to 10 for each evaluation criterion,
and qualitative data by offering detailed feedback
on their experiences, preferences, and suggestions

for improvement.

The survey data was analyzed using percentages
and frequencies to determine the prevalence of
musculoskeletal — disorders and  summarized
participant demographics, providing a fundamental

understanding of the collected data. Quantitative
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data from user testing sessions was used to
calculate average ratings for each evaluation
criterion, while qualitative data was analyzed to
identify common themes and patterns, offering
insights into the strengths and weaknesses of the
backpacks. This comprehensive analysis
contributed to a thorough evaluation of the
ergonomic  design  of  student  backpacks.
Comparisons between backpacks in Section 3
(Results) are based on differences in these mean
ratings and on the descriptive top- and worst-
performer summaries in Tables 1 and 2; formal
inferential statistical testing (e.g., ANOVA) was not
performed and is noted as an area for future
analysis once a larger, randomly sampled dataset is
available.

2.3 Product Design Considerations

Several key factors was carefully considered as they
risk of

play a critical role in reducing the

musculoskeletal issues and enhancing the
functionality of the backpack. By closely attending
to these dimensions, the overall design of the
backpack can be optimized to provide students

with maximum comfort, support, and utility.

Backpack Weight Threshold: The weight of a
student backpack is paramount in ergonomic
design. Drawing from comprehensive literature
review, it was recommended that the backpack
weight ideally should not surpass 10% of the

average student's body weight.

Average Weight of the Population (kg)
sum of all student weights

= (1)

total number of students

10

100
Average Weight of the Population (2)

Weight Limit (kg) =

Height Compatibility for Backpacks: Ideally, the
height of the backpack should correspond to the
student's torso length, ensuring proper alignment
and fit on the student's back. Research indicates
that a rough estimate of torso length can be
determined by multiplying the student's height by
0.27 (Brumelis, 2023).

Average Height of the Population (cm)
sum of all student heights

= 3)

total number of students

Backpack Height (cm) =

Average Height X 0.27 (4)

Backpack Width: For enhanced mobility, it's
essential that the width of the backpack remains
within the confines of the student's body width
and ideally matches the width of the chest.

Average Chest Width of the Population (cm)
sum of the chest widths

(5)

" total number of students

Backpack Width (cm) = Average Chest Width (6)

Strap Length Consideration: In order to ensure
even distribution of the load on the shoulders and
prevent undue strain on the muscles in that area,
it's imperative that the straps are sufficiently wide.
Determining the optimal length of the strap
involves establishing a correlation between height
and chest width to ensure the backpack position

aligns with the torso.

Minimum Strap Length (cm)
= Backpack Height + Average Chest Width (7)

To also allow for adjustability, an additional length

can be added to be set by the webbing strap.

Maximum Strap Length (cm)

= Backpack Height + Maximum Chest Width  (8)
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Sample Backpack 1

Sample Backpack 2

&

Sample Backpack 4

Figure 1 Sample of Backpacks from the existing packs

3. RESULTS AND DISCUSSION

A cohort of one hundred and sixty (160) students
was meticulously chosen from the participant pool
of 500 students recruited to offer valuable insights
derived from their past experiences with backpacks,
including potential musculoskeletal issues or
discomfort. The primary aim was to evaluate the
functionality, comfort, and user-friendliness of five
selected backpacks, which were representative of
commonly utilized options among students. It is
important to note that this user testing (Sections 3)
was conducted exclusively on the five existing
sample backpacks; the subsequently developed
prototype (Section 4) was evaluated through a
dimensional and design-feature comparison against
these backpacks rather than through direct physical
user testing, with empirical user validation of the
prototype identified as a direction for future work.

Five backpacks showcasing diverse designs and
features were chosen for user testing, representing
typical options used by students cross various
educational settings. A series of tasks was devised

to replicate common activities students undertake

when utilizing a backpack, such as carrying it for

2 U

Sample Backpack 3

Sample Backpack 5

extended  periods, adjusting  straps, and
loading/unloading books. These tasks aimed to
gauge the overall functionality, comfort, and ease
of use of the backpacks. Numerous test scenarios
were formulated to comprehensively evaluate the
backpacks. Participants engaged in the following
scenarios: Wearing each backpack for a specified
duration while performing routine tasks like

standing, bending, and walking, Filling the
backpacks with a predetermined set of items to
assess comfort and weight distribution during
movement, Adjusting the straps to their liking,
participants evaluated the fit and adjustability of
the backpacks and the loaded backpacks' weights
were recorded both before and after participants
filled them with a predetermined set of items
typically used by students on a daily basis at
school. Individual testing sessions were conducted
with each participant, wherein clear instructions
were provided, and participants were encouraged
to offer feedback during and after testing. They

were prompted to assess the backpacks based on

predefined evaluation criteria.
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Figure 2 provides a comparison of various attributes among five different sample backpacks

The study shows that the width and height (cm)
dimensions indicate the physical size of the
backpacks. Sample Backpack 5 has the smallest
width at 39 cm, while Sample Backpack 1 and
Sample Backpack 3 have the largest width at 42
cm. In terms of height, Sample Backpack 4 is the
tallest at 49 cm, while Sample Backpack 3 is the
shortest at 41 cm. Similarly, weight (Loaded) (kg)
shows the weight of the backpack when loaded
with items. Sample Backpack 2 has the highest
loaded weight at 7.25 kg, while Sample Backpack 1
has the lowest at 6.28 ke.

However, the strap length (cm) indicates the length
of the straps, which is crucial for adjusting the
backpack to fit the wearer comfortably. Sample
Backpack 1 has the longest strap length at 92.50
cm, while Sample Backpack 3 has the shortest at
74.00 cm. The number of compartments
represents the number of compartments or
sections within each backpack for organizing items.

