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Abstract  Original Research Article 

 

The widespread use of single use plastics in packaging has led to significant environmental problems due to their 

persistence and accumulation in natural systems. This study presents a smart packaging system that integrates 

biodegradable materials with sensing and data processing components to reduce plastic usage while maintaining 

packaging performance. The proposed system replaces conventional plastic materials with alternatives such as cellulose 

based substrates and compostable polymers and incorporates embedded sensors that monitor environmental conditions, 

including temperature, humidity, and contamination levels. The methodology follows a system-oriented framework 

composed of material, sensing, and data processing layers. A hybrid analytical approach is applied to evaluate system 

performance based on waste reduction, material sustainability, monitoring accuracy, and supply chain visibility. The 

system supports continuous tracking and real time data collection, which improves control of product conditions during 

storage and transportation. The results indicate a reduction in packaging waste, lower product loss, and improved 

operational efficiency compared to conventional packaging systems. The presence of monitoring functions reduces the 

need for excessive protective materials and supports more efficient use of resources. In addition, traceability features 

provide clear information about product condition and movement across the supply chain. This study addresses a gap in 

existing research through the integration of biodegradable materials with sensing and data processing within a single 

packaging framework. The findings show that the proposed system offers a practical and scalable approach for reducing 

reliance on single use plastics while improving packaging performance and supply chain operations. 

Keywords: Smart Packaging, Sustainable Packaging, Biodegradable Materials, Single-Use Plastic Reduction, Sensor-

Based Monitoring, Supply Chain Visibility, Circular Economy, Intelligent Packaging. 
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I. INTRODUCTION 
The growth of global consumption and 

industrial production has increased the demand for 

packaging materials, with single use plastics widely used 

across many sectors. These materials provide durability, 

flexibility, and low production cost, which explains their 

extensive use. At the same time, their resistance to 

degradation has created serious environmental problems. 

Large amounts of plastic waste accumulate in landfills 

and natural ecosystems, contributing to long term 

pollution. As supply chains expand and product 

distribution increases, concerns about sustainability 

continue to rise. This situation calls for alternative 

packaging systems that reduce environmental impact 

while maintaining required performance. Recent studies 

have examined sustainability in manufacturing and 

supply systems. Research on Industry 4.0 and production 

automation shows that data driven methods can reduce 

resource consumption and improve operational 

efficiency [1,4,5,10]. Work on circular economy models 

and supply chain management highlights the importance 

of reuse, waste reduction, and traceability in industrial 

processes [6-8]. These approaches indicate a shift toward 

integrating sustainability into production systems rather 

than treating it as a separate concern. Material 

development has also received attention in packaging 

research. Biodegradable materials such as cellulose-

based nanopapers and compostable polymers provide 

alternatives to conventional plastics [18,20]. These 

materials support decomposition and recycling 

processes, which reduces long-term environmental 

impact. Studies on packaging design and consumer 

behavior show that structural design and user practices 

influence recycling efficiency and material usage 

[13,14]. The use of sensing and monitoring technologies 

introduces additional capabilities in packaging systems. 

Sensor based systems collect data on environmental 

conditions and product status, which supports better 

control during storage and transportation. These systems 

reduce product loss and limit unnecessary material use. 

Research on biosensors and intelligent monitoring 
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indicates their value in maintaining product quality and 

safety [19]. Despite these developments, many studies 

focus on either material substitution or technological 

monitoring. Few approaches combine both aspects 

within a single system. This gap points to the need for an 

integrated packaging framework that connects 

biodegradable materials with sensing and data 

processing. The present study addresses this need 

through the development of a smart packaging system 

designed to reduce single use plastics while maintaining 

functional performance and improving supply chain 

operations. 

 

A. Background and Motivation 

Packaging is an essential component of supply 

chains, providing protection, preservation, and efficient 

handling of products. However, the extensive use of 

singleuse plastics has resulted in environmental 

degradation, including soil contamination and marine 

pollution. Traditional packaging systems follow a linear 

model where materials are produced, used, and discarded 

without recovery. This approach leads to inefficient 

resource use and increased waste generation. The 

motivation for this study arises from the need to reduce 

plastic waste while maintaining packaging performance. 

