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Abstract

Manifold aspects, such as the booming market for superior quality food items with
increased shelf life and the escalating concern to mitigate plastic trash due to plastic pack-
aging have motivated researchers and food industrialists to explore sustainable eco-friendly
packaging solutions extensively. Biodegradable polymers are being rigorously investigated
to replace conventional plastics that are toxic, non-biodegradable, and detrimental to the
marine ecosystem. The scientific methodology for the prudent selection of biodegradable
polymer among the frequently used biopolymers for food packaging is being reported here.
The data were extracted from the available literature. A hybrid multi-criteria decision-
making framework has been developed to address the problem of material selection owing
to the multiple conflicting criteria involved. Assignment of equal weights to primary cri-
teria was selected to establish the criteria weights. Different decision-making techniques
(weighted sum method (WSM), weighted product method (WPM), weighted aggregated
sum product assessment method (WASPAS), and technique for order of preference by sim-
ilarity to ideal solution (TOPSIS)) were used for the comparative analysis. Thereon, the
different ranks obtained for each alternative were aggregated using the degree of member-
ship technique. The robustness of the solution was checked using sensitivity analysis which
was conducted by varying weights of importance using the entropy method, the CRITIC
method, and the equal weights to secondary criteria. The analysis reported polylactic acid
(PLA) as the most reliable polymer for food packaging applications. The sensitivity analy-
sis concluded that the solution was without prejudice, and water vapor permeation rating
was the most critical decision criterion in deciding the optimal polymer.
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Abbreviations

CRITIC Criteria importance through inter-criteria correlation
DM Decision matrix

DoM Degree of Membership

EB Elongation at break

EW-PC Equal weights to primary criteria

EW-SC Equal weights to secondary criteria

MCC Most critical criterion

MCDM Multi-criteria decision-making

MT Melting temperature

NDM Normalized decision matrix

NFS Non-feasible solution

OPR Oxygen permeation rating

PBAT Poly (butylene adipate terephthalate)

PBS Poly (butylene succinate)

PC Primary criteria

PCL Polycaprolactone

PHB Poly (hydroxybutyrate)

PLA Poly (lactic acid)

SC Secondary criteria

™ Tensile modulus

TOPSIS  Technique for order of preference by similarity to ideal solution
TS Tensile strength

WASPAS  Weighted aggregated sum product assessment method
WPM Weighted product method

WSM Weighted sum method

WVPR Water vapor permeation rating
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1 Introduction

Food packaging’s primary objective is to safeguard and preserve the quality of food
items while preserving their look, taste, fragrance, and nutritional content. As prod-
ucts vie for the attention of potential purchasers, there is a growing focus on developing
appealing marketing strategies and refining package designs to provide more ergonomic
and successful products (Shaikh et al., 2021). Single-use plastics, being lightweight,
are easily swept by rain or wind into waterways, thus ending in the oceans and threat-
ening aquatic life. Waste disposal, majorly from single-use non-biodegradable food
packaging materials, has significantly contributed to the deteriorating ecological bal-
ance. Consciousness for environmental stability and governmental regulations has led
to a surge in interest in sustainable materials. Packaging is promptly discarded after
product use; therefore, biodegradable materials are expected to be a novel alternative to
traditional materials, particularly in the food sector, to reduce plastic waste accumula-
tion. The increased plastic use and trash output, along with the ongoing issue of plas-
tic litter accumulation resulting from the COVID-19 pandemic, emphasizes the critical
importance of supporting and prioritizing the quest for sustainable material solutions
(Sarkodie & Owusu, 2021).

Sustainable materials are those that are economically feasible, easily accessible, and
have a minimal negative impact on man and the environment. Manufacturing compa-
nies are readily adopting energy-efficient processes and eco-friendly materials that are
in line with the concept of sustainability and may help reduce carbon footprints (Anser
et al., 2020; Awan, 2019; Awan et al., 2018). Biodegradable plastics that disintegrate by
the enzymatic action of living organisms including bacteria, yeast, and fungi; are con-
sidered among sustainable materials with similar properties to traditional plastics but
with lower environmental impact. The classification of biodegradable polymers based
on source derivation is shown in Fig. 1. As per the European Bioplastics (European
Bioplastics, 2020) report, global bioplastics production capacities are expected to reach
7.59 million tons in 2026 from around 2.42 million tons in 2021. Biodegradable poly-
mers, including PLA, PHA, starch blends, and others, currently account for more than
64% (over 1.5 million tons) of worldwide bioplastics production capacity. Due to the
rapid development of polymers such as PBAT and PBS and the constant rise of PLA
use, the production of biodegradable polymers is predicted to reach almost 5.3 million
tons by 2026. They are becoming increasingly popular for their applications in vari-
ous industries, such as packaging, agriculture, medicine, etc. to reduce the fossil fuel
demand. The surge in research over the last eleven years (Fig. 2) portrays that research-
ers are exploring the use of biodegradable polymers for food packaging applications
(as per the Scopus database). They are recognized for offering improved food shelf life
while maintaining its nutritious value (Fabra & Lagaron, 2014; Shaikh et al., 2021).

