Pre prints.org

Article Not peer-reviewed version

Redesign and development of flexible
packaging for enhanced recyclability in
sustainable food applications

Johnatan Gabriel Bernal-Carrillo , Ana del Carmen Susunaga-Notario , Elsa Maria de la Calleja,
Mariamne Dehnor-Gémez, Luis E. Lugo-Uribe , Mayra del Angel-Monroy , Isa Pereyra ,

Martha Angélica Cano-Figueroa, Jan Mayén , Hugo Arcos-Gutiérrez, Isaias E. Gardufio :

Posted Date: 10 October 2024
doi: 10.20944/preprints202410.0714 V1

Keywords: flexible packaging; Doypack; laminated coil; circular economy

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2311179
https://sciprofiles.com/profile/1766422
https://sciprofiles.com/profile/3906484
https://sciprofiles.com/profile/3906139
https://sciprofiles.com/profile/902409
https://sciprofiles.com/profile/911941
https://sciprofiles.com/profile/2018871

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2024 d0i:10.20944/preprints202410.0714.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Redesign and Development of Flexible

Packaging for Enhanced Recyclability in Sustainable
Food Applications

Johnatan Gabriel Bernal-Carrillo 1, Ana del Carmen Susunaga—Notario 2, Elsa Maria de la Calleja 3,
Mariamne Dehnor-Gémez %, Luis E. Lugo-Uribe ¢, Mayra del Angel-Monroy 5, Isa Pereyra 5,
Martha Angélica Cano-Figueroa %, Jan Mayén 6, Hugo Arcos—Gutiérrez ¢ and Isaias E. Garduiio 6*

1 Posgrado CIATEQ), Eje 126 No. 225, Zona Industrial del Potosi, 78395, San Luis Potosi, México

2 CONAHCYT—ICAT Instituto de Ciencias Aplicadas y Tecnologia, Universidad Nacional Auténoma de
México, Circuito Escolar s/n, Ciudad Universitaria, Col. UNAM, C.U., Delegacion Coyoacan, Ciudad de
México 04510, México

3 CIATEQ A.C., Av. Manantiales 23-A, Parque Industrial Bernardo Quintana, El Marqués,
Querétaro 76246, México

4 CIATEQ, A.C., Lerma 52004, Estado de México, México

5 CIATEQ A.C,, Eje 126 No. 225, Zona Industrial del Potosi, 78395, San Luis Potosi, México

¢ CONAHCYT—CIATEQ A.C., Eje 126 No. 225, Zona Industrial del Potosi, 78395, San Luis Potosi, México

* Correspondence: isaias.garduno@ciateq.mx

Abstract: The circular economy and sustainable development are crucial in addressing
environmental pollution from solid waste, especially plastics. Plastic waste has sparked significant
social concerns, driving a redesign of products in the flexible packaging industry. This study focuses
on redesigning flexible plastic packaging to improve recyclability and accelerate degradability while
maintaining essential mechanical and barrier properties for food applications. The goal is to create
sustainable packaging that reduces material usage, ensures recyclability, and promotes faster
degradation at the product's end of life. The study compared the redesigned packaging's
mechanical, physical, and barrier properties with existing products. Results showed that switching
from a trilaminate to a bilaminate structure, as in laminated coils and Doypack packaging, reduced
material thickness without compromising performance. Oxygen permeability was maintained at
35.38 cc/m?-day, and moisture permeability at 0.56 mg/m?-day for laminated coils. These changes
reduced raw material consumption by 26.48% for laminated coils and 12.68% for Doypack
packaging. Additionally, a degradable solution combining cellulose paper with a high-barrier
polymer reduces plastic adhesives and solvents by 50%, reducing water usage. This research
provides a practical approach to more sustainable flexible packaging in the food industry, achieving
material reductions without sacrificing performance. The findings can be directly applied to
promote sustainable packaging solutions within circular economy initiatives.

Keywords: flexible packaging; Doypack; laminated coil; circular economy

1. Introduction

Due to its long shelf life, cost-effectiveness, versatility, and lightweight nature, the increased use
of plastic spans various industries such as food packaging, electronics, aerospace, and more.
However, this has led to a surge in low-biodegradability plastic waste, contributing to environmental
problems [1-3]. Annually, 12 million of the 275 million tons of plastic waste end up in oceans, causing
severe environmental damage. Solid waste is an inevitable by-product of production and
consumption [4]. Plastic production surged from 2.3 million tons in 1950 to 448 million tons in
2015.[5]. Plastics account for about 8% of global oil production, with 4% used for raw materials and
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3-4% for manufacturing energy. Reports show that 8 million tons of plastic enter the ocean annually,
with projections suggesting that by 2050 [6], plastic will outnumber fish in the sea [7-9].

Effective plastic waste management through recycling, reuse, and biodegradability is crucial.
Recycling, disposal, and incineration are common options with or without energy recovery. Design
plays a key role in ensuring plastics can be reintegrated into production rather than becoming waste.
The flexible packaging industry faces challenges in redesigning for optimal recycling or eco-friendly
disposal. While synthetic polymer packaging films protect food well, they are non-biodegradable and
harmful to the environment [10]. Sustainable packaging must balance barrier properties,
environmental impact, and mechanical performance [11].

Redesigning products with a focus on sustainability, especially single-use plastics and primary
food packaging is crucial [12]. Polypropylene, low-density polyethylene, and high-density
polyethylene dominate single-use plastics, while other polymers make up the remaining 50%.
Despite their high-barrier properties, these synthetic polymers are difficult to degrade and contribute
to environmental pollution [13,14]. Ecodesign, integrating environmental considerations into product
design, is essential for reducing waste and fostering a circular economy. The flexible packaging
industry must address both "fit for use" and "fit for manufacture” challenges [15]. Efforts should
include using single-polymer laminations or compostable materials to simplify recycling and reduce
plastic waste.

1.1. Sustainable Development

Sustainable development refers to the ability to meet the current generation's needs without
compromising future generations' ability to meet their own needs. This concept implies economic
growth and highlights the importance of ensuring an adequate supply of resources and promoting
social prosperity [16,17].

In contrast, the contemporary industrial era has led to the emission of numerous greenhouse
gases, contributing to climate change and impacting ecological diversity [18]. The main intention of
sustainable development is to foster a process that enables social development so that, for future
generations, natural resources and ecosystems that ensure adequate well-being and quality of life
should remain [19].

1.2. Circular Economy and Its Relation to Sustainable Development

Sustainable development requires balancing human progress with environmental protection,
where the circular economy plays a crucial role. This approach extends material use, minimizes
waste, and reintegrates it into production, reducing resource consumption, emissions, and energy
losses [20-22]. The circular economy enhances sustainability by promoting recycling, green jobs, and
lower ecological footprints. Implementing circular economy practices in flexible packaging benefits
both the environment and the economy by lowering production costs and creating recycling
opportunities [23]. However, challenges include building recycling infrastructure and raising
awareness of sustainable packaging choices.