Biodegradable materials such as cellulose based products 

and compostable polymers offer alternatives to 

conventional plastics. At the same time, sensor 

technologies allow packaging systems to monitor 

environmental conditions and product quality. These 

developments support the transition toward intelligent 

and sustainable packaging systems. Public awareness 

and regulatory measures have also increased pressure on 

industries to adopt environmentally responsible 

practices. Governments are introducing policies to limit 

plastic usage and encourage recycling. These factors 

highlight the importance of developing packaging 

systems that combine material innovation with 

functional improvements. 

 

B. Problem Statement 

Despite ongoing research in sustainable 

materials, single use plastics remain widely used in 

packaging. Many existing solutions focus on replacing 

materials but do not address system level limitations. 

Biodegradable materials often face challenges related to 

durability, cost, and compatibility with existing 

processes. These limitations slow down their adoption in 

large scale applications. Another issue is the lack of 

intelligence in traditional packaging. Conventional 

systems do not provide information about product 

condition, storage environment, or potential 

contamination. This absence of monitoring contributes to 

product loss, inefficiencies in logistics, and reduced 

reliability. In addition, current approaches often treat 

sustainability and technology as separate areas rather 

than integrating them into a single system. There is also 

a shortage of frameworks that combine eco-friendly 

materials with sensing and data processing capabilities. 

Without such integration, it is difficult to address both 

environmental and operational challenges. These issues 

indicate the need for a comprehensive packaging 

solution that combines sustainability with intelligent 

functionality. 

 

C. Proposed Solution 

This study proposes a smart packaging system 

that combines biodegradable materials with embedded 

sensing technologies. The system replaces conventional 

plastic materials with alternatives such as cellulose based 

substrates and compostable polymers. These materials 

reduce environmental impact while maintaining the basic 

requirements of packaging. The proposed system 

includes sensors that monitor parameters such as 

temperature, humidity, and contamination levels. Data 

collected from these sensors can support decision 

making in storage, transportation, and distribution 

processes. This approach improves product quality 

control and reduces waste during handling and delivery. 

The system design also follows circular economy 

principles, where materials are reused, recycled, or 

decomposed after use. The combination of sustainable 

materials and monitoring technologies provides a unified 

approach to packaging design. This method addresses 

both environmental concerns and functional 

requirements in a single framework. 

 

D. Contributions 

This research presents a framework that 

integrates sustainable materials with smart packaging 

technologies. The study combines material substitution 

with sensor-based monitoring, offering a more 

comprehensive approach compared to traditional 

methods. It demonstrates how biodegradable materials 

can be used together with digital components in 

packaging systems. Another contribution is the use of 

real time monitoring to improve product handling and 

reduce losses. Sensor data provides information about 

environmental conditions and product status, supporting 

better decision making across the supply chain. The 

study also highlights the role of circular design principles 

in reducing waste and improving resource efficiency. In 

addition, the research provides practical insights into the 

application of smart packaging in real world scenarios. It 

shows how material innovation and digital technologies 

can work together to address environmental challenges. 

The proposed approach contributes to the development 

of sustainable packaging systems with improved 

functionality. 

 

E. Paper Organization 

The paper is structured to present the research 

in a clear and logical manner. Following the introduction, 

the related work section reviews existing studies on 

sustainable packaging, material innovation, and smart 

technologies. This section identifies research gaps and 

provides context for the proposed system. The 

methodology section describes the design of the smart 

packaging system, including material selection, sensor 

integration, and data processing methods. The results and 
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discussion section evaluates system performance and 

analyzes its practical implications. This includes an 

assessment of environmental impact and operational 

efficiency. The final section presents the conclusion and 

suggests directions for future research. It summarizes the 

key findings and highlights potential improvements in 

smart packaging systems. This structure supports a 

comprehensive understanding of the research and its 

contributions.  

 

The objective of this research is to develop a 

smart packaging system that reduces the use of single use 

plastics through the integration of biodegradable 

materials and sensing technologies. The study focuses on 

creating a packaging framework that supports 

environmental sustainability while maintaining product 

protection and quality. It also aims to incorporate 

monitoring capabilities that provide real time 

information about product conditions during storage and 

transportation. The research seeks to present a practical 

and scalable approach for improving packaging systems 

and reducing environmental impact.  

 

II. Related Work 

Recent research has increasingly focused on 

sustainability driven innovations to reduce 

environmental impact across manufacturing, supply 

chains, and materials engineering. In particular, the 

development of smart and sustainable packaging systems 

has gained attention due to the growing concerns over 

single use plastics and waste generation. Existing studies 

have explored eco-friendly materials, circular economy 

principles, smart sensing technologies, and sustainable 

production practices that collectively contribute to 

advanced packaging solutions. This section reviews the 

relevant literature and highlights key contributions in this 

domain. 