For the development of sustainable products, material selection plays a crucial role.
The optimal material selection not only results in reasonable manufacturing costs but
also leads to durable and reliable products. Also selecting material based on a plethora
of competing factors is a tedious task for a designer that necessitates complex methodol-
ogies to arrive at a viable solution. Hence, continuous efforts have been put forth toward
developing effective and efficient material selection techniques. Among these, multi-
criteria decision-making (MCDM) approaches have been widely exploited for material
selection problems (Rahim et al., 2020; Shukla et al., 2023).
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2 Literature review
2.1 Theoretical background

MCDM is a widely used approach for selecting the optimal material for a given applica-
tion. It involves identifying and evaluating multiple criteria that are relevant to the deci-
sion material selection. These criteria can include physical properties, cost, availability,
and environmental impact. This process uses a combination of mathematical algorithms
and expert judgment to evaluate and rank the materials based on their performance across
all criteria. It allows for the consideration of trade-offs between different criteria and ulti-
mately results in the selection of the material that best meets the requirements of the appli-
cation. The integration of multiple criteria into the decision-making process, resulting in a
more comprehensive and accurate selection, makes MCDM an effective tool. The weighted
sum method (WSM) is the oldest MCDM tool and most preferred because of its simplicity.
Other commonly used techniques are the technique of ranking preferences by similarity
of the ideal solutions (TOPSIS), weighted property method (WPM), analytical hierarchy
process (AHP), and Vlse Kriterijumska Optimizacija Kompromisno Resenje (VIKOR)
(Abdelkader et al., 2021; Goyal et al., 2021; Noryani et al., 2018).

Biodegradable polymers are an encouraging development in the field of food packag-
ing, as they have the potential to reduce the environmental impact of packaging materi-
als (Mentis et al., 2022; Tansel & Yildiz, 2011). The use of biodegradable polymers pro-
motes the efficient and sustainable use of resources that aligns with resource theory which
posits the use of scarce resources in a sustainable manner. They also reduce the pressure
on landfills by breaking down naturally, which also reduces the pollution caused by the
transportation of waste and the need for additional landfills (Hellstrand et al., 2009). This
further mitigates the costs associated with packaging waste disposal supporting the eco-
nomic theory that puts forth the idea of making decisions that balance costs and benefits to
maximize profits (Hellstrand et al., 2010). The application of MCDM techniques for evalu-
ating the competing materials in terms of cost and other criteria and then selecting the best
optimal is a savage of crucial time resource. The competing theory of production suggests
that biodegradable polymers could also help to create a more sustainable production pro-
cess by reducing the environmental impact of packaging materials. The MCDM approach
can help firms to identify the most sustainable material option that meets their specific
needs and aligns with their sustainable goals (Walsh, 2011). This approach allows for a
comprehensive evaluation of different materials based on multiple criteria. The theory of
sustainability endorses the utilization of biodegradable polymers as they play a critical role
in minimizing the ecological impact of the packaging industry (Aktas & Demirel, 2021;
Khedrigharibvand et al., 2019). However, it’s important to note that biodegradable poly-
mers alone may not be enough to achieve sustainable packaging. Other important factors
to consider are the production process, recycling, and end-of-life management of the pack-
aging. Green economics theory and the MCDM approach are complementary in promot-
ing sustainable material selection. The theory highlights the importance of considering the
environmental impact of economic decisions, while the MCDM approach provides a meth-
odology for evaluating options based on multiple criteria in a systematic and objective way.
Corporate social responsibility theory also highlights the importance of companies taking
responsibility for the environmental impact of their products, and the use of biodegradable
polymers can demonstrate a commitment to sustainable practices. The implementation of
biodegradable polymers may also be beneficial for companies and their brand reputation as
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it indicates their commitment to sustainability (Dummett, 2006; Hasan et al., 2022; Kaur
& Sharma, 2018). Hence, this study of developing an MCDM framework for biodegrad-
able polymer selection for food packaging is essential as it aligns with the various theories
focused on environment and sustainable development.

2.2 Empirical literature

Depending on the application, each material possesses preferential attributes, which makes
them superior compared to others. In the literature, authors have emphasized certain criti-
cal qualities to be considered while selecting materials for food packaging products. Mate-
rials with high mechanical properties, high melting point, and good barrier properties are
preferred for such applications. Biodegradability, compostability, non-toxicity, availability,
and cost are the other factors considered (Balakrishnan et al., 2014; Shaikh et al., 2021).
The authors (Shaikh et al., 2021) reviewed the biodegradable food packaging materials
and the form in which they are being used. The commonly used biodegradable polymers
reported were polyhydroxybutyrate (PHB), polylactic acid (PLA), polyglycolide (PGA),
polycaprolactone (PCL), polybutylene succinate (PBS), polybutylene adipate-co-terephtha-
late (PBAT) and polypropylene carbonate (PPC), plant-based proteins and polysaccharides.
The study summarized the applications of polymers in pure and blended forms. A review
of the sustainable materials alternative to conventional petrochemical-based materials for
food packaging was presented by (Asgher et al., 2020). It was reported that PHAs, PLA,
and plant-based polysaccharides were the most exploited biopolymers for packaging films.