Sample Backpack 3 has the highest number of

compartments at 7, providing ample storage
options, while Sample Backpacks 1, 4, and 5 have
4 compartments each, and Sample Backpack 2 has
5 compartments. Based on this comparison, it's
evident that each backpack has its own unique set
of characteristics in terms of size, weight, strap
length, and compartmentalization. The choice of
the most suitable backpack would depend on
individual preferences, such as the need for
additional storage compartments or preference for
a lighter or more compact design. Figure 3 shows
the breakdown of the performance of each
backpack in terms of different criteria. For each
backpack, the average rating for a given criterion
(load distribution, proper fit, strapping, accessibility,
and aesthetics) was computed as the arithmetic
mean of the individual 1-to-10 ratings assigned by
all participants who tested that backpack, in line
with the data analysis procedure described in

Section 2.2
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Table 1 Top Performer for Each Criterion

TOP PERFORMERS

Load Distribution Backpack 4
Fit Backpack 1
Strapping Backpack 1
Accessibility Backpack 2
Aesthetics Backpack 5
Table 2 Worst Performers for Each Criterion
WORST PERFORMERS
Load Distribution Backpack 5
Fit Backpack 5
Strapping Backpack 3
Accessibility Backpack 3
Aesthetics Backpack 1

The study shows that Backpack 4 performed the
best in load distribution, with a rating of 6.47,
indicating that it effectively distributed the weight
of the contents across the wearer's back. Backpack
1 also performed well in this aspect, with a rating
of 6.17. Backpack 5 received the lowest rating for
load distribution at 5.53. Similarly, Backpack 1
received the highest rating for proper fit at 6.53,
suggesting that it fit the wearer's body well and
provided comfort. Backpack 2 and Backpack 4 also
scored relatively high in this aspect, with ratings of

6 and 6.2 respectively.

However, Backpack 5 received the lowest rating for
proper fit at 5.43. Backpack 1 received the highest
rating for strapping at 6.6, indicating that its
shoulder straps were comfortable and provided

adequate support.

Backpack 2 also scored well in this aspect, with a
rating of 6.23. Backpack 3 received the lowest rating
for strapping at 5.47 while Backpack 2 also received
the highest rating for accessibility at 6.53, suggesting
that it was easy for users to access the contents of
the backpack. Backpack 4 also performed well in
this aspect, with a rating of 6.13. Backpack 3
received the lowest rating for accessibility at 5.4.

Backpack 5 similarly, received the highest rating for

aesthetics at 6.53, indicating that it was visually
appealing to wusers. Backpack 4 also scored
relatively high in this aspect, with a rating of 6.
Backpack 1 received the lowest rating for aesthetics

at 5.73.

The finding revealed that each backpack has its
strengths and weaknesses across different criteria.
Backpack 1 performed well in terms of load
distribution, proper fit, and strapping, while
Backpack 2 excelled in accessibility. Backpack 5
stood out in terms of aesthetics. These ratings
provide insights into the performance of each
backpack and can help users make informed
decisions based on their preferences and needs.

In analyzing the top performers in the table 1 based
on various criteria, it is evident that each backpack
excels in different aspects, contributing to a
comprehensive evaluation of their performance.

The study shows that Backpack 4 emerges as the
top performer in load distribution, suggesting that
it effectively distributes the weight across the
wearer's back. This indicates that Backpack 4 likely
features a sturdy frame, adequate padding, and
adjustable straps, which are crucial for evenly
distributing the load and reducing strain on the
wearer's back and shoulders. Backpack 1 s
recognized for providing an excellent fit, implying
that it offers adjustable features that allow users to
customize the backpack to their torso size and
shape. A proper fit is essential for ensuring comfort
strain

and minimizing discomfort or during

prolonged use.

Similar to its performance in fit, Backpack 1 also
excels in strapping, suggesting that it features wide

and padded shoulder straps that effectively

distribute  pressure  and enhance comfort.
Additionally, the adjustable nature of the
straps allows for personalized adjustments

to accommodate different body sizes and
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Figure 3 Comparison of the Backpacks Average Rating Criteria (1 - 10)

preferences. Backpack 2 stands out in accessibility,
indicating that it offers convenient access to
belongings through multiple compartments and
pockets. This feature enhances organization and
facilitates easy retrieval of items, contributing to
overall user convenience and efficiency.

However, Backpack 5 receives recognition for
aesthetics, implying that it features a visually
appealing design that resonates with users.
Aesthetics play a significant role in user satisfaction
and can influence the likelihood of regular usage,
making Backpack 5 an attractive option in terms of
style and design preferences. The study finding
revealed that the top performers in the table
exhibit strengths across different dimensions,
ranging from load distribution and fit to strapping,
accessibility, and aesthetics. Each backpack offers
distinct advantages that contribute to overall user
satisfaction and  usability, highlighting the
importance of considering multiple criteria when
evaluating backpack performance.

Table 2 shows the analysis of the backpack based
on the worst performers in various criteria sheds
light on areas where certain backpacks may fall
short in terms of user satisfaction and functionality.

The study revealed that, Backpack 5 was identified

as the worst performer in load distribution,
suggesting that it may struggle to evenly distribute
the weight across the wearer's back. This could
indicate insufficient padding or structural support,
leading to discomfort or strain, particularly during
extended use. Similarly, Backpack 5 was recognized
as the worst performer in fit, indicating that it may
not offer adequate adjustability to accommodate
different torso sizes and shapes. A poor fit can
result in discomfort, instability, and potential strain,
detracting from the overall user experience.

However, Backpack 3 emerges as the worst
performer in strapping, implying that it may feature
narrow or poorly padded shoulder straps that
contribute to discomfort and pressure points on
the wearer's shoulders and neck. Additionally,
inadequate adjustability may further exacerbate fit

issues and discomfort.

Backpack 3 was also identified as the worst
performer in accessibility, suggesting that it may
lack sufficient compartments or organization
features to facilitate easy access to belongings. This
could lead to frustration and inefficiency when
retrieving items, negatively impacting the user

experience.
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Figure 4 Design Isometric View 1

46cm

Figure 5 Design Isometric View 2

46cm

Figure 6 Proposed Design Front View

The findings also revealed that Backpack 1 is
recognized as the worst performer in aesthetics,
indicating that it may feature a design that is less
visually appealing to users. While aesthetics are
subjective, a design that is perceived as
unattractive or outdated may influence user
satisfaction and preference. The worst performers

in the table exhibit shortcomings across various

10cm

load distribution, fit,

dimensions,

including
strapping, accessibility, and aesthetics. These
deficiencies highlight areas where certain backpacks
may fail to meet user expectations and emphasize
the importance of addressing these factors in
overall user

backpack design to enhance

satisfaction and functionality.
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Figure 9 Proposed Design Straps and Back Panel

4. PROPOSED PRODUCT DESIGN

4.1 Comparison of Developed Backpack with
the Existing
In comparing the developed backpack with the

other options based on the provided figure 11
several key observations was made regarding
various dimensions and features: The developed
backpack has a width of 36 cm and a height of 46

cm, which are within the range of the widths and

H
M

[m

heights of the other backpacks. However, it is

notable that Backpack 3 has a relatively smaller
height compared to others, potentially affecting its
overall capacity and fit for larger items. The loaded
weight of the developed backpack is 6.7 kg, falling
within a comparable range to the weights of the
other backpacks. While Backpack 2 has the highest
loaded weight at 7.25 kg, indicating potentially

higher carrying capacity, this may also contribute to
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Figure 10 Assembly of Proposed Design