 

A. Sustainable Manufacturing and Industry 4.0 

Sustainable manufacturing has been widely 

studied as a foundation for reducing environmental 

impact in production systems. Industry 4.0 technologies 

have enabled automation and resource optimization in 

industrial processes. Hossain [1] demonstrated how 

Industry 4.0 automation improves sustainability in 

garment production through reduced waste and efficient 

resource utilization. Similarly, Sharan et al. [4] 

emphasized energy efficient production systems as a key 

driver of sustainable industrial practices. Azad [5] further 

highlighted the integration of eco-friendly materials and 

sustainable practices in apparel manufacturing, while 

Alam [10] explored AI-driven optimization techniques to 

minimize resource consumption. In addition, Karim [17] 

introduced lean and green manufacturing strategies that 

balance economic efficiency with environmental 

responsibility. These studies collectively indicate that 

sustainable manufacturing forms the backbone for 

developing environmentally friendly packaging systems. 

 

 

B. Circular Economy and Sustainable Supply Chains 

The concept of the circular economy plays a 

crucial role in reducing plastic waste and promoting 

reuse and recycling. Haque et al. [7] proposed digital 

product passports to enhance traceability and 

sustainability in apparel systems. Al Sany et al. [8] 

examined green logistics approaches to reduce carbon 

emissions in supply chains. Rahmatullah [6] focused on 

sustainable agricultural supply chains, highlighting 

strategies to reduce post-harvest losses and improve 

resource efficiency. Consumer perception and adoption 

of sustainable packaging solutions are also influenced by 

behavioral factors, as highlighted in [14]. These studies 

demonstrate that circular supply chain models can 

significantly contribute to reducing packaging waste and 

improving lifecycle management. 

 

C. Sustainable Materials and Packaging Alternatives 

Material innovation is central to replacing 

conventional plastics in packaging systems. Adil [18] 

introduced cellulose nanofiber based nanopapers as a 

sustainable alternative to plastic materials, offering 

biodegradability and improved performance. Similarly, 

Ali [20] developed bio based and compostable packaging 

solutions to reduce plastic waste. Ali [13] also analyzed 

the impact of packaging design on recycling efficiency, 

emphasizing that design optimization can enhance 

recyclability. Furthermore, Adil [16] investigated low 

emission material production processes, which 

contribute to sustainable packaging manufacturing. 

These studies highlight the importance of material 

science in developing next generation eco-friendly 

packaging systems. 

 

D. Smart Technologies in Packaging Systems 

The integration of smart technologies enhances 

the functionality and efficiency of modern packaging 

systems. Rohman [19] explored AI-based biosensors for 

detecting contamination, demonstrating their potential 

role in intelligent packaging for food safety. Such 

technologies align with advancements in sensor-based 

monitoring systems. Additionally, broader research in 

automation and system optimization, such as the work by 

Ashraf [2], shows how AI techniques can improve 

system performance. While primarily applied in energy 

systems, these advancements can be adapted to smart 

packaging applications, enabling real-time monitoring, 

quality assurance, and waste reduction. 

 

E. Environmental Sustainability in Broader Systems 

Several studies have addressed sustainability in 

broader engineering domains, which indirectly support 

packaging system development. Bormon [3] and Akter 

[9] investigated sustainable environmental management 

practices, while Ria [11] and Ria et al. [12] explored the 

use of recycled materials in construction. Khan et al. [15] 

further contributed by analyzing sustainable material 

applications in infrastructure development. Although 

these studies are not directly focused on packaging, they 

provide valuable insights into material reuse, waste 
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reduction, and sustainable design principles that can be 

applied to packaging systems. In addition, broader AI 

system architectures and digital frameworks have also 

been explored in other domains [21], which may inspire 

future smart packaging innovations. 

 

F. Research Gap 

Despite significant advancements in sustainable 

manufacturing, materials, and circular economy 

practices, there is a lack of integrated frameworks that 

combine smart technologies with eco-friendly packaging 

materials. Most studies focus either on sustainable 

materials [18,20] or on production and supply chain 

optimization [4,7], but limited research addresses the 

development of fully integrated smart packaging 

systems. Moreover, the application of AI-driven sensing 

technologies in packaging remains underexplored, 

particularly in the context of reducing single use plastics. 