Numerous studies on the material selection process for sustainable product develop-
ment have been reported in the literature (Agrawal, 2021; Bhadra & Dhar, 2022; Liang
et al., 2021; Ocampo, 2019; Venkatesh et al., 2018; Wakeel et al., 2021). (Mahajan et al.,
2022) performed a selection process of natural fiber for the development of sustainable
composites with PLA biopolymer for non-structural applications. The authors employed
a hybrid MCDM framework in which TOPSIS, VIKOR, and PROMETHEE II were the
ranking techniques. In a study, (Sanyang et al., 2017) selection of optimal biopolymer to
be reinforced with natural fiber for the production of automotive interior spare tire cover
was discussed by applying MCDM techniques; DLM and WPM. Most of the above stud-
ies conducted are in the automobile sector and have utilized multiple MCDM methods for
analysis. The reason is, each technique may result in considerable differences in material
selection outcomes, making it challenging to rely on a single method (Yang et al., 2019).
Very few studies (Salwa et al., 2019, 2020; Sanyang & Sapuan, 2015) were conducted for
consumer product applications, such as food packaging which has become an essential part
in the day to day life. (Salwa et al., 2020) discussed the most suitable starch (among wheat,
maize, potato, cassava, sago, and rice) as matrix in biocomposites for takeout food packag-
ing design. It utilized hybrid entropy-AHP technique for optimal material selection with
the conflicting criteria of strength, barrier property, weight, and cost. (Salwa et al., 2019)
exploited the AHP technique for developing selection system for natural fiber as reinforce-
ment in green composites for food packaging applications. The primary criteria for selec-
tion process were the strength, moisture resistance, weight, and cost. Sensitivity analysis
validated the reliability of the results provided by the system. (Sanyang & Sapuan, 2015)
developed an expert system (if-then rule-based system) for selection of bio-based poly-
mers for the packaging of food items using Exsys Corvid software. The system selected the
PLA as an optimal material after screening the polymers based on the barrier and mechani-
cal properties only. This study didn’t consider the cost parameter.

@ Springer



An integrated multi-criteria decision-making framework for... 8405

To the best of the authors’ knowledge, only these limited studies on material selection for food
packaging applications have been reported in the literature. The holistic approach to material
selection with the reliability of results and the contributing factors affecting selection is still lack-
ing. This unified approach is essential for the product designer to understand the significant and
insignificant criteria considered for the selection. Other than this, the reported studies have utilized
subjective weighting criteria methods which may result in biasness. Also, the results reported were
based on only a single method. To address this gap, an integrated framework of material selec-
tion is developed for the less explored area of biodegradable food packaging materials. Firstly,
this study identifies the essential attributes of food packaging material as per the literature. Sec-
ondly, the attributes are weighted utilizing the objective weighting method to avoid the biasness.
Thereon, the polymers are judged by multiple methods and results are analyzed and aggregated
using degree of membership (DoM) method. Thirdly, the reliability of the findings is validated
by sensitivity analysis. Based on the analysis, the most critical criterion is suggested. The meth-
odology adopted for this study and the results is outlined in Sect. 3 and Sect. 4, respectively. The
analysis is concluded in Sect. 5.

3 Methodology

The detailed methodology for the selection of optimal biodegradable polymer for food
packaging applications is depicted in Fig. 3. Excel (MS Office) was used to carry out the
statistics.

[ Objective: Selection of optimal bio-degradable polymer for Food Packaging Application J

Determination of criteria and alternatives

0

Computation of criteria weights by equal weight to
primary criteria

U

. Rank calculation by various MCDM techniques
Weighting Methods (WSM, WPM, WASPAS and TOPSIS)
— |

Equal weight
to secondary
criteria

Computation of final rank using degree of
membership method

v

Entropy c Sensitivity Analysis
Method J\}
CRITIC Evaluation of the most critical criterion

Method

7

Fig.3 Detailed methodology
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3.1 Determination of criteria and alternatives

It is important to conduct the selection based on the attributes/ characteristics essential
for food packaging. Sustainable materials should be cost-effective; therefore, consider-
ing the cost of the material was vital. (Shaikh et al., 2021) highlights the basic attrib-
utes necessary for food packaging. Table 1 illustrates the criteria that could influence
the material selection in the application domain. The barrier properties of packaging
material are critical for preserving the moisture content of the packed food and prevent-
ing external contamination. Since packaging materials are often used for once, low-cost
packaging is the main emphasis for the food packaging industry.

Though the polymers extracted from biomass resources (polysaccharides, lipids, and
proteins) have potential gas barrier properties, but are highly water sensitive. Also, it is
difficult to process them with conventional equipment (Fabra & Lagaron, 2014). There-
fore, biodegradable polymers derived from renewable resources (from micro-organisms
and biotechnology) and petrochemical resources are considered for current investiga-
tion. PHAs, PLA, PCL, PBS, and PBAT have been widely explored for food packag-
ing applications in the available literature. These polymers are also blended with other
biodegradable polymers to enhance their properties. Among PHAs, PHB and its co-pol-
ymer PHBV are the most reported (Gurunathan et al., 2015; Jamshidian et al., 2010;
Smith, 2005). As per the data available for the selected criteria, PLA, PBS, PBAT, PCL,
and PHB are the polymers considered for the selection analysis.

