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Table (V) Inclusion and Exclusion Criteria for Articles in the Qualitative Sample

No. Criterion Description / Justification

Inclusion
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Criteria
1 Search Articles must include a combination of main keywords such as
Keywords “Smart Packaging”, “Intelligent Packaging”, “Active Packaging”,
“Sensors”, and “Biopolymers”.
2 Publication Focus on articles published between 2020 and 2025 to analyze the
Time Range most recent scientific trends.
3 Publication Limited to articles published in English as the international
Language language of science.
4 Document Type | Includes peer-reviewed research and review articles to ensure
scientific credibility.
Exclusion
Criteria
1 Irrelevant Fields | Articles related to non-food sectors (such as pharmaceutical or
industrial fields) were excluded.
2 Lack of Articles for which only the abstract was available were excluded.
Full-Text
Access
3 Low Scientific | Articles published in non-reputable journals or conferences were
Quality excluded.

(AL SLVOWEREE) )e‘,m st.a?m 6)1;&5&4,,5 USM dbﬁ)bﬂ; w Q.CM aG)LQT 4.ML> ‘(Qj.:.w)f)) Go.f J..J.?u 6‘).3
oald dacgama S oolaiul 050 Aiged oS Ll aBly slaooly 4 cwyiws pas g gk coale Lo 4 g el
o opl i 69105 mie o35 g Joe p e Ll gileans @b 5l a5 og camlie VYo Juli  akaie
ool 8,1 Y ooz 50 diged (ol o pite Sl i8S o pl,8 1) g S, Jow sha! slp (B gkl @08 g

Oge 5 5 Jolo' 53 ooliiw] 8590 (S pudite pogi' (V) Jour
Table (¥) Description of Variables Used in the Regression Analysis

Variable Role in Variable Type Conceptual Description
Name Model

Price Dependent Quantitative — Final price of the packaged product, considered as
Continuous the outcome variable.

Factor 1 Independent | Quantitative — Represents the level of technological complexity
Continuous used (type of sensor, 10T connectivity capability).

Factor 2 Independent | Quantitative — Represents the level of functional added value
Continuous (extended shelf life, antimicrobial capability).

Factor 3 Independent | Quantitative — Represents the degree of use of sustainable and
Continuous biodegradable materials.
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Table ¥- Description of the Components of the Multiple Linear Regression Model

Symbol Technical Term Conceptual Description in the Research Context
Price Dependent Final price of the product that the model aims to explain and
Variable (Y) predict.
B0 Intercept Baseline value or average price when all independent variables
are zero.
Factorl, Independent Predictor factors (technological complexity, functional added
Factor2, Variables (X) value, and sustainability level).
Factor3
B1, B2, B3 Regression The amount of change in price for a one-unit increase in the
Coefficients corresponding independent variable (while other variables
remain constant).
€ Error Term The portion of variation in price that is not explained by the
model (random error).
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Table (¢) Description of the TF—IDF Model Components

Component Full Name Formula Conceptual Description
TF (t, d) Term log(1 + f,,d) Frequency of a term (word) t in a document d.
Frequency A logarithmic scale is used to moderate large
values.
IDF (t, D) | Inverse log(N / dfy) Represents the overall importance of a term t

! Term Frequency-Inverse Document Frequency
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Document across the entire document collection D. (N:
Frequency total number of documents, df;: number of
documents containing term t).

