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The usage of flexible film in the food packaging industries has been rapidly increasing over the past few years. In flexible
printing process, the wettability and adhesion of polymer substrates depend on the surface composition, roughness, energy
level and tension. Among all these properties, the Surface Energy Level (SEL) of polar and nonpolar polymer substrates
were determined by measuring Contact Angle Values (CAV). This study focuses on experimentation based SEL
measurement using corona treatment for both treated and untreated LLDPE (Linear Low-Density Poly Ethylene) and PLA
(Polylactic Acid) films using MSEM (Mathematical Surface Energy Models) such as Fowkes, Owens-Wendt, and Wu
based on the CAV of polymer films and further to develop a Mamdani fuzzy interface-based model for predicting optimum
SEL with help of experimentally generated data. The observed SEL of untreated and treated PLA and LLDPE films were
40 and 38, 48 and 44 mN/m respectively. Fuzzy-based simulations showed similar results, with treated PLA and LLDPE
at 45.4 and 44. Finally, the proposed Mamdani model can predict SEL with high accuracy in comparison with experimental
results and the good printability of ink adhesion was achieved in treated than the untreated films.
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1. INTRODUCTION

Plastics are often used in printing and packaging
applications due to their intrinsic characteristics. The
polymer materials that are widely used in printing and
packaging applications are Polyethylene (PE), Polyethylene
terephthalate (PET), Polypropylene (PP), and Polyvinyl
chloride (PVC) [1]. However, usage of polymer films in
printing applications without surface treatment has several
disadvantages, such as poor printability, poor wettability,
and poor adhesion [2 —4]. These characteristics are strongly
connected to low SEL of the polymer films. It is observed
that maintaining sufficient surface tension and surface
energy is a crucial characteristic of flexible polymer films
used in printing applications [5—8]. Consequently, the most
popular techniques for improving the SEL of polymer films
used in printing and packaging include chemical, UV,
flame, plasma, and corona treatments [9, 10]. To ensure
outstanding printability, the ink's surface tension and the
polymer materials surface energy must be maintained at
optimal levels. In general, SEL of polymer substrates is
measured by the CAV of flexible polymer film using a
variety of Mathematical Surface Energy models (MSEM),
including Fowkes, Owens-Wendt, and Wu. Using these
MSE models to analyze the SEL of polymer films has
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several benefits, but experimentally based SEL assessment
has some drawbacks, including uncertainty, imprecision,
time consumption, and increased manufacturing costs. To
overcome this, the optimum SEL for the polymer film
surface is estimated using a data-driven fuzzy modelling
approach, which also ensures good printability in flexible
films. Many research literatures were reported in predicting
the performance of engineering materials by using
computational techniques and built best predictive
modelling. [11] constructed prognostic models to determine
the optimal parameters by selecting factors such as
parameters of printing plate, the rheological parameters of
ink, the lineature of anilox roller and surface properties of
materials to be printed on the quality of flexographic
printing process using fuzzy logic tools. [12] employed
fuzzy logic technique to predict the hardness of composite
materials and compared experimental results for better
accuracy. [13] used the sessile drop method to explore the
mechanisms of action of various surface energy models,
including Wu, Oss-Chaudhury-Good (VOGC), Fowkes,
Owens-Wendt-Rabel-Kaelble (OWRK), and Van. Finally, it
was found that inadequate wettability during adhesion,
cohesive forces in wetting processes, and cohesion forces in
the liquid phase dominated adherence to the substrate. [14]
developed the Taguchi methodology, to predict the hardness



of engineering materials, to mathematical modelling,
proved relatively low average error levels. La, [15]
employed Artificial Neural Network (ANN) models to
forecast SEL, a crucial parameter in both scientific and
industrial applications. To improve predictive modelling in
this field, this technique is utilized to estimate optimums
SEL, demonstrating the growing confluence of material
science and artificial intelligence. [16] constructed fuzzy
model for predicting the mechanical characteristics of a
composite material made of polymers. The fuzzy model was
validated through the construction of membership functions
and a series of test case investigations. [17] have
investigated the mechanical properties of a recently
developed HDPE polymer composite material Neuro-fuzzy
modelling was used to compare the experimental results
with the theoretical estimate of the properties of the polymer
composite to determine the ideal mechanical properties. The
experimental investigation and the theoretical research
agreed well.