3.2 MCDM techniques for optimal material selection

The selection of feasible material is crucial in the early design phase accompanying
the process selection to reduce production costs. MCDM refers to picking the best fea-
sible solution based on predefined criteria and scenarios that often occur in daily life.
The MCDM techniques applied to rank the biodegradable polymers in this study are
WSM, WPM, WASPAS, and TOPSIS. The numeric values of the alternatives (can-
didate materials), A;(i = 1,..., x) corresponding to each SC (material properties),
SCyk = 1,..., 2) is illustrated in the decision matrix (DM). The criterion weights are
evaluated by assigning equal weights to primary criteria (EW-PC) using Eq. (1).

wj=1/NPC;j=1,2,...,y (1)

where, w; represents the weight of the primary criteria and Np¢ represents the number of
PC. The w; weight is equally allocated among the secondary criteria as given in Eq. (2).

wk=wj/NSC7;j=1,2,...,yandk=1,2,...,z 2)

where, w;, denotes the SC weight and N, is the number of SC for jth PC.

Normalization techniques are used in MCDM approaches to allow aggregation of cri-
teria using numerical and comparative data. The wrong selection of data normalization
method can significantly impact the final ranking thus affecting the engineering design
decisions. It benefits the optimal selection by its properties of handling negative val-
ues, capability in removing scales, preventing rank reversal, and maintaining symmetry
in cost and benefit criteria. The authors (Jahan & Edwards, 2015) have listed thirty-
one such methods for enhancing the engineering design material selection process. For
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Table 1 Selection criteria and its influencing nature (beneficial or non-beneficial) for decision-making

Primary criteria ~ Secondary Unit Description
(PC) criteria (SC)
Barrier properties Oxygen perme- — High-rated material will prevent food quality degradation due
(BP) ability rating to oxygen presence (loss of nutrients and discoloration)
(OPR) Beneficial criterion
Water vapor - Maintains the moisture content of the food item, thus increas-
perme- ing the shelf life
ability rating Beneficial criterion
(WVPR)
Thermal property Melting tem- °C  Withstand the temperature of food items that are hot without/
(TP) perature (MT) before deforming

Beneficial criterion

Mechanical prop- Tensile strength MPa Maximum load polymer can withstand

erties (MP) (TS) Beneficial criterion
Tensile modu- GPa Determines the stiffness of the polymer
lus (TM) Beneficial criterion
Elongation at % Easily transformed into shapes for attractive packaging
break (EB) Beneficial criterion
Cost Cost US  Cheaper material is preferred specially for single use
$/  Non-beneficial criterion
kg

the MCDM techniques utilized in this study, the normalization methods are given in
Table 2.

In Table 2, the r; is the DM and n;, represents the normalized decision matrix (NDM).
After normalizing the data using the equations given in Table 2, the ranks are obtained by
the various MCDM techniques described as follows:

3.2.1 WSM

The utility/performance value (p;) of the ith alternative is obtained as given in Eq. (3). The
alternative with the highest (p;) is ranked first.

z
i = Z Wy Ry (3)
k=1

3.2.2 WPM

The multiplicative relative importance (g;) of the ith alternative is calculated using Eq. (4).
The most preferred alternative is the one with the highest importance.

q; = H(nik)w" )
k=1
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Table 2 Normalization methods for MCDM techniques considered for the analysis

MCDM  Normaliza- Condition of use Formula References
technique tion method

WSM Linear nor- Benefit criteria ny = ry/ rl‘:‘a" Jahan and Edwards,
WPM malization  Cost criteria g = M0/ (2015); Vafaei et al.,
WASPAS e ™ Tk ik (2018a, 2018b)
TOPSIS  Vector nor- Benefit criteria ny = Lik
malization ~ Cost criteria Tk
ny = 1— —=
i

3.2.3 WASPAS

Generalizing and integrating additive and multiplicative approaches are proposed using the
joint generalized criterion (Q;), as illustrated in Eq. (5). The alternative with the highest
amount of Q; is positioned first.

0 = (Pi + %)/2 Q)

3.2.4 TOPSIS

The weighted NDM (v;,) is determined using Eq. (6). Then the optimal solution is deter-
mined by minimizing the Euclidean distance from the best ideal solution (V) and max-
imizing the same from the worst ideal solution (V7). The best ideal for a benefit crite-
rion is the highest value and for the cost criterion is the least value as given by Eq. (7).
Similarly, the worst ideal for a benefit criterion is the minimum value and maximum
value for the cost criterion as given by Eq. (8). The separation measures, Si+ and S7, of
ith alternative from the best ideal and worst ideal are determined by Eqgs. (9) and (10),
respectively. Using these separation measures, the relative closeness (P;) in terms of
similarity to the best ideal solution is computed by Eq. (11). The alternatives are ranked
in decreasing order of closeness value.