TF-IDF TF-IDF Score | TF(t,d) x IDF(t,D) | Final score; high for words that are frequent in
a specific document (high TF) but rare across
the whole corpus (high IDF).
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Table (°) Descriptive Statistics of Variables in the Regression Model

Variable Type Mean | Media | Standard | Minimum | Maximum | Skewness | Kurtosis
n Deviation
Price Dependent | 231/47 | 230/91 | 14/62 192/05 266/84 0/38 -0/25
Technological | Independent | 0/53 0/54 0/29 0/01 0/99 -0/07 -1/10
Complexity
(Factorl)
Functional Independent | 0/49 0/50 0/28 0/02 0/97 -0/11 -1/05
Added Value
(Factor2)
Sustainability | Independent | 0/46 0/45 0/30 0/01 0/98
Level
(Factor3)
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Table (V) Pearson Correlation Coefficients among the Study Variables

Variable | Price | Factorl | Factor2 | Factor3
Price 1/00 | 0/91 0/78 -0/62
Factorl | 0/91 | 1/00 0/68 -0/47
Factor2 | 0/78 | 0/68 1/00 -0/41
Factor3 | -0/62 | -0/47 -0/41 1/00
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Table (V) Estimated Results of the Multiple Linear Regression Model for Price Determination

Variable Coefficient Standard t-Statistic Significance
B) Error (p-value)
Intercept 198/468 2/135 92/93 <0/001
Technological Complexity 51/204 1/784 28/70 <0/001
(Factorl)
Functional Added Value 19/228 1/645 11/69 <0/001
(Factor2)
Sustainability Level (Factor3) -8/591 1/573 -5/46 <0/001
Model Fit Indices
Model Fit Index Value

R? (Coefficient of Determination) 0/921

Adjusted R2 0/919

RMSE (Root Mean Square Error) 4/79

Cross-Validated R2 (5-fold) 0/908 (SD = 0/027)
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Linear Regression Coefficients
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Figure (V) Coefficients of the Multiple Linear Regression Model for Variables Affecting Smart Packaging Price
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Figure (¥) Performance of the Regression Model in Five-Fold Cross-Validation (R2 per Fold)
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Residuals vs Predicted
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Figure (¥) Scatter Plot of Residuals versus Predicted Values
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Actual vs Predicted
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Figure (¢) Comparison of Actual and Predicted Smart Packaging Prices
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Top TF-IDF Terms (Mean Score)
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Figure (°) Top Terms Based on Mean TF-IDF Scores
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Silhouette Score vs K (Text Clustering)
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Figure ()Silhouette Score versus Number of Clusters (Text Clustering)
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Table (») Dominant Terms and Conceptual Titles of the Research Clusters

Cluster Conceptual Title Dominant Keywords (Selected)
Cluster 1 | Technologies and sensor, biosensor, indicator, gas, TTI, pH, freshness,
Sensors antimicrobial, RFID, loT
Cluster 2 | Sustainability and sustainability, biodegradable, bio-based, PLA, PHA,
Biodegradable Materials | chitosan, nanocellulose, halochromic, natural dyes, LCA
Cluster 3 | Innovation and Food innovation, traceability, blockchain, supply chain, cold
Supply Chain chain, data, transparency, QR code, authenticity, consumer
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Table () +) Conceptual Evolution of the Smart Packaging Field across Three Time Periods

Period Research Axis Dominant Keywords Scientific / Practical Objective

~2005-2015 Technologies | sensor, indicator, gas, TTI, | Development of tools for monitoring
and Sensors biosensor food spoilage and quality.
(Cluster 1)

~2016-2021 Sustainability | biodegradable, PLA, PHA, | Replacement of petroleum-based
and Materials | chitosan, halochromic materials; low-carbon solutions.
(Cluster 2)

~2021-Present | Innovation and | innovation, blockchain, Digitalization of the supply chain;
Supply Chain | traceability, transparency, | increasing transparency and trust.
(Cluster 3) consumer
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Extended abstract