In this context, several well-known Artificial
Intelligence (Al) techniques such as Fuzzy Logic (FL),
Machine Learning (ML), Artificial Neural Networks
(ANN), Adaptive Neuro Fuzzy Inference System (ANFIS),
Support Vector Regression and Genetic Programming are
being used to develop relationship between given input
parameters and output responses [18, 19]. Among these
schemes, FL possesses the ability to model a complex
process containing uncertain and vague information with
less hardware and software resources [20, 21]. FL is a
highly flexible and non-linear modelling technique for
experimental data involving certain uncertainties between
the relationships of input process variables and output
responses. Mamdani fuzzy logic method is used in this study
due to its flexibility and adaptable framework for estimating
or predicting SEL for sustainable and synthetic polymer
materials. Utilizing Mamdani based fuzzy logic to combine
the rules framed by fuzzy logic and observe the output from
fuzzy for the overall solutions of food packaging attributes
[22]. In addition to this, most of the researchers were
conducted surface free energy experiments in the solid
powders [23, 24].

To prevent contamination of the environment,
numerous researchers are currently working on developing
biopolymer flexible polymer film [25, 26]. Because PLA is
more transparent, has a higher tensile strength, and is as
rigid as PET film, it is utilized in a variety of flexible
packaging applications among other biopolymer materials
[27—29]. This study uses three MSE models based on the
CAV of the polymer surface to measure the untreated and
treated SEL of both films. To improve prediction, the
experimental findings are compared with the FL System.
The two films were then examined for printability using a
flexographic proofer with UV inks, where a variety of tests,
including adhesion, dyne, density, and rub resistance tests,
were used to assess the print quality. Finally, a comparison
of PLA and LLDPE films print quality is made for real-
world field applications. [30]. According to previous
literatures reported, there was no research has been reported
on predicting SEL in flexible film with fuzzy logic based
data driven methods. However, there were few researches
focused on implementation of computational techniques for
the prediction of direct ink writing of 3D printable material

formulations. [31], additively manufactured polymer
composites [32], numerical methods for design and testing
of additively manufactured materials [33], modelling effect
of slurry impacts on 3D printed PLA materials [34], and
mechanical properties of 3D printed materials [35]. To fill
this research gap, a novel approach is implemented to
predict the SEL of polymer films used in printing
applications.

2. MATERIALS AND METHODS
2.1. Materials

The blown films were made with the LLDPE and PLA
resins. Thermofisher Scientific's HAAKE Poly Lab QC
single screw blown film extruder was used to take two
polymer films. The thickness of the films was maintained
between the ranges of 80100 microns and measured by
using the Mitu-Toyo film thickness gauge. TOYO INKS
Corporation donated INSTACURE UV 111 PROCESS
MAGENTA series, a UV curable ink. These inks are
solvent-free, chemical resistance, short time curing, and
have excellent adhesion strength on most of the film
substrate. The surface tension of ink was 25 —30 mN/m.

2.2. Surface treatment and printing

Surface corona treatment was performed by using
ENERCON COMPAK™ 2000 [11]. The PLA and LLDPE
films of 20 x 22 cm size are cut down and taken for surface
treatment. It uses the electric charge (500 — 1500 watt/m?) to
change the chemical properties of the material placed within
the energy stream. Treatment was done on a single side with
the machine of the following setup of 0.60 kW (power),
8 m/min (line speed). Finally, the treated films were
subjected for the flexography printing process for further
print quality analysis.

2.3. Dyne pen test

Dyne pen test commonly referred to as Corona test
liquids, are used to detect surface energy very efficiently
and easily. This measurement method is predicated on
1SO 8296 [36]. A mixture of Ethyl cellosolve and
formamide solution is used to determine the surface energy
level of polymer films. The cotton applicator method is used
to test the surface energy of the substrate. A few drops of
calibrated dyne ink solution are placed in the tip of a clean
cotton applicator. The dyne ink solution of 36, 40, 44, 48
and 52 dynes/cm is spread lightly over the treated and
untreated samples.

2.4. Measurement of CAV

The CAV of the films was measured at 20°using
Goniometer as per ASTM D5946 standard. The
hydrophobic films by contact angles greater than 90
degrees, indicating lower surface energy and hydrophilic
films were confirmed by contact angles less than 90 degrees,
indicating higher surface energy. This imparts good
wettability and adhesion polymer film substrate.

2.5. Surface energy models

The SEL and wettability determines printability of the
polymer films. SEL can be theoretically determined by



using several MSE models. The proposed work utilized
Fowkes model, [37] Owens—Wendt model [38] and Wu
model to calculate the surface energy of both treated and
untreated PLA and LLDPE from the observed CAV. The
suggested models split the total surface energy into two
parts: surface energy resulting from polar and dispersive
interactions in the film surface.