Vik = Wi X g (6)
+ + o+ + +
Vi = {Vl"’z’°""’k"""’~

. . . (7)
= max vylk € J" ), | min vylkeJ
1<i<x I<i<x

Vo= {0 vy Ve v

8
= {< min vik|k€J+>,<max vikaEJ_>} ®
I<i<x I<i<x

where, J* and J~ are the benefit and cost attributes.
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SRR v - v ©)
k=1

5=\ 3l - (10)
k=1

P, =SF/(SF+S7) (11)

3.3 Final rank evaluation

There is a high possibility of varying ranks determined through several MCDM tech-
niques. Each MCDM method has its merits and demerits that perplex a decision maker
to prefer one method over another. Hence, to attain the gains of various methods an
aggregate technique is used. (Yang et al., 2019) proposed the DoM method to assess the
materials’ final ranking. The steps involved in this approach are listed below.

Step 1: Construct the rank frequency matrix, (RF = (rfig)xxx)’ where rf;, denotes
the occurrences of ith alternative for gth position in the ranking list by different MCDM
methods, and rf, is computed by Eq. (12).

M
ifig= 2, 5 (12)
m=1

where, 55;;') is the rank state variable and M denotes the number of MCDM methods.

Step 2: Compute the membership degree matrix, (® = ((pig)xxx), where ¢, denotes
the membership degree of ith alternative for gth position. It is calculated using Eq. (13).

Pi =1f1/M:1 < @y < land Y g, =1 (13)
g=1

Step 3: Determine the final rank index (RI,) with the help of Eq. (14). Derive the alter-
native’s rank by configuring the rank index in ascending order.

RI;= Y 8.0 (14)
g=1

4 Results and discussion
4.1 Determining weights of importance and ranks of alternatives
The data considered for the various attributes (OPR, WVPR, MT, TS, TM, EB, and cost)

of the biodegradable polymers is compiled from the available literature and the DM, r;; is
represented in Table 3 (Jamshidian et al., 2010; Shaikh et al., 2021; Smith, 2005; Wu et al.,
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2021). The “weights of importance” is attained by the EW-PC method using Egs. (1) and
(2) and is given in Table 4. Utilizing these attribute weights, the scores (utility score/ per-
formance score) for each material are derived by distinct MCDM methods (WSM, WPM,
WASPAS, and TOPSIS), referring to the approach illustrated in Sect. 3.2. Polymers are
ranked based on the scores computed by different decision-making methods as shown in
Table 5. It can be noticed that PLA has been positioned first by all the ranking techniques
except the TOPSIS method. TOPSIS method has suggested PHB as the best polymer which
is ranked second by all other methods.

As can be seen, each alternative achieves varied scores due to the difference in comput-
ing approaches used by the methodologies, making it difficult to determine the best mate-
rial by favoring one technique over the other. Hence, the DoM method (Sect. 3.3) aids in
computing the aggregated ranks based on the membership/contribution of an alternative
to the ranking positions (Table 5). According to the aggregate ranking list generated by
the DoM technique, PLA has taken the top spot, which suggests that PLA is the most suit-
able biodegradable polymer for food packaging applications among the materials investi-
gated in this study. In a study, a rule-based system also suggested PLA as the most suit-
able bio-derived polymer for food packaging applications (Sanyang & Sapuan, 2015). The
thermoplastic nature of PLA and its ease of processing with conventional processes have
expanded its applications in the packaging industry (Komal et al., 2020). Being a biode-
gradable biopolymer, PLA is not only environmentally friendly but also an economically
viable material that society can easily adapt for the packaging of daily food items. Food
science researchers have investigated PLA to be fit for short shelf life fresh food packaging
(fruits and vegetables). PLA is majorly used in clamshell packaging format due to its excel-
lent mechanical protection (Almenar et al., 2008; Jamshidian et al., 2010). The lowest rank
of PCL may be ascribed to its low melting point and high cost as both these criteria have
the largest weighted value.

In order to analyze the strength of the monotonic relationship between the MCDM
methods, spearman’s rank correlation coefficient (r,) is determined by Eq. (15). Its value
lies between — 1 and 1. The value of 1 depicts the perfect correlation, whereas — 1 means
the perfect disagreement.

A

s n(n?-1) (1)
where, d indicates the rank difference between two methods and n denotes the number
of alternatives. The high similarity is observed among three methods i.e., WSM, WPM
and WASPAS, with the spearman’s rank correlation coefficient ranging from 0.90 to 1.00
(Table 6). WPM and WASPAS have the perfect correlation. Since none of the MCDM
techniques can substantially outperform the others, the correlation study concluded WSM
as the most consistent approach with the other techniques, attaining the highest average
spearman’s rank correlation coefficient, avgr, of 0.83. This shows that WSM has the high-
est degree of agreement relative to other methods. It can be interpreted that WSM can be
solely relied upon for decision-making in this case study. However, with the change in the
alternatives/ attributes, the most relying method may vary. TOPSIS has the lowest correla-
tion with WPM and WASPAS methods. Different coefficient values have been reported in
the literature depending on the ranks determined by different MCDM techniques. A study
utilized WSM, WPM, TOPSIS, and ELECTRE methods for the selection of internal lay-
out design of ship. The methods were compared for the two cases in which criteria were
weighted using objective (Entropy) and subjective (Monte Carlo simulation) techniques.
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In both the cases, correlation observed was maximum between WSM and WPM and
least between WPM and TOPSIS. TOPSIS had the weakest avgr, value of 0.9940 and
0.5477 when the criteria were weighted using Entropy method and Monte Carlo simula-
tion, respectively. (Jafaryeganeh et al., 2020). The poor correlation coefficient of TOPSIS
as compared to other methods may be accounted for the reason that WSM, WPM, and
WASPAS use utility-based approach whereas the former is distance-based approach. In a
study, the authors (Abdelkader et al., 2021) conducted five case studies of material selec-
tion in diverse fields using hybrid MCDM. It reported TOPSIS and CODAS (distance-
based approaches) had the least average Spearman’s rank correlation coefficient among the
six different MCDM techniques (TOPSIS, WSM, COPRAS, WPM, ARAS, and CODAS).
WSM and WPM showed a strong correlation with a coefficient value of 0.87.