1.3. Plastic and Sustainable Development

Plastic pollution has been rising, with up to 12 million tons of the 275 million tons of plastic
waste produced annually ending up in oceans, harming livelihoods and marine ecosystems [24].
Global waste composition varies by income level: in low-income nations, over 50% is organic matter,
decreasing in higher-income countries [25]. Oceanic plastic pollution damages marine environments
and wildlife, as ingested plastics release toxic chemicals that affect marine organisms and the food
chain, potentially impacting human health through contaminated seafood [26]. Plastics have many
applications in daily life and can be recycled many times. However, their improper management and
low percentage of effective recycling contribute significantly to environmental pollution. Improving
recycling practices and promoting the development of more sustainable and biodegradable plastic
materials are essential to addressing these challenges [23].
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1.4. Flexible Packaging and Functions

Flexible packaging often uses multilayer films of materials like polyethylene (PE), polyethylene
terephthalate (PET), and nylon [26]. In the food industry, packaging is chosen for its ability to protect
against moisture, temperature, oxygen, light, microbes, and chemicals. Petroleum-based plastics such
as PET, low- and high-density polyethylene (LDPE, HDPE), polypropylene (PP), polyvinyl chloride
(PVC), and polystyrene (PS) are the most common choices for flexible packaging.

Biopolymers offer a sustainable alternative due to their biodegradability, reliance on biomass,
and use of renewable raw materials. Commonly used in flexible packaging, materials like Polylactic
Acid (PLA), Poly-hydroxyalkanoates (PHA), and thermoplastic starch (TPS) are valued for their
biodegradability and versatility. They can also be combined into composites or laminated to enhance
performance [27]. However, designers face the challenge of creating eco-friendly packaging that
preserves product quality while supporting circular economy principles [28]. Multilayer packaging,
often made from polymers, paper, aluminum, and coatings, complicates recycling due to the
difficulty and cost of separating adhesives. Single-polymer or biodegradable alternatives simplify
recycling and reduce environmental impact. Emerging technologies like nanotechnology enhance
barrier properties and enable thinner, more sustainable packaging [29-31]. Advanced recycling
methods like pyrolysis and chemical depolymerization also help close the material life cycle by
converting flexible plastics into reusable monomers [32-34].

1.5. Circular Economy and Flexible Packaging

Consumers are increasingly willing to pay more for sustainable, recyclable, and waste-reducing
packaging, indicating a clear preference for eco-friendly options [35]. This shift is driving the
adoption of circular economy practices in the flexible packaging industry, focusing on materials that
can be recycled or composted to minimize environmental impact. Bioplastics, made from renewable
resources like corn or sugar cane, offer a promising alternative to fossil-based plastics and are
expected to replace conventional plastics in the coming decades, reducing reliance on non-renewable
resources and lowering carbon footprints. These circular economy practices benefit both the
environment and the economy by cutting production costs and creating business opportunities in
recycling and waste management. However, challenges remain, including the need for better
recycling infrastructure and increased awareness of sustainable packaging design among consumers
and producers.

1.6. Sustainable Materials for Flexible Packaging

ASTM defines biodegradable packaging as materials that decompose into carbon dioxide,
methane, water, inorganic compounds, or biomass through the enzymatic action of microorganisms
over a specific period. Biodegradable polymers can come from renewable plants or petroleum
sources, but their biodegradability depends on their chemical structure, not the raw material source.
Recycling, whether chemical or mechanical, restores the value of waste and conserves energy and
raw materials to benefit health and ecosystems [36,37].

Biodegradable materials include fully biodegradable, photodegradable, semi-biodegradable,
and synthetic types. Biopolymers from renewable resources should be biodegradable and
compostable to serve as fertilizers and soil conditioners [38]. Plastic degradation involves physical
changes like discoloration, cracking, reduced tensile strength, and chemical changes such as chain
breakage and cross-linking [39].

Key aspects of sustainable plastic processes:

1. Photodegradation: Sunlight alters material structures, reducing molecular weight [40].

Thermal degradation: Polymers degrade at their melting point, transitioning from solid to liquid

[41].

3. Chemical degradation: Involves structural changes to polymers [42].
4. Compostable polymers: These degrade into biomass, carbon dioxide, water, and inorganic

compounds quickly under specific conditions [43].

d0i:10.20944/preprints202410.0714.v1
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1.7. Recyclability for Flexible Packaging

Plastic recyclability involves processes to restore the economic value of waste and reduce
disposal. The main goal is to conserve energy and raw materials while protecting health and
ecosystems. Plastic recycling is classified into four types [44—47]:

1. Primary (re-extrusion): Reprocessing plastic to create materials similar to the original.

2. Secondary (mechanical): Recovering plastics through grinding and reprocessing to produce new
products.

3. Tertiary (chemical): Breaking down plastics chemically into basic components to create new
materials.

4. Quaternary (energy recovery): Converting plastic waste into energy through incineration.

For a package or product to be recyclable, it must meet APR (Association of Plastic Recyclers)
standards, which help reduce the demand for virgin materials and plastic waste. Recycling can save
up to 70% of the energy required to produce new plastics and cut greenhouse gas emissions by 50%
[48]. However, recycling flexible packaging poses challenges, such as separating multilayer materials
and contamination. Innovations like water-soluble adhesives and advanced chemical recycling
technologies address these issues, fostering a circular economy. Accelerated biodegradation, using
genetically modified microorganisms or enzymes, offers a promising solution by breaking down
plastics more quickly. For example, enzymatic processes are being developed to break down PET
into reusable components.

Contamination from food and other residues complicates recycling by lowering material quality
and increasing cleaning costs. Solutions include advancements in waste sorting, cleaning
technologies, and recycling methods that tolerate contamination. Research is also focused on
developing monomaterials—packaging made from a single type of plastic—to simplify recycling and
improve quality. Poor waste management and low recycling rates contribute to environmental
pollution, with plastic waste surging, particularly in industrialized nations [49]. Addressing
knowledge gaps in solid waste management is crucial. Companies and governments are raising
awareness about proper disposal and recycling while researchers work on recyclable, biodegradable,
and monomaterial packaging technologies to replace traditional laminates with sustainable
alternatives [50].

Flexible packaging can incorporate barrier materials compatible with the main polymer, such as
multiple layers of the same material in different orientations, making recycling easier. A polyethylene
laminate was created using bimodal polyethylene and machine-direction-oriented (MDO) processing
technology [51]. The key challenge is producing packaging stable enough for rotogravure or
flexography printing, with flexography being the preferred process, though rotogravure is being
integrated. Efforts are also focused on laminating biodegradable plastic films with eco-friendly
adhesives to produce Doypack, Flowpack, and three-seal packaging that withstand high
temperatures. These materials must have excellent thermal and sealability properties.

