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L-fuzzy concept analysis as a decision-making
tool in the development of bio-based materials
Itsaso Leceta1, Cristina Alcalde1*, Marta Urdanpilleta2, Pedro Guerrero3, Koro de la Caba3 and Ana
Burusco4

Abstract

The use of L-fuzzy concept analysis for the determination of the formulations of gelatin-based films that fulfill
specific functional properties is reported. The requirements of water contact angle (CA), water vapour
transmission rate (WVTR), L* and b* colour values, tensile strength (TS), elongation at break (EB) and gloss
values were specified for both fatty food packaging and wound healing applications. Once the required
formulations were estimated by L-fuzzy concepts, the experimental results showed a high accordance with the
predicted values of the final properties, as well as with the requirements. The errors were lower than 20% in all
cases, except in colour (for food packaging) and gloss and elongation at break (for wound healing), in which
the final properties were even better that the estimations. This analysis allowed finding the required
formulations in a highly cost-effective way.

Keywords: gelatin-based film; optimization; L-fuzzy concept analysis; material properties

1 Introduction
Materials design is a common task in laboratories and
industry, and many times its efficiency may be con-
ditioned by the complexity of the formulation and/or
the limitations of the time or money required for the
analysis. The adjustment of a manifold of parameters
with a view to achieving the desired final properties
of a material can be performed on a basis of previous
knowledge, but in any case, the complex interactions
among these parameters make the process a challenge.
The designer is commonly blind exploring a wide mul-
tidimensional space of combinations, and he/she must
bear in mind that, for a given set of chemical con-
stituent species, the properties that he/she is trying
to achieve may be out of hand.
In order to address this problem, computer-aided

mathematical treatment is a suitable tool that allows
systematic and rational materials design. Doing so, un-
necessary tasks and their attached costs are avoided,
since the mathematical analysis greatly reduces exper-
imental labor by focusing on only indispensable mea-
surements. In this context, fuzzy sets theory [1] helps
the designer when the requirements that guide design
are imprecise, in the sense that either values for dif-
ferent magnitude may be acceptable in the proximity
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of ideal objective values; or the desirability criteria are
formulated in a textual form, e.g. ”it is recommended”,
or ”it is very important that” [2, 3].
In this scenario, the research on alternative solu-

tions to conventional plastics is promoted by serious
environmental problems and the rising consciousness
about sustainability that population and governments
are acquiring. Bio-based materials are an interesting
approach to be exploited, because of their versatility
and increasing functionality when applied to a wide
range of requirements. In this regard, bio-based ma-
terials showed promising properties as wound dressing
[4–8] and food packaging [9–11], among many others.
In reference to wound healing application, to acceler-

ate the wound healing process, an ideal wound dressing
should display adequate gas permeability, biocompati-
bility, provide an antibacterial environment [12, 13] as
well as maintain a moist environment at the wound
surface [14].
Within the field of food packaging, food oxidation,

that is considered a major cause of quality deteriora-
tion affecting both the nutritional and sensory quality
and safety of foods, may be accelerated by moisture,
light, oxygen or exposure to high temperatures [15].
Packaging for fatty food requires a particular atten-
tion, since auto-oxidation, which is the oxidation in
the absence of light, can be responsible for the deteri-
oration of olive oil flavor termed ”oxidative rancidity”
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[16]. Unsaturated fatty acids are generally susceptible
to lipid oxidation and to development of undesirable
odor [17–19]. The prevention or inhibition of these pro-
cesses during fatty food storage are thus required for
maintaining their quality standard.
An efficient design of bio-based materials for both

applications of wound dressing and fatty food pack-
aging is needed. In order to tackle this problem, we
propose the use of a methodology based on the anal-
ysis of L-fuzzy concepts [20–22] obtained from initial
requirements that will provide the designer with a set
of formulation parameters which will plausibly lead to
the desired properties values. Or, to be precise, and
attending to the fuzzy nature of the method, values
which will lie near to some target values.

2 Materials and methods
2.1 Materials
Fish gelatin was purchased from Healan Ingredients
(East Yorkshire, UK). Glycerol and gallic acid were
obtained from Panreac (Barcelona, Spain). All chemi-
cals were used as received without further purification.

2.2 Film preparation
Fish gelatin films were prepared by mixing gelatin and
gallic acid in distilled water. The acid contents em-
ployed in this work were 5, 10 or 15 wt. % on gelatin
basis. Solutions were heated at 80°C for 30 min and
stirred at 200 rpm. Then, 0, 5, or 10 wt. % glycerol
(on gelatin basis) was added as a plasticizer and solu-
tion pH was adjusted with 1 N NaOH; the pH values
used in the present work were 4.50, 7.25 and 10.00. The
heating procedure was repeated and finally, solutions
were poured into Petri dishes and allowed to cool for
48 h at room temperature. All films were conditioned
in a controlled environment.