Backpaxk 5

Backpaxk 4
= No of Compartment

Backpaxk 3 Strap length (cm)
= Weight (loaded) (k

Backpaxk 2 . ant( ) ()
= Height (cm)

Backpaxk 1 = Width (cm)

Developed Backpack
0 20 40 60 80 100
Figure 11 Comparison of Developed Backpack with the Existing
increased strain on the wearer, particularly if the compartments,  potentially  offering  more

weight exceeds recommended limits. The strap
length of the developed backpack is 92 cm. This is
comparable to Backpack 1, which has a marginally
longer strap length of 92.5 cm and may therefore
offer slightly better adjustability. By contrast,
Backpack 2’s strap length of 80 cm is noticeably
shorter than that of the developed backpack,
which may limit its adjustability range for taller
users. The developed backpack features 5
compartments, which is comparable to the number
of compartments in Backpacks 2, 4, and 5.
stands out with 7

However, Backpack 3

organizational options for users.

This study discovered that the developed backpack
aligns closely with the dimensions and features of
the other options presented in the table, it offers a
balanced combination of width, height, weight, strap
length, and compartmentalization. Additionally, the
inclusion of ergonomic considerations such as
proper weight distribution, adjustable straps, and
sufficient compartmentalization aims to enhance
user comfort and functionality, distinguishing it as a

viable choice among the compared options.
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5. CONCLUSION
This research aimed to develop an ergonomic,
functional student backpack that mitigates the risk
of health problems. Through a thorough literature
review on backpack design and functionality, an
assessment of disorders among students (Amiri, et
al,, 2012), and the creation of a computer-aided
design (CAD) model, this study identified six primary
ergonomic requirements crucial for designing
student backpacks: backpack weight limit, load
distribution, proper fit, strapping, accessibility, and
aesthetics. A CAD representation of the backpack
incorporating these ergonomic features was
developed, with specifications including a weight
limit of 6.7 kg, a height of 46 cm, a width of 36 cm,
and adjustable strap lengths ranging from 82 cm to
92 cm. Additional features such as front
compartments, back padding, and proper strapping
were integrated to enhance comfort, support, and
usability for students.

The developed prototype Backpack enhances
comfort, support, and usability with a significant
advancement in ergonomic design for student
backpacks. However, future research should
conduct empirical testing of the proposed design
on real users to assess its effectiveness in reducing
musculoskeletal pain, improving comfort, and
enhancing usability. Consideration of additional
ergonomic elements such as ventilation, water
resistance, durability, security, and personalization
could further enhance the performance of student
backpacks. Future studies can investicate the
feasibility and desirability of incorporating such
features and their impact on user satisfaction.
Further studies can examine how ergonomic
backpacks influence academic achievement and
quality of life using objective and subjective
measures, such as attendance, grades, and overall
These

well-being. recommendations  can

contribute to advancing research and design
practices aimed at creating ergonomic, user-friendly
backpacks that promote student health and well-
being.
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ABSTRACT

This paper introduces an innovative algebraic concept called the transposition regular I' - TA-groupoid. The study
focuses on investigating the fundamental properties and structural characteristics of the regular associative T -TA-groupoid.
The results demonstrate that every left transposition regular I' - TA-groupoid is always a T -semigroup. Furthermore, it is
proved that every left transposition regular T - TA-groupoid is also a right transposition regular T - TA-groupoid, and
conversely, every right transposition regular T -TA-groupoid is a left transposition regular T - TA-groupoid. These findings
reveal a relationship between the two forms of I' -TA-groupoids and provide deeper insight into the structural behavior of

' -TA-groupoids within the framework of algebraic regularity.
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ABSTRACT

This study investigates the method of water washing coconut husk fuel to increase its quality. X-ray fluorescence
(XRF) was used to study the fuel ash's composition and determine the degree of fouling and agglomeration issues using two
parameters: the Bed Agglomeration Index (BAI) and the Base to Acid Ratio (Ry/.). The study revealed that the quantities of
K20, Na,O, and Cl were decreased by 40.4%, 50.4%, and 82.0%, respectively, after washing the coconut husk fuel with water
at a flow rate of 197 milliliters per minute for 25 minutes. The time needed for bed particle defluidization was 32 minutes
for the untreated sample and 78 minutes for the water-washed sample when untreated and water-washed coconut husk

fuel were burned at 800 °C in a fluidized bed reactor.
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ABSTRACT

This study compares the performance of prediction intervals from Ordinary Least Squares (OLS) and Quantile
Regression (QR) in simple linear regression. Using Monte Carlo simulations, five error distributions were examined: the normal
distribution (which satisfies the model assumptions) and four that violate the assumptions (skewed, heavy-tailed, extremely
heavy-tailed, and heteroscedastic). Performance was evaluated using Coverage Probability (CP), Average Width (AW), and
Average Interval Score (AIS).

The results showed that under the normal distribution, OLS achieved coverage close to the nominal level and
provided lower AIS values across all conditions. In contrast, QR undercovered at small sample sizes but converged to the
nominal level as the sample size increased. When assumptions were violated, QR outperformed OLS provided that the
sample size was sufficiently large. Specifically, for skewed and extremely heavy-tailed errors, QR yielded a clearly lower AlS.
Under heteroscedasticity, the coverage probability of OLS deviated significantly from the target level depending on the
prediction point (xo), whereas QR adapted more effectively.