Doypack packaging with zippers has been successfully manufactured using polyethylene or
polypropylene, maintaining mechanical and hermetic properties despite temperature-related
deformation. Designers aim to reduce raw material consumption and optimize resources while
maintaining essential qualities like product protection, extended shelf life, and ease of transport,
especially for non-hazardous products. There are restrictions on inks and additives for recyclable
films. For example, printing must cover less than 50% of the surface; otherwise, it is considered low-
compatibility and likely sent for energy recovery. Additives must also be limited, as they can affect
optical recognition and density [51]. Flexible packaging is valued for its ability to create thinner,
lighter, and more compact products [52].

Biopolymers offer a sustainable alternative to synthetic polymers due to their biodegradability,
agro-industrial waste (biomass) use, and renewable raw materials. They can be used in laminated
composites to enhance properties, mimicking conventional polymers while degrading more quickly
in the environment [53]. Ecodesign principles are crucial for achieving a circular economy. Based on
life cycle analysis, designers must consider the environmental impact of a product from raw material
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extraction to manufacturing, distribution, packaging, and end-of-life disposal. Attention should also
be given to repairability, recyclability, and material improvement [54-56].

This work proposes a flexible packaging design using biodegradable materials and
monomaterial laminations, making it highly recyclable using a single polymer as the base substrate.
The paper is divided into four sections. Following the Introduction, Section 2 compares the
mechanical and barrier properties of the current multipolymer design with those of a thinner
monomaterial structure. Characterizing these properties is crucial for assessing the packaging's
performance. Section 3 presents and compares the results to achieve the main objective: redesigning
the current packaging to create a more sustainable option that reduces plastic waste, promotes
recycling, and maintains adequate mechanical strength and barrier properties. The paper concludes
with Section 4.

2. Materials and Methods

In this study, the ecological redesign of two different types of plastic packaging was undertaken:
laminated coil and Doypack. A comparative analysis was conducted between the commercial
packaging structures and the proposed ecological designs, focusing on the following mechanical
properties: a) thickness, b) weight, c) lamination strength, d) sealing resistance, e) tensile strength, f)
elongation percentage, g) coefficient of friction, h) oxygen permeability, and i) water vapor
permeability of both the laminated coil and Doypack packaging. Finally, the mechanical resistance
of the Doypack packaging was evaluated through destructive tests, including impact resistance,
atmospheric pressure testing, and hermeticity assessment.

2.1. Processes for Obtaining Flexible Doypack Containers and Laminated Coil

Laminated coils are used in the flexible packaging industry to form a package while filling with
product. The processes used in the development of the laminated coil in flexible packaging are
described below:

It is important to highlight that there are processes before the production of the laminated coil,
such as the extrusion processes of plastic films. However, they are not considered for this case study
since the coil production process already includes extruded plastic films.

a) Obtaining a coil with an image referring to the product to be packaged; this consisted of
printing on a plastic film using rotogravure, selecting the color for the generation of the image
(CMYK), and using ten polymeric inks based on nitrocellulose diluted in ethyl acetate at a speed of
150 meters per minute. The printed plastic substrate was left to rest for 4 hours so that the ink
polymerizes completely and thus guarantees its correct operation.

b) In the lamination process, two plastic films were joined with an acrylic-based polymeric
adhesive diluted with ethyl acetate and its catalyst for lamination at 250 meters per minute. They
were left to rest for 8 hours.

c) Cutting process: This was carried out using an unwinder and blades. The coil's width is 395
millimeters, and its outer diameter is 350 millimeters (see Figure 1).
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Figure 1. A laminated coil is used to form flexible packaging with different plastic films.

Regarding the Doypack packaging, like the laminated coil, the process begins considering that
the plastic films are already extruded as raw material. This was manufactured using the rotogravure
printing process, capturing the product's image to be packaged. It was laminated and then formed,
and folds were generated through a laminated coil, sealing the sides and bottom with metal jaws at
high temperatures. The sealing temperature to form the packaging was 180-220°C, and the jaw
contact time was 0.5 seconds (see Figure 2).

Figure 2. Flexible packaging (Doypack) is used for food packaging.

2.2. Proposals for the Redesign of Flexible Packaging

Numerous sustainable design projects and initiatives have emerged intending to reduce the
environmental impact caused by the flexible packaging industry. These efforts focus on
implementing design methodologies in industrial settings to encourage the development of
environmentally friendly products. Consequently, experiments demonstrate a significant reduction
in plastic consumption and the integration of recyclable or biodegradable materials. This framework
evaluates various plastic laminates' physical and mechanical characteristics and recommends
improvement measures.
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2.3. Redesign and Reduction of Lamination Layers in Trilaminate Structure for Flexible Packaging for the
Food Sector, Laminated Coil Type, and Implementation of Monomaterial Structure

One approach to reducing the environmental impact of plastics in the flexible packaging
industry is to reduce raw material consumption and eco-design. As can be seen in Table 1, roll-on
packaging for the food sector has a trilaminate structure with three substrates of different polymeric
origins: polypropylene as a printing substrate, metalized polyester as a substrate to provide
mechanical strength, and polyethylene as a sealing substrate. Therefore, it must meet specific quality
requirements to ensure the packaging is suitable for the intended application.

Table 1. Features of the rolling structure for laminated coil packaging for the food sector.

Current structure Thickness (microns) Base weight (g/m?) Variation%

Natural BOPP (bi- 20 18.1 10%
oriented polypropylene)
Ink 3 3 5%
Adhesive 3 3 5%
Metalized polyester 12 16.8 10%
Adhesive 3 3 5%
Low-density 40 38.4 10%
polyethylene

Total 81 82.3 10%

The plastic films are manufactured in Mexico through the extrusion process with virgin and
FDA-certified resins. The adhesive is polyurethane-based and diluted in ethyl acetate solvent.

Table 2 provides an overview of the quality requirements and conditions to be met for laminated
coils and Doypack-type packages in the flexible packaging sector, particularly applicable to the food
industry; similarly, Table 2 includes units of measurement, measuring equipment, and relevant

regulations.
Table 2. Quality requirements for flexible packaging in roll and Doypack type.
Quality requirement Units International Standards Packaging type
Thickness microns ASTM D6988-21 [57] Laminated coil/Doypack
Base weight g/m? N/A Laminated coil/Doypack
Lamination strength gf ASTM F88/F88M-23 [58] Laminated coil/Doypack
Seal strength gf ASTM F88/F88M-23 [58] Laminated coil/Doypack
Tensile strength gf ASTM D882-18 [59] Laminated coil/Doypack
Elongation percentage mm ASTM D882-18 [59] Laminated coil/Doypack
Coefficient of friction Non dimensional ASTM D1894-14 [60] Laminated coil/Doypack
Oxygen permeability cc/m?-dia ASTM D3985-24 [61] Laminated coil
Water vapor mg/mz-dia ASTM F1249-20 [62] Laminated coil
permeability
Drop packing resistance ~ Non dimensional N/A Doypack
Vacuum tightness test Non dimensional ASTM D3078-02 [63] Doypack
Alr pressure packing Non dimensional N/A Doypack
resistance
Shelf life Months N/A Laminated coil/Doypack

The mechanical properties evaluated are described below:

Determination of thickness: This test was performed with a Mitutoyo digital micrometer to
measure the thickness of each plastic film or plastic laminate, following the applicable regulations of
the ASTM D6988.
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Procedure: A square decimeter of film is cut in three positions in a transverse direction and
placed on the granite table. Three measurements are obtained, and a measurement average is
generated to obtain the thickness in units of microns.