The use of sustainable polymers can help manufacturers reduce the costs associ-
ated with plastic waste disposal, comply with regulations and improve their reputation
among consumers. The integration of different theories, such as resource, sustainabil-
ity, green economics, and corporate social responsibility can provide a deeper under-
standing of the subject and help researchers to develop a holistic approach to sustain-
able material selection. The polymer selection from the developed framework aligns
with the resource theory, as it demonstrates that PLA is an efficient and readily avail-
able resource for food packaging. The competing theory of production highlights that
the production process of PLA is energy-efficient and eco-friendly, which makes it a

Table 3 Decision matrix of the

Alternati BP PP MP Cost
biodegradable polymers ernatives o8

OPR WVPR MT TS TM EB Cost

PLA 6 2 175 44 35 307 3
PBS 4 2 105 40 05 150
PBAT 2 2 110 20 0.08 600
PCL 2 2 59 16 038 275 42
PHB 6 6 180 25 35 5 4
Table 4 Weights of importance
of criteria determined by equal PC— BP PP MP Cost
weight to primary criteria (EW- w; 0.25 025 0.25 0.25
PC) method SC—» OPR WVPR MT TS T™™M EB Cost
Wy 0.13 0.13 025 008 0.08 0.08 025

Table 5 Scores and ranks secured by alternatives using EW-PC weighting method

WSM WPM WASPAS TOPSIS
Alternatives Final Rank by DoM
o Rank | ¢ Rank | Q Rank P; Rank

PLA 08 1 Ho6s | 1 | 075 1 o3| 3 1

PBS 0.53 4 0.48 3 0.50 3 0.25 4 4

PBAT 0.55 3 0.43 4 0.49 4 0.33 2 3

PCL 0.42 5 0.38 5 0.40 5 0.19 5 5

PHB 0.82 2 0.60 2 0.71 2 0.35 1 2

Rank Color Scheme 1 2 3 4 | 5
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sustainable option. The theory of sustainability supports the decision as it takes into
account the long-term environmental and social impacts of the polymer. Green eco-
nomics theory is also satisfied as it is economically feasible and has a minimal nega-
tive impact on the environment. Aligning with the concept of corporate social respon-
sibility theory, it has a positive impact on society and satisfies the social obligations of
the corporate sector.

The economic implication of this decision is that it reduces the cost of production
and it’s economically feasible for the companies. The academic implication is that it
provides an opportunity for further research on MCDM methods and their application
in material selection problems, particularly in the field of sustainable materials. This
can lead to the development of more effective and efficient techniques for selecting
sustainable materials for various applications. From a research perspective, it high-
lights the need for further research on emerging biodegradable polymers. From a pol-
icy perspective, it emphasizes the need for government regulations to promote the use
of sustainable materials for food packaging.

4.2 Sensitivity analysis

Criteria weights play a significant role in controlling the final ranks of the alternatives.
Hence, assigning weights to criterion is a decisive step in decision-making. To check
the robustness and durability of the solution and ensure that outcomes are bias-free,
sensitivity analysis is conducted. It is an essential step that depicts the uncertainty in
the output on varying the inputs to the system. The positive result indicates a reliable
solution. This study performs the sensitivity analysis by varying the criteria weights
using three objective weighting methods: ‘equal weight to secondary criteria’ (EW-
SC), ‘CRiteria Importance Through Inter-criteria Correlation’ (CRITIC) and ‘Entropy
Method’. The DM is normalized prior to gauge the weights using CRITIC and Entropy
method, as mentioned in Table 7.

4.2.1 Equal weights to secondary criteria

As the title clearly describes, equal weights are allotted among the secondary criteria using
Eq. (16). Ny denotes the total number of secondary criteria.

w, =1/Nge (16)
4.2.2 CRITIC method
The CRITIC technique is based on quantifying two MCDM fundamentals: contrast inten-

sity and the nature of conflicting criteria (Diakoulaki et al., 1995). The information amount
communicated by kth criterion, C, is given by Eq. (17).