2.5.1. Fowkes model

The Fowkes model [39] divides the surface energy of
liquids and solids into their polar and dispersive components
by combining the Young and Young-Dupree equations. In a
thermodynamical equilibrium, Young equation shows:

Ys = Vs, + ¥ cos6. 1)

The interfacial tension between a liquid and a solid
polymer can then be evaluated by

1 1
Vs = Vs+Vv,—2 [(Vﬁyﬁ)i + (YLpr)Z} (2)

where % is the surface energy of the solid; . is the
interfacial tension between the solid and the liquid; y_is the
surface tension of the liquid; y¢ and y}’ are the dispersion
and polar components of the surface energy of the solid; y2
and y/ are the dispersion and polar components of the
surface tension of the liquid.

Using Eq. 1 and Eg. 2 can be in the form of the total
surface energy of a solid, can be expressed as thesum of
polar and dispersive components as follows:

Vs =¥+ 5. 3)
2.5.2. Owens-Wendt (extended Fowkes) model

The Owens-Wendt model [8], which combines Young's
equation with Fowkes' theory, could be used to express the
OWRK equation as follows:

v (1 +cos6) =2 |ylyvd +2 [v]ve. “)
2.5.3. Wu model

Wu [40] developed an equation that takes into account
harmonic rather than geometric means for polar and
dispersive liquid interaction that takes place on a polymer
surface using the idea of OWRK.
yspy,p]
v+l
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Vs = Vst Vz_4[ + (5)

2.5.4. Density

A spectrophotometer (X-Rite 528 GmbH, Germany)
was used to analyze the print density of the film samples.
USING the ASTM E308 standard, the spectral reflectance
value of each film sample was calculated and converted into
CIELAB colorimetric coordinates (L*, a*, and b*). Foreach
film sample, measurements were conducted at three distinct
points, and an average value was given as the result.

2.5.5. Rub resistance

The rub resistance of the film samples was studied after
2 —3 weeks after printing process using Sutherland Ink Rub
Tester (Micro digital model, make: Linux) with reference to

ASTM D5264. The trimmed printed film samples were
placed on the rubber base pad and the test area of film is
subjected to 2 or 4 Ibs weight which automatically rubbed
over 20 cycles repeatedly on the film surface and the number
of cycles was set on the timer. Then the printed film strip
sample was removed from the rubber pad and rub resistance
against given load was assessed for actual ink
degradation/ink faded. The condition is maintained at
23 +2°C and 50 £ 5 % RH for not less than 24 h prior to
test.

2.5.6. Tape peel off adhesion test

Using 3M #610 or Sellotape office adhesive tape test,
the adhesion of dried ink to the film sample was studied
which strongly adhered to the print and are quickly pulled
off manually followed by ASTM F2252-03 standard. For
each film sample, a test was performed on two different
strips, after the printing process. The adhesion was
measured by analyzing images of the tape strips
(6.2 cm x 1.8 cm) applied to the printed film sample and the
physical observation was carried out for ink transfer onto
the tape. The condition is maintained at 23 £2°C and
50 £ 5 % RH for not less than 24 h prior to the test. This test
can be used to assess ink-to-substrate adhesion when ink
flaking happens with uncured or readily ablated inks.

3. DEVELOPMENT OF THE MODEL

In fuzzy system, fuzzy rules are utilized to find the
output parameter SEL by using the input parameters such as
polarity (p) and dispersivity (d) of SE. The selection of
membership function (mf) is not depending on the any
specific method. In this study, triangular membership
function is utilized to find the operating parameters [41].
The rules are developed in the form of linguistic terms. The
output response is predicted by using Mamdani fuzzy
inference system. In general, the one rule will be developed
based on expert system and knowledge of human beings and
for one experimentation.The eight fuzzy rules are developed
according to the characteristics of SE of flexible film [42].