2.3 Mechanical behavior
Tensile tests were performed in an electromechanical
testing system (MTS Insight 10) in order to determine
tensile strength (TS) and elongation at break (EB).
Tests were carried out according to ASTM D638-03.

2.4 Colour and gloss
Colour values of films were measured using a portable
colorimeter (CR-400 Minolta Croma Meter). Film
specimens were placed on a white plate, and the
CIELAB color scale was used to measure color: L*=
0 (black) to L*= 100 (white) and -b*(blueness) to
+b*(yellowness). Standard values for the white cali-
bration plate were L*= 97.39 and b*= 1.77. With these
values and considering standard light source D65 and
standard observer 2 degrees color parameters L* and
b* were measured.

Gloss of the films was measured with a Minolta gloss
meter (MultiGloss 268 Plus). Gloss was measured at a
60° incidence angle, according to ASTM D523-14. Re-
sults were expressed as gloss units, relative to a highly
polished surface of black glass standard with a value
near to 100.

2.5 Contact angle
A contact angle system (model Oca20, Dataphysics In-
struments) was used to measure the contact angle of
water in air on the surface of gelatin films. A film sam-
ple (20 mm × 80 mm) was put on a movable sample
stage and leveled horizontally; then a drop of about 3
µL of distilled water was placed on the surface of the
film using a microsyringe. The contact angle was mea-
sured in a conditioned room by recording contact angle
values. Image analysis were carried out using SCA20
software.

2.6 Water vapor permeability
WVTR of the films was determined according to
ASTM E96-00. The sample film was cut into a cir-
cle of 7.40 cm diameter and the test area was 33 cm2.
The setup was subjected to a temperature and relative
humidity of 38°C and 90%, respectively. Water vapor
transmission rate (WVTR) was calculated as

WV TR =
G

t×A

where, G is the change in weigh (g), t is the time (day),
and A is the test area of the film (m2).

3 Description of the problem
3.1 Description of the materials designing conditions
When a novel material is designed, formulation and
processing conditions play a vital role in the proper-
ties of the material during service. These properties are
related with different magnitudes (chemical, physical,
mechanical, thermal, optical,...). For each application,
we know which target output values these magnitudes
should show in an optimal performance, and the ques-
tion is to find the formulation that will provide us with
it.
In order to achieve this goal, not only the constituent

chemical species that optimize properties must be
identified, but also their quantity. These quantities
will be input values to be determined in an optimiza-
tion study. Usually, there is a previous knowledge that
helps the designer determining the approximate ranges
where the ideal input values might lie in order to ob-
tain the desired performance output values.
When finding the desired input values in their al-

ready known approximate ranges, the traditional trial
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and error approach with many involved variables usu-
ally require high costs of energy, time and raw mate-
rials. There are so many combinations and variation
to study that this is an inefficient protocol for ana-
lyzing the influence of each parameter on the perfor-
mance of the design material. In addition to this, usu-
ally the analysis is carried out via one-variable-at-a-
time test procedure, which does not consider the cross-
interactions between the different input values of the
formulation.
Often, these inputs and outputs are blurry : the de-

signer would accept input values at around some par-
ticular input values, because he/she is willing to ad-
mit output values at around some particular output
values. In this case, we can ascribe desirability fuzzy
variables to them, and perform a study based on the
fuzzy concepts theory.
Within this approach, and with a strict analysis of

the involved variables, a set of plausible input values
of the formulation can be provided in an efficient way
reducing the consumption of time or resources, avoid-
ing an inefficient protocol with unnecessary tasks and
their attached costs.

3.2 Properties required for the material applications
Gelatin-based films display interesting characteristics
that make them suitable for being applied to both
wound healing and food packaging. Barrier properties,
mechanical behaviour, and optical properties are vi-
tal properties when designing food packaging materials
[23]. Regarding wound healing application, the layer is
designed to cover the wound, and to give mechanical
strength to the dressing. In addition, it needs to con-
trol moisture transmission to prevent fluid loss and
dehydration, while allowing exudate removal [24].
Bearing this in mind, the following output proper-

ties were chosen for further analysis: contact angle
(CA), water vapour transmission rate (WVTR), L*
and b* (as far as colour properties are concerned),
tensile strength (TS), elongation at break (EB) and
gloss.
Considering the expertise in the field of the BIOMAT-

biopolymeric materials group, a set of target output
properties for the candidate formulations for both
wound healing and food packaging applications has
been proposed, which takes into account the specifici-
ties of gelatin-based films. This is the first milestone
in order to launch the L-fuzzy concept analysis. These
target properties are listed in Table 1.
In the case of water vapor transmission rate, for fatty

food packaging application no target value was selected
because it is not a key property for this application.
The same happened for contact angle in wound heal-
ing. It may be the case that the target properties are

impossible to be achieved simultaneously for a given
material, given the trade-off among them. In this case,
the proposed estimation method will provide us with a
compromise solution in which the estimate properties
lie near the target properties. The basic concepts of
the L-fuzzy contexts theory and the way of applying
it to the material formulation selection are discussed
in the following section.