Weight determination: The weight of each plastic film or laminate and adhesive applications in
lamination or inks was obtained with an analytical balance.

Procedure: A one-decimeter square of film is cut in three positions in a transverse direction, then
placed on the analytical balance, generating three measurements respectively. Once the data is
available, an average of the measurements is generated to obtain the base weight in units of g/m?2.

Lamination strength: The test determines the strength of two adhesively bonded films. It is
performed using a universal testing machine, such as the MECMESIN Multi-test 2.5-1, which
measures mechanical properties and obtains stress-strain graphs, following the applicable
regulations, ASTM F88 Method A.

Procedure: A 1-inch wide and 10 centimeters long sample is cut, with a delaminated tab between
2 plastic films. It is placed in the jaws of the universal machine, and the test is carried out at 200
mm/min until the films delaminate or break. This is done in quintuplicate to obtain an average
between the measurements; the result is generated in grams of force (gf).

Sealing strength: Regarding the sealing strength, the polyethylene is sealed using a vertical jaw
sealer at 150°C, and then a universal testing machine is used to check whether the seal comes off or
if the plastic laminate breaks, following the applicable regulations ASTM F88 Method A.

Procedure: The sample is 1 inch wide and 5 cm long. The sample is cut out, and two tabs of the
already sealed film are placed in the universal machine's jaws. The test is carried out at 200 mm/min
until the films break or, where the seal is weak, come off. This is done in quintuplicate to obtain an
average between the measurements. The result is generated in gram force (gf).

Tensile strength and elongation percentage: The mechanical properties of plastic films or
laminates were analyzed using a stress-strain graph. A test piece was obtained and subjected to a
tensile force until breaking, following the applicable ASTM D882 regulations.

Procedure: A sample 1 inch wide and 10 centimeters long is cut out, and both tabs are placed in
the jaws of the universal machine. The test lasts 200 mm/min until the films break. This is done in
quintuplicate to obtain an average between the measurements. The result is generated in grams of
force (gf), and a stress-strain graph is obtained.

Coefficient of friction: It is a sliding property that indicates the processability of the plastic film
in a container-forming machine. This test has no specific methodology, but the applicable ASTM
D1894 standard is followed.

Procedure: 2 samples of 1 square decimeter are cut out and placed on the testing machine so that
one film is displaced and dragged over the other. Once the test is generated at 200 mm/min, the
coefficient of friction result is obtained in dimensionless units.

Oxygen permeability: Oxygen barrier properties are measured to ensure that the packaged
product meets the time and characteristics requirements on the sales line, following the applicable
ASTM D3985 standards using OX-TRAN 2/21 MOCON equipment at 23 °C with an oxygen
concentration of 100% and an evaluation time of 30 minutes.

Water vapor permeability: Moisture permeability properties are measured to guarantee that the
packaged product meets the time and characteristics requirements on the sales line, following the
applicable ASTM F1249 standards. Through a PERMATRAN 3/61 MOCON model at a temperature
of 37.8°C and relative humidity of 90% with an evaluation time of 30 minutes.

Procedure for destructive drop test on flexible packaging: The destructive test consisted of filling
the packaging with product, then dropping the flexible packaging in free fall at a height of 1 m; it is
essential for the perfect sealing of the packaging. The test evaluated the container's ability to
withstand three falls in different positions: vertical, horizontal, and random, and the container must
remain completely sealed without breakage or damage after three falls (see Figure 3).
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A) B) Q)

Figure 3. The methodological procedure corresponds to the drop test on flexible packaging
(Doypack). A) Package, B) Sealing process, C) Drop test.

Procedure for destructive testing of flexible packaging tightness using a vacuum chamber: The
flexible packaging was subjected to a vacuum at 31 cmHg (centimeters of mercury) for 60 seconds to
evaluate its tightness, as established in ASTM D3078-2 [52]. The test was performed in triplicate (see
Figure 4).

Figure 4. Vacuum tightness test: A) Doypack packaging placed inside the vacuum chamber for the
test, B) Vacuum gauge.

Procedure for destructive air pressure testing on flexible packaging: Air pressure testing is
crucial to ensure the packaging has the mechanical strength to withstand various conditions during
storage and transportation. This test was performed by opening the container and subjecting it to the

air pressure machine. The pressure gauge is then pressurized to 0.1 MPa for 60 seconds, ensuring the
container does not break or leak air (see Figure 5).


https://doi.org/10.20944/preprints202410.0714.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2024 d0i:10.20944/preprints202410.0714.v1

s ae Alun 3

N 1 =
y  MtAmarillq

Figure 5. Air pressure test on flexible packaging. A) Pressure gauge, B) Packaging sample with air
pressure.

Reviewing the quality requirements and briefly explaining each of the requirements and tests to
be performed, it was proposed that weight reduction could be improved by applying lamination
layers to a trilaminate structure in flexible coil packaging. Therefore, the proposal suggests using a
bilaminate and monomaterial structure in coil food packaging, as shown in Table 3.

Table 3. Bilaminate structure in coils is proposed for flexible packaging in the food sector.

Proposed structure Thickness [microns] Base weight [g/m?] Variation %

Natural BOPP (bi- 20 18.1 10%
oriented polypropylene)
Ink 3 3 5%
Adhesive 3 3 5%
Metalized CPP (cast 40 36.4 10%
polypropylene)

Total 66 60.5 10%

The proposed structure significantly reduces raw materials and lamination processes, saving
machine and adhesive time, among other benefits. This contributes to sustainable development by
employing polypropylene as the only polymeric material, making it a monomaterial proposal that
facilitates product recycling. The product design must also consider the end of its life cycle and
comply with the above requirements. Therefore, the methodology will directly compare the
properties of the current and proposed structures. After presenting the new structure, it is necessary
to compare the characteristics listed in Table 2 to verify that the proposal has not impacted these
properties. The objective is to ensure that the essential properties of the packaging are not affected
and are within the acceptable and functional range for the intended purpose. It will directly compare
the proposed packaging with the previous properties by measuring and performing statistical tests
on quantitative properties. A t-distribution analysis was performed to determine the means of
measuring the properties of flexible packaging.

The statistical analysis will help to understand and analyze the mechanical properties of the
current packaging structure and the proposed design. This comparison will cover properties such as
tensile strength, sealing force, and coefficient of friction.
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Five measurements were generated for each of the properties mentioned in Table 2: five for the
current structure and five for the proposed design. The measurements were compared to the
properties, and it was decided if using a more environmentally friendly laminate that does not
compromise these properties is feasible. A comparative analysis of the oxygen and moisture barrier
properties was also performed.