The findings suggest that selecting the appropriate method should take into account both the error distribution and

the sample size. QR is a suitable alternative when OLS assumptions are violated, and the sample size is adequate.
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2. nuiitieatas
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asefl 1 ArAayesduasauAgu (CP) AIAIINNI1AEIS (AW) LA AIATLUUTINA 8 (AIS) 1993 2am8 N335 OLS uagds QR nsdl
& ~N(0,5%)
n Xo CP_OLS AW_OLS AlS_OLS CP_OR AW_QR AIS_QR
0.0 0.9498 23.73 28.15* 0.7202 12.24 44.75
0.5 0.9492 24.69 29.35 % 0.6718 12.26 54.96
10 0.8 0.9514 26.13 31.08* 0.6105 12.27 73.02
12 0.9520 28.84 33.95* 0.5336 12.28 107.03
1.5 0.9534 31.34 36.72 % 0.4930 12.30 140.87
0.0 0.9496 20.65 24.67 0.8990 17.84 26.92
0.5 0.9529 20.92 24.66 * 0.8804 17.84 28.95
30 0.8 0.9520 21.32 25.12% 0.8482 17.83 33.81
12 0.9496 22.13 26.27 % 0.7840 17.83 45.52
15 0.9500 22.92 27.30 * 0.7300 17.83 60.37
0.0 0.9501 20.18 24.07 * 0.9290 19.15 25.20
0.5 0.9498 20.34 24.26 * 0.9188 19.17 26.48
50 0.8 0.9506 20.57 24.61 % 0.9010 19.18 28.82
1.2 0.9461 21.05 25.40 * 0.8569 19.20 34.96
15 0.9476 21.52 25.84 0.8200 19.21 42.21
0.0 0.9480 19.88 2385 % 0.9378 19.32 24.33
0.5 0.9501 19.96 2342 % 0.9322 19.31 24.46
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12 0.9494 19.67 2357 % 0.9434 19.58 23.95
15 0.9500 19.70 23.62 % 0.9436 19.58 24.10
0.0 0.9526 19.60 23.02* 0.9524 19.59 23.02
0.5 0.9512 19.61 23.24 % 0.9502 19.59 23.26
5,000 0.8 0.9491 19.61 2333 % 0.9483 19.59 23.35
1.2 0.9479 19.61 2343 * 0.9476 19.59 23.49
15 0.9504 19.62 23.21% 0.9492 19.59 23.36
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a3eii 2 Aresuueziduaseuaay (CP) AIATIUNT19T9 (AW) kAazAIATLULYILAE 8 (AIS) 03w ane1nsalis OLS wazds OR nydl

& ~ Expo(l/1=5)-5

n %o CP_OLS AW _OLS AlS_OLS CP_QR AW_QR AIS_QR
0.0 09312 2247 36.14 0.7006 11.07 4321
05 09326 2339 36.26 * 0.6698 11.09 51.53
10 08 0.9332 24.75 37.92* 06191 11.10 67.87
1.2 0.9346 2732 40.64 * 0.5383 11.11 103.73
15 09362 29.68 4095 * 0.4964 11.12 140.93
0.0 0.9401 20.16 3219 0.8879 16.85 27.16 *
05 0.9425 20.42 31.78 0.8787 16.85 28.84 *
30 038 0.9431 2081 3245 * 0.8530 16.85 33.44
1.2 0.9432 21.60 3255 * 0.7832 16.85 49.89
15 0.9422 2237 33.49 * 0.7333 16.85 7215
0.0 0.9460 19.91 31.00 0.9242 18.32 2543 *
05 0.9468 2006 3046 09171 18.30 2581 %
50 08 0.9460 20.30 30.54 09036 18.29 28.68 *
1.2 0.9470 2077 31.20 * 0.8603 18.28 37.35
15 0.9464 21.24 3167 * 08120 18.26 5023
0.0 09461 19.75 30.38 09368 18.23 24.25 *
05 0.9446 19.82 3097 09292 18.22 2534 *
100 08 09438 19.94 31.56 0.9224 18.22 27.15 *
12 0.9475 20.17 30.76 0.9058 18.22 29.66 *
15 0.9486 20.41 3115 * 0.8840 18.22 3533
0.0 0.9482 19.60 30.18 0.9498 1831 2381 %
05 0.9496 19.61 29.16 0.9513 18.30 2295 *
1,000 038 0.9484 19.62 29.39 0.9482 18.29 2315 *
12 0.9460 19.65 3061 09442 18.28 24.38 *
15 0.9470 19.67 30.31 09436 18.28 24.38 *
0.0 0.9491 19.60 29.90 0.9502 18.31 2335 *
05 0.9488 19.60 29.53 0.9499 18.32 2307 *
5,000 038 0.9512 19.60 29.44 0.9497 18.32 23.20 *
1.2 0.9483 19.61 29.69 0.9508 18.32 2334 *
15 0.9475 19.61 30.20 0.9482 18.32 2373 %

mnewn e wneils a1 CP Ailumnen 0.95 sekililediAty (CP = 0.9475 Fuduveuamnadeniissduileday 0.05 annssraes 20,000 s8u)

-

' ' ' ‘s ' o @ ' ’ ! < ‘ ! ‘s ' ' d a
*pu1ed e A1 AS Y TA1an (Busunsal Wl CParladainmum A1 AS W AN U et LW eeT S

voov g aa Y
APYUDLNINBNIOLNITY)

dndqutdeanu suaslsinin A1 AWuas CP Aseuaguatasshiluaties daidungnisinazuuud
ANUFUNUST A oIantUAguny (trade-of) Na1AB  WMUNZANEINSUT1NEINTULUTAUA M A1 IS @115

NTAAAINNINNVDIY DUV INAIANULT B AU UTB MudlafaunIs (17)

ANUATEUANEIN Turuziinisveneyasiielnen CP IS, » =(U,—L,)+
Tnatdgeszauaudeaduiinnuagauyilna AW 2
Xy = K - 0wy _(Lm_yOm)I(y0m<Lm)+
g9y Flwanunsafinsauinunlanamvidagdidle a ’ ’
o Y o ¢ o a & aa ¥ o 2
wazdndunssndeinaniivszsifivisaesfiAnseniu
;(yo,m _Um)l(yO,m>Um) 17

Gneiting Waz Raftery (2007) faagiiauslumveinly . . y
) , ATAZILUUYIILAA U (Average Interval Score: AlS)
A AU L. . . v,
: : o dmsunnseunsinass Amwalansaunis (18)
ATALLULYAT (Interval Score: 1S) LduLnuMN51NT )

YTl uA219n2199899290haz A ua1815aTuANS
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A543 mﬁmmﬁmmﬁumamqu (CP) AMAIUINT 19979 (AW) LATATAZUUUY 29104 8 (AIS) v 99 29me1nsai 35 OLS uaz3s QR nsdl
g ~t(v=5)
n o CP_OLS AW_OLS AlS_OLS CP_QR AW_QR AlS_QR

0.0 0.9349 22.93 3193 * 0.7278 11.91 48.17

0.5 0.9364 23.86 3223 * 0.6696 11.88 57.57

10 0.8 0.9391 25.25 34.05 * 0.5948 11.87 76.43
1.2 0.9400 27.87 36.21 * 0.4978 11.85 117.00