Therefore, there is a clear need for a comprehensive 

approach that combines smart monitoring, biodegradable 

materials, and circular lifecycle management to develop 

next generation packaging systems. 

 

III. METHODOLOGY 
This study presents a smart packaging system 

that combines biodegradable materials, embedded 

sensors, and data processing mechanisms to reduce 

dependence on single-use plastics. The approach 

connects physical packaging elements with digital 

monitoring functions, allowing continuous observation 

of product conditions across the supply chain. 

Traditional packaging systems often treat sustainability 

and functionality as separate concerns. In contrast, this 

work considers both aspects within a single system 

structure. The methodology follows a system-oriented 

perspective where material selection, sensing capability, 

and data handling operate together. The design supports 

circular use through reduced waste generation, improved 

traceability, and controlled packaging conditions. The 

following subsections describe the research framework, 

system structure, analytical model, operational 

workflow, and evaluation process. 

 

A. Research Design and Framework 

The research applies a hybrid design that 

combines conceptual modeling with analytical 

assessment. The framework consists of three main 

layers: material layer, sensing layer, and data layer. Each 

layer performs a distinct function while contributing to 

reduced plastic use and consistent packaging 

performance. The material layer replaces conventional 

plastics with biodegradable and recyclable options. The 

sensing layer includes devices that record environmental 

conditions. The data layer processes the collected 

information and supports system decisions. This 

structure allows interaction between physical packaging 

and monitoring functions, forming a unified system that 

reduces material waste and maintains product safety. 

 

 
Figure 1: Smart packaging system architecture showing material, sensing, and data processing layers 

 

B. System Architecture and Components 

The system architecture integrates physical 

materials, sensing devices, and communication units. At 

the physical level, biodegradable materials such as 

cellulose composites and compostable polymers are 

selected based on strength, decomposition 

characteristics, and compatibility with packaging needs. 

These materials reduce environmental impact while 

preserving protective function. The sensing subsystem 

includes temperature, humidity, and gas sensors placed 

within the packaging structure. Identification methods 

such as RFID or QR tagging support tracking and 

identification. These components collect environmental 

and product related data throughout storage and 

transportation. A communication unit transfers collected 

data to a central processing module. Wireless 

transmission supports data exchange across different 

stages of the supply chain. The processing module 

evaluates incoming data and produces outputs related to 

product condition and system performance. This 

configuration allows continuous monitoring and early 

identification of environmental changes or product 
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damage. The combination of materials, sensors, and 

communication units forms a complete smart packaging 

system with both environmental and operational 

relevance. 

 

C. Mathematical Model and Performance Evaluation 

A mathematical model is defined to examine 

the relationship between system components and waste 

reduction outcomes. 

𝑊𝑅 = 𝛼𝑆 + 𝛽𝑀 + 𝛾𝐷 

 

In this model, 𝑊𝑅 represents waste reduction, 𝑆 

denotes sensing capability, 𝑀 indicates material 

sustainability, and 𝐷 represents data processing 

performance. The coefficients 𝛼, 𝛽, 𝑎𝑛𝑑 𝛾 express the 

contribution of each component. The model shows how 

changes in sensing, material quality, and data handling 

affect overall waste reduction. 

 

System efficiency is expressed as: 

𝑆𝐸 =
𝑄𝑜

𝑄𝑖

 

 

Here, 𝑆𝐸 represents system efficiency, 𝑄𝑜 refers 

to useful output such as reduced waste and improved 

product condition, and 𝑄𝑖  represents input resources 

including materials and energy. These expressions 

provide a structured method for evaluating system 

performance and comparing the proposed design with 

conventional packaging systems. 

 

D. Data Flow and Operational Process 

The workflow begins with the production of 

packaging using biodegradable materials. Sensors 

embedded within the packaging record environmental 

conditions throughout transportation and storage. The 

collected data is transferred to the processing module for 

evaluation. 

 

 
Figure 2: Operational and data flow of the smart packaging system across supply chain stages 

 

The system compares incoming data with 

predefined thresholds. When deviations occur, alerts are 

generated to indicate potential risks. This process 

reduces product loss and limits unnecessary packaging 

use. Each package carries a unique identifier that allows 

tracking across supply chain stages. This feature 

improves coordination and provides visibility into 

product movement and condition. Continuous data 

exchange creates a feedback loop that supports efficient 

resource use and reduced waste. 