The thirteen fuzzy rules in the form of linguistic terms
for treated and untreated polymer film developed based on
Response Surface Methodology (RSM) based Box-
Behnken design (BBD) is a statistical tool used to analyze
and optimize complex systems with multiple variables:

Rule 1 if Put is mfl and dut is mfl then SEut is mfl
Rule 2 if Put is mf3 and dut is mf2 then SEut is mf5
Rule 3 if Put is mf2 and dut is mf2 then SEut is mf4
Rule 4 if Put is mf3 and dut is mfl then SEut is mf3
Rule 5 if Put is mf2 and dut is mf2 then SEut is mf4
Rule 6 if Put is mf2 and dut is mfl then SEut is mf2
Rule 7 if Put is mf2 and dut is mf2 then SEut is mf4
Rule 8 if Put is mfl and dut is mf3 then SEut is mfé
Rule 9 if Put is mf3 and dut is mf3 then SEut is mf8
Rule 10 if Put is mf2 and dut is mf3 then SEut is mf7
Rule 11 if Put is mf2 and dut is mf2 then SEut is mf4
Rule 12 if Put is mf2 and dut is mf2 then SEut is mf4
Rule 13 if Put is mf2 and dut is mf2 then SEut is mf4



Out of 13 rules, 8 rules were different and remaining 5
rules were same. For treated film, same 13 rules developed
as similar with the untreated film. These rules were
developed with respect to the experimental values of the
SEL of flexible film. For defuzzification process, a centroid
method is employed to predict the values of SEL as
illustrated in Eq. 9.This procedure has been carried out with
fuzzy logic designer tool box presented in MATLAB.

XAChHI
SEr = racy
where SEs is the fuzzy controller output of the surface
energy of bio thin film, A(9) is the centroid of specific rule

utilized in the fuzzy rule and n is the summation of rules
developed for specific application.

(6)

4. RESULTS AND DISCUSSION

4.1. Printability of treated and untreated flexible
film
4.1.1. Dyne pen testing and surface morphology

SEL of flexible PLA and LLDPE film is evaluated by
using various dyne pens (36, 38, 40, 42, 44, 46, 48, 50 and
52 dynes/cm) dragged over the polymer surface of both the
materials [43]. The good surface adhesion was found at the
dyne pen 40 for untreated PLA and 36 for untreated LLDPE.
Then, both polymer substrates were subjected to the corona
treatment for surface modification and observed dyne values
for both treated PLA and LLDPE are 48 and 44 dynes/cm
respectively as shown in Fig. 1. Finally, it was inferred that
the enhanced SEL of treated PLA and LLDPE film is
expected to have good wettability of ink over the polymer
surface. According to the experiment and fuzzy logic
simulation, the treated and untreated PLA and LLDPE film
dyne values are shown in Table 1.

Table 1. Dyne values

Untreated, mN/m Treated, mN/m
Films Experiment | Fuzzy logic | Experiment Fuzzy
logic
PLA 40 40 48 454
LLDPE 36 38 44 44

Fig. 2 displays SEM (S-4800, Hitachi, Japan) images of
untreated/treated PLA and LLDPE film samples both before
and after corona treatment. The printed results observed
from untreated PLA and LLDPE films were obviously
undesirable due to the low ink wettability in the film surface
[28]. As a result, the films were subjected to electrical
discharge at 500, 1000, and 1,500 watt-min/m2. It was found
that the corona discharge at 1,000 watt-min/m? revealed 48
and 44 mN/m respectively.

4.1.2. Evaluating SEL using surface energy models

Based on the observed results, it was concluded that
water has a higher CAV than ethylene glycol because it has
a higher surface tension. Using various calculation models,
the estimated CAV values of the polar and dispersive
components of PLA and LLDPE films that had been treated
and those that had not were determined. The surface energy
of the polar and dispersive components of the treated and

untreated PLA and LLDPE films were calculated by using
CAV as shown in Fig. 3 and Fig. 4.

tntatis. i

d

Fig. 1. Surface adhesion of various dyne pen of: a—untreated PLA;
b—treated PLA; c—untreated LLDPE; d—treated LLDPE
films
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Fig. 2. Morphology of PLA and LLDPE film surface comparison
(before and after corona surface treatment) with a scale bar
of 50 microns
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Fig. 3. Water CAV for untreated and treated PLA and LLDPE
films
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Fig. 4. Ethylene glycol CAV for untreated and treated PLA and
LLDPE films

Ink adhesion on film substrates relies on CAV and SE.
Lower CAV or higher SEL result in better ink adhesion [43].
SEL calculated by using Fowkes, Owens—Wendt and Wu
models indicates that surfaces with higher CAV have lower
SEL,while those with lower CAV has higher SEL. The SEL

calculated for both treated and untreated PLA and LLDPE
films was shown in Table 2. In this case, y&and y& stand
for the solid's polar and dispersive components of its SEL,
which is the total surface energy that comprises both of
these components. It has been clear that SEL calculated
using Fowkes and Owens-Wendt model has the same value
and closer to the practical value calculated by dyne solution
testing method, but the Wu model has variation in SEL than
the another two models.