1.5 0.9432 30.28 39.27 * 0.4531 11.84 157.34

0.0 0.9422 20.35 28.52 * 0.9059 18.89 31.19

0.5 0.9419 20.61 28.83 * 0.8848 18.88 33.95

30 0.8 0.9419 21.01 29.36 * 0.8408 18.88 40.17
1.2 0.9436 21.81 29.66 * 0.7454 18.87 59.52

1.5 0.9422 22.59 30.42 * 0.6670 18.87 85.12

0.0 0.9408 20.03 28.63 * 0.9316 20.67 30.41

0.5 0.9447 20.18 28.56 * 0.9212 20.66 31.59

50 0.8 0.9428 20.41 28.52 * 0.8934 20.66 34.60
1.2 0.9436 20.89 28.80 * 0.8299 20.65 45.72

1.5 0.9422 21.35 29.97 * 0.7554 20.64 61.88

0.0 0.9462 19.82 27.37* 0.9411 20.17 28.20

0.5 0.9473 19.89 27.45 * 0.9354 20.17 29.08

100 0.8 0.9456 20.01 27.47 * 0.9233 20.17 30.23
1.2 0.9419 20.25 27.85* 0.8855 20.17 35.23

1.5 0.9450 20.48 28.02 * 0.8486 20.17 40.64

0.0 0.9448 19.62 27.53 * 0.9462 19.95 27.54

0.5 0.9455 19.63 27.54 * 0.9468 19.95 27.70

1,000 0.8 0.9466 19.64 27.48 * 0.9467 19.95 27.78
1.2 0.9454 19.66 27.69 * 0.9439 19.95 28.18

1.5 0.9464 19.69 27.79 * 0.9404 19.95 28.78

0.0 0.9464 19.60 27.56 * 0.9491 19.92 27.57

0.5 0.9474 19.60 2752 * 0.9502 19.92 27.57

5,000 0.8 0.9468 19.60 2724 * 0.9486 19.92 27.30
1.2 0.9466 19.61 27.60 * 0.9488 19.92 27.72

1.5 0.9468 19.61 27.30 * 0.9472 19.92 27.46

MBI AAAUUUD Ve fn CP il 0.95 senditeddy (CP = 0.9475 Fadureumamuieniisssutiud ity 005 91Nn1531883 20,000 TU)

! ' ' ‘s ' o o ‘ ' ! < ! ! ‘s ' ' d a
*puigd e A1 AS N A1 (@usunsal v ludl CParladanmym A1 AS 9 aA2 09T LW eeT S

v o Y
ABYUBHNINDNITINIULY)

1 M
AlS=—=3>"IS,
M 3
=1 (18)
ATALWLUUYINRA SN UBENINUIY D IYINYINTUN A
ANAINANIT L1BIIINALNOUAINANAATENI AN
NITNNZANLAZANILAINNTO INITATOUAGUAIDS

a

mATeiRsanamwuULT fusinan CP luus
aﬁ%‘élmmauﬂaqmlai@f’mdﬁsﬁumwm%aﬁ’uﬁﬁmum
(CP > 0.9470) aeiltfudfyneui wlseuifisuany
1719 aeslsfinny neleauindiesieiiuann ety

IﬂﬁlLQW’]%‘UU’]ﬂﬁu’JE]EJNLgﬂ (n = 10) WAZAITLANKLIINIG

-

s TuiiSuunamauaseuaguauiisisue viln
numdsnanluansassyisianlalunanedouly
Fefunuideididanazuuurasiade (AS) fudunis
I inaruuud s auuagdsratusisaany
AsaunquLazaunsliluafien Wunaemdnlu

AsSeuguUsEansaIn

4. NaN1599uaLNI5AUTIENA
AFetiEuaNaniIsUSsuBuUSEANS NNUB g
WYINTUTEUINID OLS wazds QR FILUNAINAITHAN

i Y A
LINVDIAINUARIALARDU 5 EULL‘U‘U Aalanalun1sen 1
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asedl 4 Araruuiazduaseuaqy (CP) AR 1939 (AW) WALAIALUUUY IRE & (AIS) 1899 29n8n50i 35 OLS wazis OR nsdl
& ~ Cauchy(0,1)
n Xo CP_OLS AW _OLS AlS_OLS CP_QR AW_QR AIS_QR
0.0 0.9096 78.05 318.61 0.7574 35.33 301.07 *
0.5 0.9136 81.11 221.25 0.6942 34.69 215.58 *
10 0.8 0.9147 85.75 575.93 * 0.5642 34.31 633.61
1.2 0.9190 94.55 335.38 * 0.3942 33.80 664.41
1.5 0.9158 102.69 240.57 * 0.3537 33.42 817.06
0.0 0.9445 279.50 485.11 0.9210 270.68 481.36 *
0.5 0.9408 282.64 451.05 * 0.9028 324.07 502.68
30 0.8 0.9455 28791 444,02 * 0.8492 356.09 532.41
1.2 0.9460 298.61 421.80 * 0.4931 398.80 1439.82
1.5 0.9436 309.15 442.07 * 0.4228 430.83 2570.81
0.0 0.9549 294.34 686.21 * 0.9391 311.56 709.59
0.5 0.9540 296.43 436.88 0.9299 258.89 407.06 *
50 0.8 0.9541 299.74 415.48 0.9054 227.28 356.58 *
1.2 0.9548 306.45 52358 * 0.5604 185.14 2256.00
1.5 0.9540 313.11 781.16 * 0.4731 153.53 4904.53
0.0 0.9674 310.59 425.87 0.9449 40.36 175.34 *
0.5 0.9686 311.79 494.28 0.9372 40.44 243.36 *
100 0.8 0.9691 313.61 2216.89 0.9225 40.49 1968.05 *
1.2 0.9680 317.27 474.32 0.6840 40.55 296.84 *
1.5 0.9684 320.92 428.18 0.5696 40.60 374.41 %
0.0 0.9892 829.98 1013.82 0.9511 26.46 268.12 *
0.5 0.9902 830.30 1042.40 0.9484 26.45 284.46 *
1,000 0.8 0.9902 830.78 920.52 0.9462 26.45 168.25 *
1.2 0.9906 831.78 989.99 0.9378 26.45 236.15 %
1.5 0.9901 832.79 1846.44 0.9107 26.44 1101.06 *
0.0 0.9949 3137.67 3215.11 0.9495 25.61 188.84 *
0.5 0.9956 3137.90 3391.18 0.9502 25.62 354.56 *
5,000 0.8 0.9950 3138.27 333891 0.9474 25.62 295.41 %
1.2 0.9954 3139.02 4027.28 0.9486 25.63 989.07 *
1.5 0.9960 3139.78 3207.18 0.9463 25.64 160.02 *
MV AR Ve e CP filusnan 095 sensditiuddiy (CP = 0.9475 Fuduvouawnuieiisyiutudiey 0.05 mnmssiass 20,000 seU)