These tests allow for checking if the packaging is functional for specific applications. The tests
were carried out on the two packaging options in quintuplicate, seeking to compare and verify
whether the properties are not affected by changing the material.

Each test was carried out in quintuplicate except for the mechanical strength tests (carried out
in triplicate), both on the commercial packaging and the proposal. The data are expressed as the mean
+ the standard error of the mean, and a significance level of p<0.05 will be used after the Student t-
test of independent samples.

2.4. Redesign of Flexible Food Packaging in Doypack Format with a Three-Layer and Multi-Polymeric
Structure to a Monomaterial Using Polyethylene as the Base Polymer

Using a single polymer in flexible packaging offers several advantages to facilitate mechanical
recycling. The recycling process involves crushing and melting the polymer, creating pellets that can
serve as raw material for various applications. However, including multiple polymers in packaging
poses a significant challenge, as each material has a different melting point, making it difficult to
create stable and functional pellets. Unfortunately, most flexible packaging today comprises multiple
polymer layers, further complicating recycling. Consequently, the next redesign focuses on flexible
packaging in Doypack format for the food sector. This type of packaging requires sufficient
mechanical strength to withstand destructive drop and break tests. Therefore, the new formulation
used corresponds to the composition of the packaging structure for the Doypack format using the
materials detailed below.

The laminated structure for food applications, where 12-micron polyesters give the packaging
excellent mechanical strength, as shown in Table 4, and low-density polyethylene can offer adequate

sealing.
Table 4. Characteristics of the trilaminate structure for flexible packaging (Doypack).
Proposed Structure Thickness [microns] Base weight [g/m?] Variation %

Natural polyester 12 16.8 10%
Ink 3 3 5%
Adhesive 3 3 5%
Natural polyester 12 16.8 10%
Adhesive 3 3 5%
Low-density 75 72 10%

polyethylene
Total 108 114.6 10%

Table 5 presents the characteristics of the newly proposed structure, which is expected to
maintain the mechanical strength of Doypack-type packaging. This lamination aims to achieve the
desired gloss and adequate sealing capacity without compromising the mechanical strength of the
flexible packaging, which will be assessed by destructive testing. Therefore, it is advisable to use a
bilaminate and monomaterial structure.
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Table 5. Proposal for characteristics of bilaminate and monomaterial structure (Doypack).

Proposed Structure Thickness [microns] Base weight [g/m?] Variation %
Mono-oriented 25 19.1 10%
polyethylene (MDO)
Ink 3 3 5%
Adhesive 3 3 5%
Low-density 75 72 10%
polyethylene
Total 101 97.1 10%

Figure 6 reveals that the mechanical strength of the pre-existing flexible packaging is due to three
measurable characteristics. The structure's composition is the first measurable characteristic concern,
which involves the lamination of two layers of polyethylene. This lamination achieves the desired
appearance regarding the plastic film and sealing and confers mechanical strength to the flexible
packaging. Consequently, it is recommended to use a bilaminate and monomaterial structure to meet
these requirements. The proposed design allows for the experimental evaluation of the properties
listed in Table 2 to determine whether the flexible packaging can reach or exceed the mechanical
properties of the existing trilaminate packaging. In addition, this test will determine through testing
the feasibility of replacing the current packaging with the proposed monomaterial and thinner
structure. Finally, as mentioned above, mechanical strength plays a crucial role, which requires
destructive testing of the packaging under specific conditions. These conditions will include
destructive drop testing.

Machine oriented
Polyethylene

Ink/Adhesive Monomaterial

Low density
Polyethylene

Figure 6. Diagram of a proposed recyclable monomaterial structure in Doypack.

2.5. Redesign of Trilaminate Flexible Packaging to a Hybrid Paper Packaging with a High Barrier Plastic and
an Additive That Allows Anaerobic Degradation in Contact with the Landfill

One approach to sustainable development is the use of rapidly degradable materials. Most
packaging does not have this condition because polymers' degradation time is too long. Therefore, it
is of the utmost importance to design under criteria where the materials can be disposed of in nature
in an organic way. This requirement is often impossible because bio-based materials do not have the
properties a synthetic polymer can provide, including a barrier to oxygen and moisture. The main
function of synthetic polymers is to provide these properties and mechanical properties.

Research focuses on integrating biodegradable materials into a current multipolymer structure,
as shown in Table 6.
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Table 6. Characteristics of the trilaminate structure for a flexible package (Doypack).

Proposed Structure Thickness [microns] Base weight [g/m?] Variation %

Natural polyester 12 16.8 10%
Ink 3 3 5%
Adhesive 3 3 5%
Natural polyester 12 16.8 10%
Adhesive 3 3 5%
Low-density 62.5 60 10%

polyethylene
Total 95.5 102.6 10%

The product to be packaged consists of a mixture of organic herbs intended for marketing as
infusions in the food sector.

Given the product's nature, which depends largely on its aromas, ensuring a high oxygen barrier
in the packaging is crucial. Organoleptic studies evaluate the quality of the product based on its
sensory characteristics.

The integration of paper into flexible packaging presents challenges today. Because paper is of
organic origin, it presents very broad sustainability conditions. Still, if mixed with plastic that is not
biodegradable or compostable, it could generate a greater negative environmental impact.

The paper will be integrated and laminated to a synthetic plastic material for the research. Still,
a special technical additive known as ECO-ONE will be integrated into this material, which will cause
the plastic to suffer degradation in anaerobic conditions or in the presence of a landfill; said additive
is integrated into the plastic film extrusion process in a weight percentage of 1% of the total weight;
said structure is shown in Table 7.

Table 7. Proposal for a hybrid structure: Paper and biodegradable plastic in Doypack packaging.

Proposed Structure Thickness [microns] Base weight [g/m?] Variation %
Cellulose Paper 50 40 10%
Water-based ink 3 3 5%

Adhesive 3 3 5%
Polyethylene
coextrusion EVOH + 62.5 72 10%
ECO-ONE Additive
Total 118.5 118 10%

The proposed packaging design will be evaluated by generating a comparison of the properties
shown in Table 2, both mechanical properties and destructive tests, between the current trilaminate
plastic packaging and the hybrid degradable paper packaging, seeking that said properties are equal
or superior, guaranteeing the shelf life of the product, and the stability, as well as the integrity in
transport until the packaging reaches the final consumer.

3. Results and Discussion

Following the generation of improvement proposals, the proposed and current structures were
characterized considering the mechanical properties of the laminated coil and the Doypack. In
addition, oxygen and moisture permeability were measured using the standards mentioned in the
methodology section. In addition, the fundamental characteristics of flexible packaging were
evaluated to ensure that sustainable options meet the qualities required for specific applications. The
following section presents the analysis and results for each type of design proposal.
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3.1. Redesign and Reduction of Lamination Layers in Trilaminate Structure for Flexible Packaging in the
Food Sector, Laminated Coil Type, and Implementation of Monomaterial Structure

The methodology considers a design of experiments to evaluate the fundamental characteristics
of flexible packaging and compare the performance of trilaminate and bilaminate systems. Table 8
shows the results obtained from these experiments, presenting the mean values of the measurements
for easy reference. This comprehensive analysis offers valuable information on the distinctions
between the two types of packaging and can guide future decision-making processes.