Table 2. SEL of Treated and Untreated PLA and LLDPE

Surface energy components, mN/m

Sample Fowkes Model Wu Model Owens-Wendt Model

14 d 14 d 14 d

Ys | Vs S 1 Vs ¥s 7S ¥s ¥s 7S
Untreated | 51 | 309 40 | 8.4 | 272|356 51 | 349 | 40
PLA
;Ir_ezted 70 |41.0|480] 122|312 |424| 67 | 413 | 48
Untreated
Lope | 025 (35.77| 36.0 [ 4.80 | 20.50| 335 | 025 | 3577 | 360
Treated
Liope | 10 [430]440[024| 2958 [3004] 10 | 430 | 440

4.1.3. Developed Fuzzy logic model for prediction of
SEL for treated and untreated films

Mamdani based fuzzy inference used to predict the SEL
of PLA and LLDPE treated and untreated flexible films. The
linguistic factors are utilized for the fuzzy inference sets to
describe the polar and dispersive components of SE [44].
The fuzzy model was developed, and the triangular
membership function (mf) has been selected for both input
parameters and output parameter of untreated and treated
flexible films were represented in Fig. 5 and Fig. 6. The
polar components of SE are described between 0.25 to 1.8
and denoted as pi= {p1, p2, ps} represented in the vector
form.These values are similar for both pys and p;
(put—untreated polar component, p;—treated polar
component).

The mf equation of p is:

1.025-x

p(x) = IR x € (0.25,1.025); @)
- 22 x € (0.25,1.025) ©
p2(X) =19 g ; 8
’ L8X € (1.025,1.8)
0.775
1.8
ps(x) = x — 57,5 X €(1.025,1.8). 9)

Fig. 5 a shows the mf of p, for untreated PLA and
untreated LLDPE and value is 0.25 to 1.8 divided into three
fuzzy sets and also denoted as pui = (Put1, Put2, Puz)- Fig. 5 b
shows the mf of dy: for PLA and value is 40 to 49 divided
into three fuzzy sets and also denoted as
duti = (du, dur, dus), represented in the vector form as
similar as pi. Fig. 5 ¢ shows the mf of d. for LLPDE and
value is 34 to 40 divided into three fuzzy sets and also
denoted as duj = (du, du, dus). The output factor SE.
rangesfrom 34 to 46 for untreated PLA and SE.; ranges from
32 to 42 for untreated LLPDE divided into eight fuzzy sets
and denoted as SEuwi= (SEuw1, SEue, SEuws) and
SEuj = (SEuwt, SEwa, -..... SEus) represented in the vector
form as similar as pi. Fig. 5 d and e) illustrate the mf of SE.
and SE respectively. Fig. 6 a shows the mf of p; for treated




PLA and treated LLDPE and value is 0.25 to 1.8 divided
into three fuzzy sets and also denoted as pi = (Pt, Pr2, Pr3)-
Fig. 6 b shows the mf of d, for treated PLA and value is 40
to 49 divided into three fuzzy sets and also denoted as
dii = (du, dw, di3), represented in the vector form as similar
as pi Fig. 6 ¢ shows the mf of d; for treated LLPDE and value
is 40 to 46 divided into three fuzzy sets and also denoted as
dy = (du, dw, diz). The output factor SE; ranges from 40 to
52 for treated PLA and SE;; ranges from 40 to 48 for treated
LLPDE divided into eight fuzzy sets and denoted as
SE;i = (SEtl, SEtz, ...... SEtg) and SEtj = (SEtl, SEtz, ......
SEt) represented in the vector form as similar as p; Fig. 6 d
and e) illustrate the mf of SE; and SEy; respectively.