4 Modeling of the experiment using
L-fuzzy contexts

4.1 L-fuzzy concept analysis
Formal concept analysis is a mathematical tool that
was developed by R. Wille in 1982 [25, 26] with the aim
of processing conceptual knowledge and representing it
in a formal way.
A formal context is a mathematical structure formed

by a triple (X,Y,R), where X and Y are finite sets of
objects and attributes respectively, and R ⊆ X×Y rep-
resents the binary relation among them. Information
involved in the context is provided by pairs (A,B) with
A ⊆ X and B ⊆ Y , called formal concepts. The set A
is the extension of the formal concept and B is its in-
tension, and they verify that A∗ = B and B∗ = A, be-
ing (·)∗ the derivation operator that associates objects
and attributes as follows: A∗ is the set of attributes
common to the objects in A and B∗ the set of objects
having all the attributes in B.

A∗ = {y | xRy, ∀x ∈ A},

B∗ = {x | xRy, ∀y ∈ B}.

Along these lines, a formal concept can be inter-
preted as a group of objects A sharing all the attributes
of B.
Different techniques based on formal concept analy-

sis has been used previously to achieve predictions in
in the area of chemistry [27–29].
In order to admit different relationship grades among

objects and attributes, Burusco and Fuentes-González
extended Wille’s formal concepts analysis to the fuzzy
case with the definition of L-fuzzy context [20–22]. An
L-fuzzy context is defined as a tuple (L,X, Y,R) where
L is a complete lattice, X and Y are respectively the
set of objects and attributes, and the incidence relation
R ∈ LX×Y takes values in the lattice (L,≤).
To extract information from these L-fuzzy contexts,

the derivation operators were defined for all sets A ∈
LX and B ∈ LY by means of the following expressions
[22]:

A1(y) = inf
x∈X

{I(A(x), R(x, y))}, ∀y ∈ Y,

B2(x) = inf
y∈Y

{I(B(y), R(x, y))}, ∀x ∈ X.
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Table 1 Material requirements for fatty food packaging and wound healing applications. Studied material properties are water
contact angle (CA), water vapour transmission rate (WVTR), L* and b* colour values, tensile strength (TS), elongation at break
(EB) and gloss values at 60° incidence angle.

CA (°) WVTR
(

g

m2
·day

)

L* b* TS (MPa) EB (%) Gloss60◦ (Gloss units)

Fatty food packaging 90 95 40 60 5 50
Wound healing 1300 60 50 90 3 50

being I a fuzzy implication operator defined on L.
L-fuzzy concepts constitute the tool that allows to

visualize the stored information in the context. These
concepts are pairs (M,M1) where the set M ∈ LX

is a fixed point of the constructor operator ϕ which
is defined using the derivation operators as ϕ(A) =
(A1)2 = A12 for any A ∈ LX .
Equivalently, the L-fuzzy concepts can be defined

from the point of view of the attributes as pairs
(N2, N) being N ∈ LY a fixed point of the constructor
operator φ that is defined φ(B) = (B2)1 = B21 for all
B ∈ LY .
Given a subset of objects A ∈ LX (or, a subset of

attributes B ∈ LY ), it is possible to calculate the as-
sociated L-fuzzy concept by repeatedly applying the
constructor operator ϕ (or φ) until a fixed point is ob-
tained. We can get a fixed point just applying twice
the derivation operators if the used implication oper-
ator is residuated [30, 31]. Thus , if I is defined from
a t-norm T such that for all (a, b) ∈ [0, 1]

I(a, b) = sup{x ∈ [0, 1] | T (a, x) ≤ b},

then the pair (A12, A1) is the L-fuzzy concept associ-
ated with A. Similarly, the L-fuzzy concept associated
with B ∈ LY will be the pair (B2, B21).
The L-fuzzy concept associated with a subset of ob-

jects A (or attributes B) provides the ”stable” situ-
ation in the context nearest to the initial conditions
fixed by A (or B).
In this work, and in order to simplify the calcula-

tions, the implication operator chosen to obtain the
derivated sets was Lucasiewicz implication:

I(a, b) = min{1, 1− a+ b}, ∀a, b ∈ [0, 1]

which is a residuated implication operator.

4.2 Experimental design for formulation optimization
The input values of formulation to be adjusted were
chosen to be glycerol content, pH and gallic acid con-
tent. In order to feed the fuzzy methodology with data
for the adjustment, a batch of samples was tested, in
which the analyzed glycerol content values were 0%,
5% and 10%, the selected pH values 4.50, 7.25 and
10.00, whereas the gallic acid content values were 5%,
10% and 15%. The experimental values of the output
properties obtained to feed the process for the con-
struction of the L-fuzzy context are shown in Table 2.