Cy =6k2(1 _ﬂkl) 17

k=1
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Table 6 Spearman’s rank correlation coefficients between MCDM methods

WSM WPM TOPSIS WASPAS avgrs

WSM 0.90 0.70 0.90 0.83
WPM 0.90 0.50 1.00 0.80
TOPSIS 0.70 0.50 0.50 0.57
WASPAS 0.90 1.00 0.50 0.80

where, u,, is the linear correlation coefficient between two criteria (kth and /th) of the NDM
and oy, is the standard deviation of kth attribute which determines the contrast intensity. The
attribute weights are computed by Eq. (18).

Ck
=z 18
Zk:l Ck ( )

Wi

4.2.3 Entropy method

Shannon (Shannon, 1948) proposed the entropy, E; concept that measures the amount of
decision information each attribute contains, quantified by Eq. (19). As a result, the attrib-
ute weights are calculated by Eq. (20).

_[Z madn (n)]
B =~ In (x) (19)
(1-E)
Wy = 20
I -£) 0

The weights of importance, w,, are calculated using Eqgs. (16)—(20). The computed crite-
rion weights corresponding to all the weighting methods are shown in Table 8. After apply-
ing all MCDM techniques to get rankings with varied criterion weights, the DoM approach
is used to generate a final ranking list for each weighting method as described in Sect. 3.3.
The comparison of polymer ranks obtained by various MCDM techniques and the aggre-
gated rank by DoM method for different criteria weighting methods is depicted in Fig. 4.
The final ranks by DoM method in the case of EW-SC weightage approach are in line with
those using the EW-PC approach, even though the individual ranks had variation for both
weightage techniques when using the TOPSIS methodology. It is noted that PLA has never
achieved first place utilizing the TOPSIS approach. Rather, PBAT has kept the top rank in
all weighting techniques except EW-PC, which has taken third overall. The polymers that
attained position in the upper section have a commonality in the case of TOPSIS.

The final ranks of all the polymers obtained by the DoM method with variations in cri-
terion preferences are portrayed in Fig. 5. In the case of the EW-SC weightage technique,
the concluding positions obtained are equal to those using the EW-PC strategy. The ultimate
ranks produced by the entropy approach are comparable to the EW-PC method. PLA came
out on top in every category except CRITIC, where it came in second. Except for the CRITIC
approach, PHB has also secured second place. On the other hand, PCL consistently secured
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last rank for every approach except the entropy method, where it positioned second last. As a
result, the top-ranked materials performed admirably in different circumstances.

4.3 Most critical criterion

Triantaphyllou (Triantaphyllou, 2000) proposed the definition and computational steps to
determine the MCC based on the absolute terms and relative terms. The author defines it as
“the most critical criterion is the one for which the smallest change in its current weight will
alter the existing ranking of the alternatives”. One may be interested in the change of merely
the top alternative or the change of the entire ranking. In the case of the WSM technique, the
minimum relative change, 5; i in the weight of the kth criterion such that the positions of the
alternatives, A; and A; are interchanged, is computed by Eq. (21).

k=z
S i, = M X @;satisfyingu < w, and Z w, <1, else "NFS"

. (”kj -ng) W My — N =1
21
where, pj.p; are the performance values and 1.1y, are the normalized values for the kth
criterion of jth and ith alternatives in NDM. The non-feasible solution “NFS” indicates
that it is impossible to alter the ranks of that alternative pair with any change in criterion
weight. The least percentage change in the w; that can alter the current ranking of alterna-
tives, known as criticality degree of criterion (D;() is determined by Eq. (22). Further, the

sensitivity coefficient of criterion, SCC, is given by Eq. (23).

D, = min {
1<i<j<x

5.} @2

SCC, =1/D, (23)

For the interest in the top alternative rank only, the MCC is the one with the smallest
relative value within the rows that are related to the best alternative. The criterion with the
lowest relative change overall denotes the MCC of the study. Table 9 shows all possible
percent changes in the criteria weights that can alter the ranks of that pair of alternatives.
The absolute of the bold italic numbers in Table 9 highlights the criticality degree of cri-
terion. Coincidently, the MCC for the PLA (top alternative) and other alternatives is the
same, i.e., WVPR. It implies that if the weight of WVPR is lowered by 14.1%, PHB will
be the preferred biodegradable polymer and PLA will no longer be the best choice. On
determining the SCC, it is found that the most sensitive decision criterion is WVPR, fol-
lowed by cost, EB, TS, OPR, MT, and TM in that order. The authors have focused on the
superior barrier properties of food packaging materials and it’s cost-effectiveness (Shaikh
etal., 2021).

5 Conclusion and policy implications
5.1 Research conclusions

The polymers for food packaging were assessed based on the barrier, physical, and
mechanical properties, and the cost. With the support of the developed hybrid MCDM
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Table 7 Normalization methods for criteria weighting techniques

Weighting Normalization method Condition Formula References
method of use
CRITIC Linear max—min normalization  Benefit ) g — e Diakoulaki et al., (1995)
method criteria ik =t
Cost criteria  ny = r:f__:‘k
Entropy Linear normalization sum-based — ny = L Shannon, (1948)
method Zict ik

framework, a judicious selection of a biodegradable polymer for food packaging applica-
tion was conducted. High similarity was obtained in the results produced by WSM, WPM
and WASPAS methodology. The sensitivity analysis conducted by altering the attribute
weights using the EW-SC, CRITIC, and entropy methods concluded that the solution is
without prejudice.