Fuzzy logic controller provides the precised output
response and these set is named as defuzzification. The
centre of gravity method is utilized in the defuzzification.
Fig. 7 and Fig. 8 illustrate that the optimized output
response of SE of flexible film along with the input
parameters. The x-coordinate of the centroid was signified
by using a red colour in the defuzzified value. The specific
tool box in MATLAB (2021a), fuzzy logic designer was
utilized for the analysis to predict the output response of SE
of bio thin film. The optimized value for untreated PLA and
LLPDE is observed as SEuu=1.02, SEw =39, and
SEus = 1.02, SEyu = 37 respectively (utl and ut3 are polar,
ut2 and ut4 are dispersive). The optimal maximum SE; for
untreated PLA and LLPDE is 40 and 38 respectively.From
the fuzzy rule,the optimized value is observed for treated
PLA as SEsy=1.02 and SE =445, and the optimal
maximum Seut from the fuzzy logic SE;=45.4.
Simultaneously, the optimized value is observed for treated
LLPDE as SEw = 1.02, SEw = 43 and the optimum SE; = 44
(t1 and t3 are polar, t2 and t4 are dispersive). R? value of
fuzzy logic for SEut is 0.9991 and SE:is 0.9993. The high
value of R? (99.9 %) shows the good fitness between
predicted and actual results of SE of flexible film.
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Fig. 5. Membership functions of polar (p), dispersive (d) and
surface energy (SE) for untreated PLA and LLPDE
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Fig. 6. Membership functions of polar (p), dispersive (d) and
surface energy (SE) for treated PLA and LLPDE

Fig. 7. The optimal output responses of SE: a—PLA-untreated,;
b — LLDPE-untreated
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Fig. 8. The optimal output responses of SE: a—PLA-treated;
b— LLDPE-treated

4.2. Printability analysis of flexible films
4.2.1. Density

In the printing industry frequently uses quinacridone
(QA) as a magenta pigment. It is necessary to keep the
standard density of Magenta ink for film at 1.50 g/cm? [44].
The maximum density was found in untreated PLA film,
however all printed densities exceeded this threshold. PLA
film typically have higher densities than other films. Table 3
displays the density values for both treated and untreated
PLA and LLDPE film. It was observed from the table data
that the standard density was reached by both the treated and
untreated films.

Table. 3. Density of the films

Films Untreated | Treated | Untreated | Treated

PLA PLA LLDPE LLDPE
Aver_age ) 178 168 L83 e
density, g/cm

4.2.2. Rub resistance

Both treated and untreated films' rubbing resistance was
assessed using the Sutherland Ink Rub Tester (Micro
Digital). The 2 x 4 inch film samples were taped onto the
test block after being cut into strips. Two pounds of weight
were added, and the two film samples were rubbed against
one another at a rate of 72 cycles per minute (CPM) as per
ASTM D5264 standard. It was determined from the visual
test results of the tested film samples that treated PLA and
LLDPE films have greater rubbing resistance than their
untreated counterparts. It was further noted that, the treated
films had sufficient SEL on the film surface to retain the ink
particles, as compared to the other untreated films that
display ink peel off due to inadequate SEL on the film
surface, as illustrated in Fig. 9.

UNTREATEDPLA TREATED PLA

=
UNTREATED LLDPE

TREATED LLDPE

»
T /A g

Ink peel off after rub test

Fig. 9. Digital photographic image of untreated and treated PLA
and LLDPE printed films before and after rub resistance
test

4.2.3. Tape peel off adhesion test

The adhesion test was conducted using Scotch 3M
premium grade transparent cellophane 610 Tape in
compliance with ASTM D3359. On both treated and
untreated PLA and LLDPE film, a bit two-inch strip of
cellophane tape was applied, and it was quickly removed
after being gently patted down.

After the experimentation, a visual test was performed
on the film samples. It was observed that the treated PLA
and LLDPE films showed good ink adhesion compared to
non-treated PLA and LLDPE films. It was further noted that



the untreated films lacked adequate SEL to retain the ink
particles and it shows ink peel off after performing the tape
test, as shown in Fig. 10.

UNTREATED P! TREATED PLA

\ Ink peel off sfter tape

test

TREATEDLLDPE |
|

Ink peel off after tape |

test \

Fig. 10. Digital photographic image of untreated and treated PLA
and LLDPE printed films before and after tape peel off
test

5. CONCLUSIONS

The research work demonstrates that surface treatment
greatly improves the SEL and printability of PLA and
LLDPE films, with treated films showing notable gains in
wettability and ink adhesion. The simulated SEL values
closely matched the experimental ones, demonstrating the
validity of the Mamdani Fuzzy Logic inference system as a
predictive tool. The FL model's steady performance points
to its potential for packaging applications where printing
settings need to be optimized. Notably, PLA films show
great promise as sustainable substitutes for traditional
synthetic polymers due to their enhanced surface qualities
and environmental benefits. Future packaging procedures
that incorporate fuzzy logic may make the use of bio-
polymers in flexible packaging applications more effective
and environmentally friendly.
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