Table 8. Summary of average measurements (food industry packaging).

Quality Trilaminate Bilaminate Quality Average
requirement Average of Average of requirement
measurements measurements Trilaminate
Thickness 141 microns 135 microns 2.9154 2.6457
Weight base 0.8228 g/m? 0.5936 g/m? 0.01118 0.001816
Rolling force 520.6 gf 629 gf 110.52 125.13
Seal strength 4011.2 gf 633.2 gf 1464.10 372.06
Tensile strength MD: 13236 gf MD: 16482.4 gf MD:390.64 MD: 430.28 TD:
DT:1059 gf TD:14921.6 gt TD:777.63 737.43
Percentage of MD: 29.482% MD: 54.954% MD:5.10 TD:6.657 MD:16.65 TD:11.06
elongation TD:46.674% TD:86.542%
Coefficient of ST:0.2773 DI:  ST: 0.266 DI: 0.1866 ST:0.0306 DI:0.0251 ST:0.0321 DI:0.0251
friction 0.2033
Oxygen 1.29531cc/ m>dia 35.38771 cc/ m?-dia 0.36 0.82
permeability
Moisture 0.82589 mg/ m*dia  0.569552 mg/ 0.02 0.01
permeability m?>dia
Shelf life (six Pass Pass N/A N/A
months)

*MD: Machine direction *TD: Transverse direction *ST: Static *DI: Dynamic.

The data are expressed as the mean * standard error of the mean n=5 *p<0.05 after the Student
t-test for independent samples.

After performing experiments on the mechanical properties of the bilaminate and trilaminate
structures and the oxygen and moisture barrier values, it becomes evident that the proposed
sustainable design exhibits technically viable performance.

Eliminating a lamination layer in the entire flexible packaging structure produces a 26% weight
reduction (see Figure 7), which allows for considerable savings in raw materials and energy
consumption throughout the flexible packaging value chain, from oil extraction to obtaining virgin
plastic resins, the plastic film extrusion process, and its conversion into printing, lamination, cutting,
and bagging processes.

The properties summary in Table 8 indicates that the laminated roll packaging for the food sector
is not affected, making the bilaminate proposal a viable option. The mechanical properties, including
lamination strength, sealing strength, tensile strength, and elongation percentage, show striking
similarities and are considered acceptable for the new bilaminate design (see Figure 8). This results
in a 26% reduction in raw material consumption, positively contributing to the circular economy of
flexible packaging.

Similarly, adhesive consumption and machine lamination time are reduced by 50% since, with
the proposed bilaminate structure, only one lamination will be performed instead of two, reducing
energy consumption and process water usage.

In addition, due to its monopoly composition, the design proposal includes the property of being
easily recyclable at the end of its packaging life cycle, which will be evaluated in future work. The
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most important property of the packaging is its ability to properly preserve food, creating a barrier
against oxygen and humidity.
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Figure 7. Physical properties of the current laminated coil (trilaminate) vs. proposed laminated coil
(bilaminate).
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Figure 8. Mechanical properties of current laminated coil (trilaminate) vs proposed laminated coil
(trilaminate).

After carrying out the study, the oxygen barrier in the proposed structure is 35.38 cc/m?day,
which is negative since the permeability increased in terms of oxygen. In the case of moisture
permeability, an improvement was achieved with a value of 0.56 mg/m?day (See Figure 9). It is
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important to highlight that the moisture barrier is the most important property of this packaging
since it improves food preservation. Regarding the oxygen barrier, shelf-life tests confirmed that the
proposed packaging is functional.
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Figure 9. Barrier properties of current laminated coil (trilaminate) vs proposed laminated coil
(bilaminate).

Under this scheme, the sustainable and monomaterial proposal is feasible. The proposed
structure (see Figure 10) significantly reduces raw materials and lamination processes, saving
machine and adhesive time, among other benefits, and contributes to sustainable development by
using polypropylene as the only polymeric material.

BOPP 20 mic

BOPP 20 mic

PEBD Nat 40 mic
Base weight 82.3 g/m? Base weight 60.5 g/m?

Figure 10. Comparison of trilaminate structure versus bilaminate structure.

Furthermore, the latter makes it a monomaterial proposal, making recycling the product more
feasible. The product design must also consider the end of its life cycle and meet the abovementioned
requirements.

The thickness of the proposed structure did not show a significant difference compared to the
commercial packaging. However, a reduction in the weight of the design was observed (see Figure
7). The lamination strength is similar for both packages. On the contrary, the sealing strength was
reduced in the proposed packaging compared to the commercial packaging, which could translate
into ease of opening the package without guaranteeing functionality. The tensile strength can ensure
that the structures do not deform, fracture, or break; the proposed structure shows an increase in this
property. The elongation percentage of the proposed structure increased in the transverse direction,
indicating greater ductility (see Figure 8). These parameters show the suitability of the material for
manufacturing throughout the technological process (printing, lamination, and packaging), as well
as the resistance during transport, handling, and storage.

The friction coefficient determines the kinetic (in motion) and static (at rest) mobility of the
proposed packaging, which does not differ from commercial packaging. The 27.8% reduction in raw
materials contributes to the circular economy of flexible packaging. Likewise, adhesive consumption
and machine lamination time are reduced by 50%, reducing energy consumption and the use of
processed water in terms of eliminating a lamination layer.
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After conducting oxygen and moisture barrier experiments, the proposed sustainable design is
verified to present a technically viable performance (See Table 8).

It is essential to highlight that the moisture barrier is the most important property of this
packaging since it improves the conservation of the product. Under this scheme, the sustainable and
monomaterial proposal is feasible.

Due to its monopoly composition, the design proposal includes the property of being easily
recyclable at the end of its packaging life cycle. These properties ensure that the most critical
properties are preserved in this type of packaging since, in doing so, we provide the shelf life of the
packaged products.

As can be seen in Figure 11, a 26% reduction in plastic film consumption is achieved. By
redesigning the packaging from 3 layers to 2 layers, less plastic is consumed, reflected in the reduction
of polyurethane-based adhesive and ethyl acetate solvent by 50%. The ink remained at the same level,
but water consumption was reduced by at least 50%.

—o—BILAMINATE COIL

INK BASE CONSUMPTION o—TRILAMINATE COIL
NITROCELLULOSE

ADHESIVE
CONSUMPTION
POLYURETHANE

600

WATER CONSUMPTION

PLASTIC CONSUMPTION © SOLVENT CONSUMPTION
(PLASTIC FILM) ETHYL ACETATE

Figure 11. Analysis of reduction of consumption of polluting raw materials in rolled coil. Values in
reverse order. *Calculations made to manufacture 100,000 pieces of finished product in laminated coil
format. *Consumption reflected in kilograms and liters (solvent and water).