Introduction

Global food supply chains are increasingly challenged by high levels of food loss, short shelf life of
perishable products, and growing consumer demand for food safety, quality assurance, and
transparency. Conventional food packaging systems, which primarily serve passive protective
functions, are no longer sufficient to address these challenges, particularly for highly perishable fruits
such as strawberries. In response, smart packaging has emerged as an innovative technological
solution capable of monitoring product quality, environmental conditions, and supply chain integrity
through the integration of sensors, indicators, and digital communication technologies. Despite its
technical potential, the large-scale adoption of smart packaging remains limited, mainly due to
uncertainties related to pricing, economic feasibility, and market acceptance. The price of smart
packaging is influenced by a complex interaction of technological complexity, functional
performance, and sustainability considerations. However, empirical studies that simultaneously
quantify these economic drivers and contextualize them within global scientific trends remain scarce.
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Therefore, this study aims to analyze the key determinants of smart packaging pricing using a
convergent mixed-methods approach. Specifically, it seeks to (i) quantitatively evaluate the effects of
technological complexity, functional added value, and environmental sustainability on pricing, and
(ii) qualitatively map the conceptual structure and dominant research streams in the international
smart packaging literature. By integrating economic modeling with text-mining-based knowledge
mapping, this research provides a comprehensive understanding of how scientific priorities align—or
conflict—with market valuation mechanisms in the smart food packaging domain.

Materials and Methods

This research adopts a convergent mixed-methods design in which quantitative and qualitative
analyses are conducted in parallel and integrated at the interpretation stage. In the quantitative phase,
a multiple linear regression model was employed to assess the impact of three independent
variables—technological complexity, functional added value, and sustainability level—on the
dependent variable of smart packaging price. Due to the limited availability of real industrial pricing
data, a cross-sectional dataset consisting of 120 simulated market observations was generated based
on theoretical assumptions and industry reports. All independent variables were normalized to a 0-1
scale to enable direct comparison of regression coefficients. Model validity was evaluated using
goodness-of-fit indicators (R?, adjusted Rz, RMSE), multicollinearity diagnostics, residual analysis,
and five-fold cross-validation.
In the qualitative phase, a corpus of peer-reviewed international scientific publications on smart food
packaging published between 2020 and 2025 was analyzed. Text-mining techniques were applied to
article titles and keywords. After preprocessing (tokenization, normalization, and stop-word removal),
documents were vectorized using the TF-IDF method. K-Means clustering was then used to identify
major thematic clusters within the literature, with the optimal number of clusters determined using the
silnouette coefficient. This dual methodological framework enabled both statistical inference and
conceptual mapping of the field.

Results and Discussion

The quantitative results demonstrate that the regression model exhibits strong explanatory power,
accounting for 91.9% of the variance in smart packaging prices (adjusted R? = 0.919), with a low
prediction error (RMSE = 4.79). Technological complexity emerged as the most influential positive
determinant of price (B = 51.20), indicating that advanced sensing and connectivity features
significantly increase market value. Functional added value, such as shelf-life extension and
antimicrobial performance, also showed a positive and significant effect on price (B = 19.23), though
with a lower magnitude. In contrast, sustainability level displayed a statistically significant negative
effect on price (B = —8.59), suggesting that, under current market conditions, the use of biodegradable
and bio-based materials is perceived as a cost burden rather than a value-adding attribute. The
gualitative analysis revealed three dominant research clusters: (1) technology and sensors, focusing on
monitoring freshness and safety; (2) sustainability and biodegradable materials, emphasizing bio-
based polymers and environmental impact reduction; and (3) innovation and data-driven supply
chains, highlighting traceability, blockchain, and transparency. The integration of findings shows
strong alignment between market pricing drivers and the dominant technological research stream,
while revealing a clear disconnect between the scientific emphasis on sustainability and its negative
economic valuation. This mismatch highlights a critical challenge in the commercialization of
sustainable smart packaging solutions.

Conclusions

This study demonstrates that smart packaging pricing is primarily driven by technological complexity
and functional performance, while sustainability currently faces economic resistance in the market.
Although scientific research strongly promotes environmentally friendly materials, their costs are not
yet fully internalized as market value. The future of smart packaging lies in the successful integration
of advanced sensing technologies, data-driven supply chains, and cost-effective sustainable materials.
Bridging the economic gap associated with sustainability will be essential for large-scale adoption.
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