 

E. Evaluation Metrics and Experimental Setup 

System performance is assessed using 

quantitative and qualitative indicators related to 

environmental impact and operational performance. The 

evaluation considers waste reduction, material 

properties, system efficiency, monitoring accuracy, and 

tracking capability. 
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Table 1: Evaluation Metrics for Smart Packaging System 

Metric Description Measurement Method 

Waste Reduction Reduction in plastic usage Percentage comparison 

Material Sustainability Biodegradability and recyclability Material assessment 

System Efficiency Output-to-input performance ratio Analytical calculation 

Monitoring Accuracy Reliability of sensor data Error rate analysis 

Supply Chain Visibility Tracking and traceability capability System records 

 

The experimental setup reflects real packaging 

conditions, including variations in temperature, 

humidity, and handling. Data from the sensing system is 

analyzed to evaluate performance. A comparison with 

conventional packaging systems provides insight into 

improvements in waste reduction and system efficiency. 

 

F. Research Gap 

Most existing studies address either material 

sustainability or smart monitoring systems. Few 

approaches combine both within a single framework. 

Research on biodegradable packaging often excludes 

sensing and data functions. Studies on intelligent 

packaging focus on monitoring but do not consider 

material impact. Another limitation appears in the 

absence of integrated system models that connect 

materials, sensors, and data processing. Many works 

evaluate these elements separately, which does not 

represent actual packaging operations where multiple 

components interact. Research on circular packaging 

systems also lacks detailed integration with monitoring 

technologies. This study addresses these issues through 

a unified smart packaging system that combines 

biodegradable materials with sensing and data 

processing. The methodology provides a structured 

framework for evaluating performance and supports the 

development of scalable solutions for reducing single-

use plastics. 

 

IV. DISCUSSION AND RESULTS 
This section presents the results obtained from 

the proposed smart packaging system and interprets them 

in relation to system design, material selection, sensing 

capability, and operational workflow. The analysis 

follows the structure defined in the methodology and 

focuses on waste reduction, system performance, and 

supply chain impact. The system integrates 

biodegradable materials with embedded sensors and data 

processing units. This configuration replaces 

conventional plastic packaging and introduces 

monitoring functions that operate throughout the product 

lifecycle. The results indicate that combining material 

substitution with sensing and data handling leads to 

measurable improvements in packaging performance 

and environmental outcomes. The following subsections 

discuss these findings in detail. 

 

A. System Performance and Functional Behavior 

The system operates consistently across 

production, transportation, storage, and delivery stages. 

The selected biodegradable materials maintain structural 

stability under typical handling conditions. At the same 

time, embedded sensors collect environmental data, 

including temperature, humidity, and gas levels, at 

regular intervals. The recorded data shows stable 

environmental conditions during most of the operational 

period. When variations occur, the system detects 

deviations and issues alerts. This response allows 

corrective actions before product damage occurs. 

Continuous observation introduces a functional 

capability absent in conventional packaging. The 

interaction between materials and sensing components 

remains stable throughout operation. The packaging 

structure supports sensor placement without reducing 

mechanical strength. Data transmission occurs without 

interruption, which confirms compatibility between 

physical and digital elements. The system also operates 

under varying environmental conditions without 

significant loss of accuracy. Sensor readings remain 

consistent across different temperature and humidity 

ranges. This indicates that the design supports reliable 

performance in diverse logistics settings. 

 

B. Waste Reduction and Environmental Impact 

The system reduces reliance on plastic materials 

through the use of biodegradable and recyclable 

alternatives. This change leads to lower accumulation of 

non-degradable waste. The results show a reduction in 

total packaging material consumption compared to 

conventional methods. This reduction results from 

improved packaging design and the presence of 

monitoring functions. Since environmental conditions 

are known in real time, additional protective layers are 

not required in most cases. Packaging can be adjusted 

based on actual conditions rather than assumptions. The 

system also reduces waste related to product damage. 

Early detection of environmental changes allows timely 

intervention. This prevents spoilage and lowers the need 

for replacement packaging. As a result, both material 

waste and product loss decrease. Biodegradable 

materials contribute to improved end-of-life handling. 

These materials decompose under suitable conditions or 

enter recycling processes. This reduces landfill pressure 

and supports circular use of resources. Another observed 

effect is the reduction in repeated packaging cycles. 

Improved control over product conditions reduces the 

need for repackaging. This leads to more efficient 

material use across the supply chain. 

 

C. Supply Chain Efficiency and Traceability 

The system improves visibility across the 

supply chain through continuous tracking and data 

collection. Each package includes an identification 

mechanism that allows tracking at different stages. This 
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provides information on location and environmental 

conditions throughout transportation and storage. 