3.2. Redesign of Flexible Food Packaging in Doypack Format with a Three-Layer and Multi-Polymeric
Structure to a Monomaterial Using Polyethylene as the Base Polymer

Analyzing the mechanical properties of the packaging is crucial when considering the redesign
of flexible packaging to use monomaterial structures. In addition, the Doypack requires correct
performance throughout the process, distribution, and shelf life. Therefore, it is essential to conduct
experiments to evaluate the mechanical properties and perform destructive tests to determine the
functionality of the packaging with the proposed sustainable design. Therefore, after completing the
characterization of the mechanical properties at the laboratory level, the proposed methodology
considers a series of destructive tests to validate the mechanical resistance of the monomaterial
packaging against impact, air pressure, and hermeticity.

The first evaluation corresponds to the drop test on flexible packaging, comparing the
trilaminate structure with the monomaterial design. The results not only determine the optimal
structure of the package but also provide valuable information on handling the product from the
factory to the point of sale. In this regard, both packaging structures yielded excellent results, as
summarized in Table 9.

Next, the destructive test methodology is employed to obtain and contrast experimentally the
mechanical properties of the trilaminate and monomaterial structures. Table 9 and Figure 13
demonstrate that the proposed monomaterial design provides sufficient mechanical strength for
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packaging and product containment, as its tensile strength, elongation percentage, lamination
strength, and sealing strength outperform the trilaminate structure, as shown graphically.

Table 9. Average measurement summary (Doypack type packaging).

. ,Curr,e nt Proposed. Trilaminate Monomaterial
Quality trilaminate monomaterial
. structure standard structure
requirement structure for structure for . .. . ..
deviation standard deviation
Doypack Doypack
Thickness 106 microns 109.4 microns 2.236 1.1401
Base weight 1.2048 g/m? 1.0520 g/m? 0.131 0.0073
Rolling force 495.6 gf 507.2 gf 40.290 25.72
Seal strength 6461.2 gf 3095.2 gf 1632.23 1358.28
Tensile streneth MD: 123194 gf TD: MD:10306.8 gf ~ MD: 1707.37 TD: MD:258.26 ST:
enstie steng 13449.4 gf TD:4368.2 gf 991.21 881.70
Elongation MD: 40.924% TD: MD: 29.442% MD: 4.353 TD: ) )
percentage 36.73% TD:420.832% 9.527 MD:2.387 51:14.270
- - ST: 0.3266 DI ST:0.2233 DI: ST:0.0750 DI
Friction coefficient 0.0966 0.0533 0.0351 ST: 0.0611 DI: 0.020
Packaging drop test 5/5 5/5 N/A N/A
Vac1.1um packaging 33 33 N/A N/A
tightness test
Packacing ai
ackagmg ait 5/5 5/5 N/A N/A
pressure test
Shelf life Pass Pass N/A N/A

*MD: Machine direction *TD: Transverse direction *ST: Static *DI: Dynamic.

The data are expressed as the mean * standard error of the mean n=5 *p<0.05 after the Student

t-test for independent samples.
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Figure 12. Physical properties of current Doypack vs. proposed monomaterial Doypack.
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Figure 13. Mechanical properties of current Doypack vs. proposed monomaterial Doypack.

Thus, a monomaterial polyethylene structure is a viable option for recyclable packaging,
contributing to a circular economy through recycling where, through future work, this product's
correct application of recycling and the reintegration of raw materials into the value chain will be
reviewed. Therefore, the company redesigned the flexible packaging, reducing raw material
consumption by 12.8%, as shown in Figure 12. The redesign eliminated a lamination layer, generating
a 50% reduction in adhesive. This modification ensured that the packaging maintained the
appropriate mechanical strength for the durability required during product distribution and display
on shelves. The mechanical strength of the proposed packaging was not affected, as demonstrated by
destructive testing. In addition, with the redesign to monomaterial, the tightness was correctly
maintained. Thus, the redesigned packaging is completely mechanically recyclable, the most
common type of recycling in the application. The results of destructive tests against impact,
atmospheric pressure, and hermeticity show no differences between the trilaminate structure and the
monomaterial proposal. Therefore, it is suggested that a monomaterial polyethylene structure is
viable for recyclable packaging, which will be demonstrated in future work. Reducing raw material
consumption was achieved by removing one lamination layer, contributing to a circular economy
through recycling, and reintegrating the packaging into the value chain. This modification ensured
that the packaging maintained adequate mechanical strength for long-term durability.

As shown in Figure 14, plastic film consumption was reduced thanks to implementing a bi-
laminated monomaterial system using MDO technology in polyethylene, reaching a reduction level
of 12% in weight. A 50% reduction in polyurethane adhesive and ethyl acetate solvent weight was
obtained. It is worth mentioning that ink consumption is the same in both presentations. However,
water consumption was reduced by 50%.
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—o—DOYPACK MONOMATERIAL
INK BASE CONSUMPTION
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Figure 14. Analysis of reduction in consumption of polluting raw materials in Doypack type
packaging. Values in reverse order. *Calculations made to manufacture 1,000,000 pieces of finished
product in Doypack format. *Consumption reflected in kilograms (Kg) and liters (I) (solvent and
water).

3.3. Redesign of Trilaminate Flexible Packaging to a Hybrid Paper Packaging with a High Barrier Plastic and
an Additive That Allows Anaerobic Degradation in the Presence of a Landfill

Analyzing the mechanical properties of Doypack-type packaging is necessary because it must
be guaranteed that the product to be packaged will survive distribution and shelf life until it reaches
the final consumer and, in some cases, withstand the time in which the packaged product is finished,
and the packaging ends its life cycle.

Flexible packaging that is made up of plastic laminations has the property of having high
mechanical resistance. This design proposal integrates sustainable materials such as paper and
polyethylene with ethylene vinyl alcohol with additives for anaerobic degradation. The challenge is
to ensure that paper and polyethylene can provide a high mechanical resistance property and a
barrier to oxygen and humidity, guaranteeing the product's shelf life to be packaged.

To guarantee the mechanical properties, a broad characterization must be carried out comparing
it with the current flexible plastic packaging and verifying whether using this packaging for the
defined application is possible.

Table 10 shows the results of the physical and mechanical properties and destructive tests
performed on the two types of packaging, one current and commercial, and the hybrid sustainable
paper proposal.

The characterized properties must present a similar or better behavior in the proposed
sustainable structure than the plastic laminate. Still, it is even more critical that the packaging
withstands the destructive tests that can guarantee the product's packaging, considering a shelf fall
or some mechanical pressure generated by transportation and distribution.