' ' ' ‘o ‘ o @ ' ’ ! < ‘ ! ‘s ' ' d a '
*pu1ed e A1 AS YT AT AN (Busunsal A g CPatladainmun A1 AS W AN 1U9d LW et s

ARULRENINBNIRIMIA)
049 5 919799 1 wanananisiSeuisulseansninvad

YNBINTUID OLS waris QR LamnuAaInLAd audl

ANSHANBAIUINA TIFDAARBINUVDFNNAVDIIS OLS

o W

WU OLS Tvien CP lusnnin 0.95 eensiidedayly

nneuly vueis QR Tnan CP sinseduiiivun
2819 AU DUUINAIBY1UEN WU n = 10 TA1 CP
Wi 0.72 AFUNUIATNEINTA X, = 0 LATARAINS

049 ilo X, = 1.5 ummesUiuilna 0.95 Wevun

F2981UANIUIUAULAUNT N = 5,000 LE1DRANTUIAT

AIS wu1135 OLS Ina1an1175 QR lunniTeule

aa

BUNTEVILUATIN N = 5,000 N198095 MMAINNNINYI

10

LLaSVﬂ’J’INﬂSaUﬂqﬂﬂgLﬁﬁJﬂﬁu KamsIieiaennaniy
nouifiandoveaunfiduaie dadsvanais oLs &
UszdvSnmgsen uazazvoulmiiuaiis OR AUsEa
wfiemnuuugussmdledosnsdivuadn

15197 2 uansnansiIsuisu s AN nnvesas
wyINs0I3F OLS wards QR ennuaaiandouiinis

v

LANLIINITUINUINATTAN

v
[

1 (NFLANLAILUULY) WU
38 QR L3 ULARIUTTANT A NN LT UL DUVUINA B89
a Ao Yo v a ' aa

Wigane geiidanaladnAeninuninuaiisvesniads QR

9L1gAUTENIN 18.3 Fauaun1Is OLS s
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a34fi 5 ﬂﬁmmuﬁ%lﬂuﬂiauaqm (CP) A1AINNNT19% 38 (AW) UATAAZLULT RS 8 (AIS) 1098298105075 OLS uar3s QR nsdl
& ~ Heteroscedasticity
n Xo CP_OLS AW_OLS AIS_OLS CP_QR AW_QR AIS_QR
0.0 0.9937 2493 25.28 0.8692 12.01 20.85 *
0.5 0.9431 25.92 31.72* 0.6482 12.02 62.52
10 0.8 0.8981 27.40 41.08 * 0.5316 12.03 106.32
1.2 0.8506 30.19 57.73 * 0.4310 12.04 175.18
1.5 0.8192 32.76 72.21* 0.3778 12.05 232.90
0.0 0.9982 22.13 22.18 0.9886 18.92 19.43 *
0.5 0.9527 22.41 26.36 * 0.8817 18.91 30.77
30 0.8 0.8930 22.84 35.18 * 0.7798 18.90 50.68
1.2 0.8117 23.70 55.30 * 0.6578 18.90 90.19
1.5 0.7578 24.54 74.21* 0.5790 18.89 128.75
0.0 0.9990 21.71 2174 * 0.9970 21.81 21.95
0.5 0.9520 21.87 25.75 * 0.9336 21.84 28.06
50 0.8 0.8930 22.13 34.63 * 0.8568 21.85 40.68
1.2 0.8029 22.64 55.74 * 0.7420 21.87 72.17
1.5 0.7442 23.14 76.19 * 0.6622 21.89 102.59
0.0 0.9994 21.44 21.47 0.9981 21.01 21.08 *
0.5 0.9552 21.52 24.80 * 0.9394 21.01 2593
100 0.8 0.8900 21.65 34.39 * 0.8594 21.01 38.76
1.2 0.8022 21.90 53.96 * 0.7546 21.02 63.55
1.5 0.7311 22.16 76.56 * 0.6744 21.02 92.88
0.0 0.9996 21.23 21.24 * 0.9997 21.83 21.84
0.5 0.9557 21.24 24.70 * 0.9601 21.83 24.92
1,000 0.8 0.8930 21.25 33.28 0.9008 21.82 3291 *
1.2 0.7942 21.27 54.60 0.8025 21.82 5376 *
1.5 0.7232 21.30 76.51 0.7317 21.82 75.56 *
0.0 0.9997 21.20 21.21°* 0.9998 21.84 21.85
0.5 0.9562 21.21 24.69 * 0.9617 21.84 24.83
5,000 0.8 0.8925 21.21 33.25 0.9018 21.84 32.65*
1.2 0.7928 21.21 54.13 0.8047 21.84 52.40 *
1.5 0.7189 21.22 76.53 0.7325 21.84 74.01 *
TN T N TL R IRERR f1 CP iludna 0.95 senaiiifedidy (CP = 0.9475 Fuduveuaamaiiaitsyfutoddy 0.05 9nn1ssrass 20,000 soU)

*UU1e0d A1 AS T TAInn1 (@usunsal A lud CPatladainugm A1 AS YT ANV ST LW 89T & 9T

voov g aa Y
APYUDLNINBNIOLNITY)

19.6 99AeLiled 1{9991733 QR @519V HNEINTAILUY
Ty auansLit ol aennaoIfuALLU YBINISLINUDY
damalumn AIS 19933 QR #1nI738 OLS Avunndioens
waun n =30 tduauly lusuuysaineinsalng
Quénaw (X, =0) LLazﬂﬁaUﬂquﬁ’]LL‘M‘LJW]Q‘I‘V{’NEI’]ﬂ
qusj(ﬂmamn%u dievunafog i udunuang n =
1,000 waz 5,000 33 QR lsien AlS ﬁwniﬂunﬂﬁ%mm
AINEINs T aAyAe 1l sruiadley19lngy
(n > 1,000) 33 OLS uaz33 QR %A1 CP HAWAMMT g