 

 
Figure 3: Performance monitoring results of the smart packaging system based on sensor data. 

 

 
Figure 4: Supply chain tracking and traceability in the smart packaging system using real-time data 

 

Real-time information supports timely 

decisions during logistics operations. When irregular 

conditions appear, stakeholders can respond without 

delay. This reduces disruptions and supports smoother 

operations. Traceability also improves accountability 

across the supply chain. Data records provide a history 

of product handling and environmental exposure. This 

allows verification at each stage and reduces uncertainty. 

Improved visibility supports better planning and resource 

allocation. Logistics providers can adjust routes, storage 

conditions, and handling procedures based on available 

data. This leads to improved delivery performance and 

reduced delays. The system also reduces product 

misplacement. Continuous tracking keeps packages 

visible throughout the process. This increases reliability 

and supports consistent delivery outcomes. 
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D. Comparative Analysis with Conventional 

Packaging 

A comparison between the proposed system and 

conventional packaging highlights clear differences in 

performance. Conventional packaging relies on plastic 

materials and lacks monitoring capabilities. The 

proposed system introduces biodegradable materials and 

continuous sensing functions. 

 

Table 2: Comparison Between Conventional and Smart Packaging Systems 

Parameter Conventional Packaging Proposed Smart Packaging System 

Material Type Plastic based Biodegradable/Recyclable 

Monitoring Capability None Continuous sensing 

Waste Generation High Reduced 

Product Loss Moderate Low 

Traceability Limited Real time tracking 

Environmental Impact High Lower 

 

The results show reduced material usage and 

improved operational control in the proposed system. 

Conventional methods often depend on additional layers 

of packaging to prevent damage, which increases 

material consumption. The proposed system reduces this 

need through monitoring and controlled conditions. 

Product loss is lower in the proposed system. 

Conventional packaging does not provide information 

about environmental changes, which increases the risk of 

damage. The proposed system detects such changes and 

supports timely response. Traceability also improves. 

Conventional systems provide limited tracking 

information, while the proposed system offers 

continuous visibility of package location and condition. 

This supports better coordination and decision-making. 

Overall, the comparison indicates that the smart 

packaging system performs better in terms of 

sustainability and operational efficiency. 

 

E. Practical Implications and Limitations 

The proposed system can be applied in sectors 

such as food distribution, pharmaceuticals, and logistics. 

These sectors require controlled packaging conditions 

and reliable product handling. The system reduces plastic 

usage while maintaining packaging performance. Real-

time data allows better control over packaging 

conditions. Stakeholders can respond to environmental 

changes quickly, which reduces uncertainty in 

operations. The integration of material and sensing 

components provides a balanced system design. 

However, some limitations exist. The introduction of 

sensors and communication units requires initial 

investment. Organizations with limited resources may 

face challenges during adoption. Material performance 

may vary under extreme environmental conditions, 

which can affect system reliability. Data management 

presents another challenge. Continuous monitoring 

produces large volumes of data that require storage and 

processing. Without proper data handling systems, 

performance may decline. Data security also requires 

attention in large scale deployment. Despite these 

limitations, the results indicate that the proposed system 

offers a practical approach for reducing single use 

plastics and improving packaging systems. 

 

V. CONCLUSION  
This study presented a smart packaging system 

that combines biodegradable materials with sensing and 

data processing components to reduce the use of single 

use plastics. The results indicate that material 

substitution together with continuous monitoring 

improves packaging performance and reduces waste. 

The system maintains product protection while lowering 

dependence on plastic based materials. Real time data 

collection supports control of environmental conditions 

and limits product loss during transportation and storage. 

In addition, the system improves visibility across the 

supply chain through tracking and condition monitoring. 

The comparison with conventional packaging shows 

lower material consumption, reduced waste generation, 

and improved operational efficiency. The proposed 

approach provides a practical method for developing 

sustainable packaging systems that address both 

environmental and operational requirements. 

 

Future work can extend this study through large 

scale implementation and validation in real supply chain 

environments. Further research may examine material 

performance under different conditions and improve 

durability and usability. Integration with advanced data 

analysis techniques can support more accurate prediction 

of product condition and system behavior. Cost reduction 

and energy efficient sensor design can support adoption 

in small and medium scale industries. Additional studies 

may also examine long term environmental impact and 

recycling performance of the proposed materials. 
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