Based on this information, it is important to analyze the measurements shown in Table 10 to
verify that using a hybrid structure for the Doypack application is feasible.
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Table 10. Quality requirements average measurement summary.

doi:10.20944/preprints202410.0714.v1

Quality Current Proposed Trilaminate Biodegradable
requirement trilaminate biodegradable structure standard Hybrid structure
structure of  hybrid structure of deviation standard deviation
Doypack-type Doypack-type
packaging packaging
Thickness 95.6 microns 125.8 microns 1.51 1.30
Base weight 1.08 g/m? 1.1238 g/m? 0.0037 0.0079
Rolling force 154.2 gf 212.6 gf 37.77 35.78
Seal strength 3779.4 gf 3700.4 gf 1678.26 284.59
Tensile strength SM:13162.4 gf SM:6074 gf MD: 1803.5 TD: MD:1903.2 ST:
DT:12420.8 gf TD:6229.4 gf 1461.34 344.33
Elongation SM:37.124% SM:0.628% MD: 6.052 TD:  MD:0.366 ST:0.488
percentage TD:31.346% TD:2.564% 12.74
Friction coefficient ES:0.19DI: 0.13 ES:0.2166 DI: 0.13 ST:0.015 DI: 0.052 ST: 0.041 DI: 0.026
Packaging drop test 5/5 5/5 N/A N/A
Vacuum packaging 3/3 3/3 N/A N/A
tightness test
Packaging air 5/5 5/5 N/A N/A
pressure test
Shelf life Pass Pass N/A N/A

*MD: Machine direction *TD: Transverse direction *ST: Static *DI: Dynamic.

The data are expressed as the mean + standard error of the mean n=5 *p<0.05 after the Student
t-test for independent samples.

As can be inferred from Table 10 and Figure 15, the physical properties of the hybrid packaging
versus the plastic laminate are different because the paper packaging has a greater thickness and a
higher base weight due to the nature of the paper, its thickness, and its density. Based on this
information, an analysis of the mechanical properties must be carried out, shown in Table 10 and
Figure 16, and it is observed that the lamination force is greater in the hybrid proposal, as well as the
sealing force property, where they are very similar.
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Figure 15. Physical properties of current Doypack vs. proposed Doypack hybrid.
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Figure 16. Mechanical properties of current Doypack vs. proposed hybrid Doypack.

The elongation percentage is greater in the plastic structure because paper naturally lacks
mechanical properties and breaks very easily. Therefore, the tensile strength of the plastic packaging
is greater. However, it is necessary to review the analysis of destructive tests, where it can be verified
that this value of elongation percentage and tensile strength does not directly affect the performance
of the packaging.

As seen in Table 10, the destructive drop, air tightness, and air pressure tests were effective on
the hybrid and plastic packaging. This shows that the packaging is correctly designed and can be
functional in the market.

Therefore, sustainable, flexible packaging can be achieved by combining the properties of paper
with the performance of plastic that can be used to manufacture the packaging and provide barrier
properties, thus accelerating degradable packaging since paper is naturally biodegradable.
Polyethylene combined with EVOH and an accelerated anaerobic degradation additive, a degradable
flexible packaging can be had when its life cycle ends. It is in the presence of a landfill. It can begin
to degrade in an optimal way, where it is estimated that the degradation of the packaging does not
last more than one year, compared to the current flexible packaging that can last up to 200 years
under the same conditions. This should be verified in future work through biodegradability analysis.

As can be seen in Figure 17, by using paper as a base substrate for printing, a 37% reduction in
plastic film consumption is achieved, which is reflected in the consumption of isopropyl alcohol
solvent, since when printing on a paper substrate, the inks to be used are water-based, which allows
reducing the consumption of isopropyl alcohol. Likewise, when switching from a trilaminate to a
bilaminate, the consumption of adhesive and ethyl acetate solvent is reduced by 50%, and the
consumption of nitrocellulose ink is similar in both packaging cases. Consequently, water
consumption for the process was reduced by 17%.
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Figure 17. Analysis of reduction in consumption of polluting raw materials in hybrid Doypack type
packaging. Values in reverse order. *Calculations made to manufacture 1,000,000 pieces of finished
product in Doypack format.

4. Conclusions

Designing flexible packaging involves balancing functionality, barrier properties, mechanical
strength, and thermal resistance. Packaging must extend shelf life while preserving product quality,
using various polymers that maintain consumer appeal. The challenge is to create eco-friendly
designs that are either easily degradable or recyclable without sacrificing physical properties despite
using fewer materials, reducing thickness, or incorporating biodegradable elements. Any changes
must be evaluated for their impact.

This research demonstrates that reducing raw materials can lower environmental impact by
decreasing laminate thickness and using single-source degradable materials. Sustainable packaging
solutions can integrate polymer-compatible materials for easier recycling, reducing reliance on non-
renewable resources like oil and water. A design using rapidly degradable materials was as
functional as traditional plastics. Recyclability, biodegradability, and compostability are essential for
sustainability, enabling resource reuse and minimizing environmental harm.

Challenges in recycling remain. Even with films made from the same polymer, inks and
adhesives—though less than 5% of the total weight —complicate recycling. However, new additives
now aid in mechanical recycling. The goal is to develop 100% recyclable, single-layer packaging
without sacrificing performance. Technologies for ink removal and barrier coatings are improving
recyclability. While biodegradable materials degrade without pollution, they waste non-renewable
resources, whereas compostable materials reintegrate as biomass but cannot be reused for the same
product. Therefore, recycling remains the most viable option for reducing plastic waste. This study
shows that reducing water, solvent, and adhesive usage by 50%, along with plastic use by 27% for
laminated coils and 12% for Doypack packaging, supports sustainability and economic benefits.

The methodology confirms that laminated and Doypack-type packaging can use fewer layers
without compromising performance. Laminated coils showed at least a 20% improvement in
moisture barrier properties compared to trilaminate, with similar or better results.

The key findings of this research are summarized below:

1. Removing one material layer is feasible to preserve and improve the moisture barrier
properties (mg/m?-day) of bilaminate flexible roll-on packaging. Previously, the moisture barrier was
measured at 35.38 cc/m?day but improved to 0.56 mg/m?day. This improvement in packaging
performance is significant.
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2. A proposed structural change from trilaminate to bilaminate design has reduced raw material
consumption in laminated roll-on packaging for the food sector by 26%.

3. Raw material consumption in Doypack packaging for the food sector has been reduced by
12% through a proposed structural change from trilaminate to monomaterial MDO polyethylene-
based design.

4. The number of lamination layers in Doypack flexible packaging for food applications can be
reduced from two to three without compromising mechanical properties. This conclusion is based on
successful destructive packaging tests, including vacuum, drop, and air pressure tests performed on
bilaminate and monomaterial packaging.

5. By redesigning the bilaminate food reel packaging with the same polypropylene polymer, a
package that meets the mechanical and shelf-life characteristics for the current application based on
a bilaminate and monomaterial design is obtained.

6. The new structure proposed for Doypack-type food packaging that includes a combination of
paper and plastic is completely functional compared to plastic packaging, comparing the physical
and mechanical properties and destructive tests on the packaging.

7. At least 50% of the consumption of polyurethane-based adhesives in laminated reel and
Doypack flexible packaging was reduced.

8. Solvents such as ethyl acetate and isopropyl alcohol were reduced by 50% for lamination and
printing on flexible packaging.
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