@8935 wn35 QR TrANUNINIALAUNITLAZAT AIS 61

11

A21 AN9INIT QR AUSEANSA1MUINNI13T OLS 1ile
ANUAAIAARDUTAN WL

A9 3 WEANANISHUS8UTIBUUSEANT A INYDIY

aa

WeNsAIIs OLS uazds QR ieanumainndeuiinng
LaNUAY t fiosedaszinidu 5 Fadunsdifiazidnve
AUURNITLINLIIUIAR (NITHINLIIMIIAUT) WUIFT
OLS %A1 CP 7 Apuv19Aedt navlna Ao usesu
e IunﬂLﬁlaulsuLLﬁdw%aaumaL%‘Iaammﬁ]mm
Usnfazgnazifinfiniy #1435 OR lunsdifivunasoens
\&n (n = 10 waz 30) 35 QR 1WA CP AIN15EA U

Wnangeemin (Undercoverage) laglanizag 198
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i esunusamennsnl (Xy) a&iﬁwmmﬁ%a?{a (19u
Xy = 1.5 A1 CP anadtnd oliee 0.4531 41 n = 10)
pendlsfau Wevwasegiafindu 33 QR axUsusa
1adau Tasan CP axguugaeiumany wassunmm
spaiiduddny Wevuadeendlug (n = 5,000) e
fisanan AIS wu1 35 OLS Inandisn3s oR Tunn
HoulU109UIAFIE LA ALALIATNEINTO! WAL
mumﬁaaénim,j (n > 1,000) 33 QR azluiAn AIS #i
Tnaweaifuds oLs

A15199 4 wanananisiUSuiieuyssans nmuednas
WeNTAIIE OLS wazds OR ieanunammdeuinns
WANLAILAT (NTUINKIINNINUITUKTY) UTINHAY
wanansdaauiian iesnnmuanuadladludiaiam
wUsUsau fauszna 52 Sslumedl dawalvian AW eq
35 OLS 9818/188 19811 VUIAR 08 193UT A1
1NN 3,000 fin= 5,000 wagyilvien CP ganu 0.99
Fadunisaseuaguiiuanududuy Tumansesvy 33
QR 1nA1 AW fipsiiannnan (Uszanas 25 - 26) Tunn
UAFI0813 dwalna AIS 18933 QR #1138 OLS
uegnannidlovuiadiesndley wu 188.84 isuiiu
3215117 n = 5,000 AUAUIAMEINTA X, = O
a13bsfinnu fvuiadsenadniauiunans (10 <n <
50) nans3sedanuiurausazliduennw esn
aullunsfivesiiaesisnelaideulvasiunusnn
wmﬂsajﬁ‘%'wwmqmquagﬂa’m (X, = 0) lag3au
a5 Telunsddatuayuanis QR fauunss

Wilona138 OLS LaAuAaInAaa Ul Tumss

1571971 5 wansransiFeuiisuussansnmuesng
wensais OLS wayds QR ilemuaaaLAdsuiinIm
wUsUsaulunsii (Heteroscedasticity) nanis3denuan
A" CP 993435 OLS uaz3s QR wUsHummsmunLIA
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a7u3% QR AN CP wngseduil wanegn Tneey
inauailovrunafiey 19N 30 Mg X, = 0 ue
7 shunue X, = 0.5 oslyvundaosndua iy (n >

1,000) FIHULNEUN TUNTIATIVIY B ATBTAUIAN

12

wensaIiv1seanly (X, =08, 1.2 way 1.5) A1 CP
Y9991 980935 anaIRIN2158A VLU MU BB E 19N
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@TwLmu'ﬂ‘ﬁ"ﬁ/hwmquéﬂmamﬂﬁqm (X, = 1.5 A1 CP
29995 OLS anaundauseunu 0.7189 uazweiis QR
ogiszanm 0.7325 uanfismungognadu n = 5,000
Laafm awiunns QR lien CP gqu"ﬁ% OLS il
Enusy waviiaaesdssininsysuiiivane 0.95
agjma LLaﬂﬂﬁLﬁudwLﬁaﬂ”a;ﬂaﬁmmLLUiUiau"inmﬁ
naiiugafesslulagislnaiauAse AR
Tnaseiutvang

U3 OLS awvmiinannslonidszannimi
wsUsImvImNAIRIAReL (S) ﬁﬂﬁsmmmn%aga
WanuaLi o9a 115 82 1UANSMNUAAILNI 19989 29
Wensal ﬁwiﬁﬁmﬁﬂmm’;wqmﬁlmﬁﬁ’unﬂﬁwme
ﬁumzﬁ'mmLLUﬁﬂiauﬁwawyaaﬂalmwm"waaqﬁy
WasuwUasmuavesdusdasy (| x|) Aorngad
quﬁﬂmﬂLLasqqifuLﬁ'amaaaﬂlﬂ auludennans
SEWI9AIINNT 199 29A7 TUAILLUSUSIUS 9T
WasuludvilmAnnasesUsens fe Usenisusn u
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aoulnalurmiAfoigniwuslaeglusuuuidaau 3
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WieRansanmsaaziuuyInaie (AIS) Fudunam
nantun1sandulsza@nsnin Nvuindlosalng (n =

1,000 wag 5,000) 35 OR A1 AIS #1027 0 ST

'
aa

M199INAUINAIS (X, = 0.8, 1.2 WAz 1.5) @9ufiis
OLS A AIS #1271 o shuvnslnamuenans ( Xy =0
uaz 0.5) Awaenensaivesds OLS Ssasounqula
Wissweuaziinnunanesnands OR nues fedulu
nsdianunUsusauluasi udislamdonanluyn
Funus un3s OR fvelaFsuniulszAnsam
Funusiivannguinaaiiovnafesaiisme 49

wusunuedias oLs Adymnsaseumquundian

5. unasy

v
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NuiTedWsuiisudseans nmeewanensel
5¥%11935 OLS wards QR @1mSUN13LATIENAIS
0AADUITAAYDENNNY KIUNNSTRDaURA1saneln
N15WINLIIVDIAIIUARINAR DU 5 pRIANY Wansai
aonnassfuvoaLLRLasnsERinsaviia Tnofiansan
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Average Interval Score Namiﬁﬂmuamﬂwyﬁmﬁ
Uisﬁw%mwmaaﬂémwmnizﬁifuaﬁﬁ’umaéamaﬁ%mi
USZU0 SNUAIZNISHINLATBIAIIUAAIALARDY VLA
Freene uazsumusiviiniswensal Tuisslawmidonn
Tunnaaiunisal Wemunaiand euduluauge
auufves OLS wiadlanwaugnianuiluseauUiunans
38 OLS Invmennsaifiiussansnmanimielnalaes
fU35 OR unlunsdlfeg1svutnLdn nasenan?
aamﬂayaqﬁmmauﬁﬁmaamﬂmmmLL‘UU (5) fiuaragd]
WIVUINIINITHANLIIUSAR wAAT quantile 7iszau
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ABSTRACT