The analysis concluded that PLA is the most appropriate material for the packaging of
food items. Water vapor permeation that prolongs the shelf life and cost for commercial
viability are the critical criteria for deciding the optimal biodegradable packaging poly-
mer. Furthermore, WVPR was the most sensitive criterion, with a weight drop of 14.1%
changing the alternative’s rank. All the criteria considered were crucial for the selection
and none was found insignificant. The methodology adopted in this analysis is robust and
can be relied on to solve material selection problems.

5.2 Policy implications

The framework can help to make better informed and efficient decisions about the selec-
tion of materials for a specific application. The developed model strengthens the implica-
tion that the product designers may use it to scrutinize the essential and inconsequential
criteria for material selection with transparency and accountability. On the policy side, the
framework can help to promote the use of more sustainable materials. The major chal-
lenge that needs to be addressed is the availability of data, as the model relies on accurate
and complete information about the materials being evaluated. Policymakers can consider
measures, such as providing funding for research and data collection, developing databases
of material properties, and offering training and education programs for those who will be
using the model.

The use of PLA as a food packaging material has several policy implications, both in
terms of environmental benefits and economic costs. On the environmental side, PLA
packaging can help to reduce the amount of plastic waste in the environment by breaking
it down into natural materials after disposal. On the economical side, the major challenge
is the lack of proper infrastructure for the collection, sorting, and composting of the used
packaging materials. Another challenge is the cost of producing PLA packaging, which

Table 8 Weights of importance

) . o o Weighting method OPR WVPR MT TS TM EB Cost
obtained using different criteria

weighting methods EW-SC 0.14 014 014 014 014 014 014

CRITIC method 0.12  0.15 0.09 0.15 0.12 0.27 0.11

Entropy method 0.07 0.09 0.05 0.05 036 0.37 0.01
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EW-PC EW-SC

PLA PBS PBAT PCL PHB PLA PBS PBAT PCL PHB

CRITIC Method Entropy Method

PLA PBS PBAT PCL PHB PLA PBS PBAT PCL PHB

— WSM i WPM s TOPSIS 0 WASPAS === Final Rank by DoM

Fig.4 Ranks of biodegradable polymers with varying MCDM techniques and DoM using different attrib-
ute weighting methods a equal weights to primary criteria b equal weights to secondary criteria ¢ CRITIC
method d entropy method

can be more expensive than traditional plastic packaging materials. This can be a barrier
for small and medium-sized enterprises (SMEs) that may not have the financial resources
to invest in new packaging materials. To overcome these challenges, policymakers can
consider implementing measures to support the collection, sorting, and composting of
used PLA packaging. Policies that address these challenges and promote the use of PLA
packaging can help to reduce the environmental impact of food packaging and support the
growth of a more sustainable food packaging industry. Governments across the world can
regulate and mandate the use of sustainable materials for food packaging where as per the
current findings, PLA can be an important game changer.

Sensitivity Analysis
5
4
3
2
1
EW-PC EW-SC CRITIC Entropy
u PLA u PBS w PBAT = PCL = PHB

Fig.5 Final ranks of the polymers using DoM with all criteria weighting method
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Table 9 Relative minimum change in the criteria weights (percent change)

Pair of alternatives OPR WVPR MT TS ™ EB Cost
PLA-PBS NFS NFS NFS NFS NFS —1818.6 NFS
PLA-PBAT NFS NFS NFS NES NES —359.1 NFS
PLA-PCL NFS NFS NFS NFS NFS —1206.2 NFS
PLA-PHB NFS —14.1 —169.6 32.7 NFS NFS 18.8
PBS-PBAT —41.8 NFS NFS —-459 —-174.0 27.8 46.4
PBS-PCL NFS NFS NFS NFS NFS -621.7 -377.8
PBS-PHB NES NFS NES -1019.2 NFS —1437.8 NFS
PBAT-PCL NES NFS NES NFS —1754.7 NFS NFS
PBAT-PHB NFS NFS NFS NES NES —329.3 NFS
PCL-PHB NFS NFS NFS NFS NFS —1060.0 NFS
D, 41.8 14.1 169.6 32.7 174.0 27.8 18.8
SCC 0.024 0.071 0.006 0.031 0.006 0.036 0.053

The absolute of the bold numbers in Table highlights the criticality degree of criterion (D))

5.3 Limitations and future studies

For a purpose of thorough comparison, it is necessary to investigate biodegradable poly-
mers for all characteristics that are acceptable for food packaging. As the qualities of bio-
sourced materials differ in their place of origin and type of processing, this might affect the
final selection. The selection framework developed could be enhanced with a more com-
prehensive attribute assessment and an extensive dataset of newer sustainable materials.
Furthermore, more MCDM techniques can be incorporated for a broad base analysis. How-
ever, the inherent deficiencies of MCDM techniques may result in a non-global solution.
The current analysis can be further extended and compared to the machine learning-based
optimization techniques.

Data availability The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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