This research aimed to compare the forecasting performance of time series forecasting models.
The data used in this study consisted of the numbers of doctoral and master’s degree applicants at King
Mongkut’s University of Technology North Bangkok during the academic years 2014-2025. The data were
divided into two sets: Set 1 comprised the number of doctoral degree applicants, and Set 2 comprised the
number of master’s degree applicants. The data were categorized into three admission rounds for each
academic semester. Four forecasting methods were employed: the Decomposition Method, Time Series
Regression, the Box-Jenkins Method (ARIMA), and Exponential Smoothing. To evaluate and compare the
forecasting performance of the models, the data were divided into a training set consisting of 33
observations and a test set consisting of 3 observations. The results indicated that the most appropriate
model for forecasting doctoral degree applicants was ARIMA (2,1,1), whereas the most appropriate model
for forecasting master’s degree applicants was ARIMA (2,1,0). Among the forecasting methods examined, the
ARIMA models yielded the lowest RMSE, MAPE, and MAE values for both degree levels, indicating that ARIMA

provided the most effective forecasting performance.

Keywords: Forecasting, Time Series, ARIMA, Exponential Smoothing, Graduate Program Applicants
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msanwaditi3euiisulssavsnmussuuuiias
nensaTuIugaTsszutadindng taefinnsu
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Residual Plots for Master
Normal Probability Plot Versus Fits
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3.1 F5ugna1utsznay (Decomposition Method)
3.1.1 szaudsgugyen
HANTIATIENTOYARIBLUUT DI NALUTENaY

wuuLgen el (Multiplicative Model) 15 usnuIu

adinsszAuUTyYyen nunaunshuiluLfe
Y, = 104.9 — 1.881t (1)

Fawanslmiuiduuyadnsdianisanasesns
= = ! o o
neLilpg LRAYanAsUTEINN 7.76 AUADTAUNITIUANAT

luaiuvesasnUsznauganN1anuIdvignna

(Seasonal Indices) Tusoudl 1 ﬁﬁﬁiﬂﬂ‘ﬁ'qm (1.177) &
axvoulniiud wisaiiiaunesnisidnene
uinfigalunnazdnisdnw Tnsuuudiassaunsa
a%mstqﬁﬂiiuﬂuawﬂagaiul,l,m'azﬂ&ammlmyaalw

N FUREASEY

3.1.2 sEaulSeugyan
dmiuseauUTyln Han15IATIENYRLATIUIY
HasinssEauUSy naeLuUInaeenaIuUsENoy

WULEsgn wuTaunisulunde
Y, =438.7—-7.76t 2

%aLLafﬂn‘Lv}dL‘ﬁudwﬁwuausjﬂﬁmﬁﬁﬂwamawsm
poifloauifiodtu Insindsanasussana 7.76 Auno
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siiggnialusounisiuainsd 1 dangeiiga (1.116)
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IS UREASEY

3.2 35n15annesaynsniaa (Time Series
Regression)
3.2.1 szaudigugyen
mamﬁLfmzﬁﬁwunuﬁaﬂmixé’w?mmLaﬂ Ty
fmundaudsdasy Taun 1an (Time) wasdnsinw
(Year) wunaunsanaosdila Ae
Section 1: Doctor = 118.6 — 1.981(Time)
Section 2: Doctor = 101.5 - 1.981(Time)
Section 3: Doctor = 99.7 - 1.981(Time)
dlofinnsanaduussavdnisanaes wuan s
181 (Time) fandudszansmsu -1.981 Tnedlen t =
13.49 uazAn p-value = 0.002 9UDBNIN 0.05 UAAIIN
é‘hLminawﬁmafﬂ'aai"]muc;aﬁmizé’uﬂ%zymy%aﬂaéwﬁ
YedAan1eadffisesu 0.05 Tnedlniuinsiuau
nasfasfuualusanadadossuna 1.981 Aunowds
wiaga (seunisivaiag) luvaefidanlsngusey
Ans¥uasias (Section) A1 p-value 1Ay 0.302 4
1NN 0.05
AusuAMUEILNTAIUNTESUIEAMNLUTUTIUYDY

LUUTIABY NU31 AT R2 MU 35.06% A1 Ra(ad))
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Time Series Plot of Doctor
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a1 (Time) SlAnduussansmiu -7.24 fan t = -3.31
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3.3 F5vagvend-tauiusa (Box-Jenkins Method)
3.3.1 szaudSeuguen
wam'ﬁmesﬁwuiw%@a&aﬁmauéﬁﬁmazéfu
U%zyaﬂ,aﬂgahiagﬂuamwﬁﬂ Fohmsmnanadusy
il (First Difference) $1u3u 1 afs ntufiansan
n31l ACF ay PACF suaqszjyaaﬂaﬁmums Differencing
wan Sadenlaluuiian ARIMA2,1.0)
LUUsIa8eRIna 12UsEneun 28
Autoregressive (AR) 314U 2 a Differencing (I) 97113u
1 ds uarluiesnvszney Moving Average (MA) lag
A1IM15954003 AR(L) WAy AR2) WU -0.740 way -
0.826 MIUAIAY
mefmmf[fzjuszjyagaua”amiﬁﬂ Differencing
$1uau 1 ads wasdiveyaiflvlumstiasen 32 a1 Tog
mmmL%EJuaumiwemiaﬁugUsumﬁaLLUiLﬁmloﬁ”ﬁﬂﬁ
Y, = 0.26Y,_; — 0.086Y;_,
+0.826Y;_; + e; (3)
mamswmmaﬁaﬁ’wmu@?ﬂﬁﬂﬂu 3 4391980
Faludannaiu 67.9129, 44.1386 uaz 37.0097 A
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Time Series Plot of Master
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Smoothing)
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Level WU 0.545810 wazA1 Trend iU 0.053093
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Smoothing Plot for Doctor
Double Exponential Method
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Residual Plots for Master
Normal Probability Plot Versus Fits
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A19197 1 agunansilSeuifieussdudSyaen

3Bnswensal RMSE MAPE MAE
Decomposition 24.6324 0.377733 25.8946
Time-Series
27.611720 0.408492 25.735000
Regression
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68.537560 0.239474 54.600000
Regression
ARIMA 30.784915 0.121987 27.813000
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