4.3 Construction of the L-fuzzy context representing
the experimental data

With the aim of modeling the process of material de-
signing we constructed an L-fuzzy context (L,X, Y,R)
in the lattice (L = {0, 0.01, 0.02, . . . , 0.99, 1},≤), con-
sidering the set of objectsX = {x1, x2, . . . , x13}, where
by xi was represented the i-th formulation. The set
of attributes Y = {y1, y2, . . . , y10} was formed by the
different properties that were analyzed in each formu-
lation:

• y1: Glycerol content.
• y2: Gallic acid.
• y3: Solution pH.
• y4: Water contact angle.
• y5: Water vapour transmission rate
• y6: L* colour value.
• y7: b* colour value.
• y8: Tensile strength.
• y9: Elongation at break.
• y10: Gloss value at 60◦ incidence angle.

The relation among objects and attributes R ∈
LX×Y was calculated rescaling the elements of the ma-
trix E formed by the average experimental values in
Table 2 as follows:

R(xi, yj) =

E(i, j)− min
1≤h≤13

{E(h, j)}

max
1≤h≤13

{E(h, j)} − min
1≤h≤13

{E(h, j)}

The obtained relation is shown in Table 3.

4.4 L-fuzzy concepts associated with the initial
requirements

Once defined the L-fuzzy context (L,X, Y,R), the
characteristics of the material were estimated from the
L-fuzzy concepts associated with the set of attributes
representing the desired requirements shown in Ta-
ble 1.

In order to get values in L, the required values for
the properties were normalized following the rescaling
method used with relation R, and the membership val-
ues of the attributes representing the unknown prop-
erties were initially supposed to be 0.

Thus, material properties for fatty food packaging
application were represented by the following fuzzy set
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Table 2 Experimental values of functional properties for different formulations of the bio-based material. Parameters of material
formulation are glycerol content (GLY), gallic acid (GA) and solution pH. Studied material properties are water contact angle (CA),
water vapour transmission rate (WVTR), L* and b* colour values, tensile strength (TS), elongation at break (EB) and gloss values
at 60° incidence angle.

Formulation Bio-based material properties

GLY (%) GA (%) pH CA (°)
WVTR

L* b* TS (MPa) EB (%)
Gloss60◦

(

g

m2
·day

)

(Gloss units)

0 10 4.50 74.8 ± 4.2 1057.7 ± 11.5 95.3 ± 0.5 5.4 ± 0.4 78.7 ±12.5 3.8 ± 1.5 125.4 ± 3.2
5 15 4.50 74.6 ± 7.8 1147.3 ± 16.5 95.5 ± 0.2 5.4 ± 0.8 83.4 ± 8.4 2.7 ± 0.6 155.4 ± 10.3
5 10 7.25 52.8 ± 2.3 1272.1 ± 13.4 50.2 ± 6.6 44.6 ± 6.9 79.8 ± 3.7 3.1 ± 0.4 101.6 ± 8.5
5 5 4.50 58.9 ± 2.2 1097.3 ± 8.0 95.7 ± 0.4 4.8 ± 0.5 80.5 ± 2.1 3.9 ± 0.4 148.0 ± 9.9
0 10 10.00 38.3 ± 2.5 1256.3 ± 10.2 32.5 ± 1.3 20.7 ± 1.8 56.3 ± 5.4 2.7± 0.4 50.1 ± 5.6
10 10 10.00 44.6 ± 1.9 1198.0 ± 22.3 26.6 ± 0.5 8.8 ± 0.5 57.9 ± 1.2 2.6 ± 0.2 29.6 ± 3.7
5 5 10.00 44.7 ± 4.6 1227.0 ± 10.6 69.6 ± 5.7 59.1 ± 3.2 70.8 ± 5.6 3.1 ± 0.4 23.5 ± 2.6
0 5 7.25 56.7 ± 1.8 1206.0 ± 8.5 47.2 ± 0.7 38.6 ± 0.7 77.9 ± 10.4 3.5 ± 0.5 28.6 ± 2.5
10 15 7.25 99.3 ± 2.5 1310.3 ± 19.4 46.6 ± 1.8 42.8 ± 1.5 72.1 ± 6.2 2.7 ± 0.4 100.0 ± 6.4
5 15 10.00 40.8 ± 2.5 1001.7 ± 15.3 23.8 ± 0.9 4.0 ± 0.8 62.3 ± 4.0 2.6 ± 0.3 70.9 ± 3.2
10 10 4.50 101.0 ± 3.7 960.3 ± 22.5 95.2 ± 0.2 6.5 ± 0.9 81.8 ± 8.0 3.1 ± 0.6 148.4 ± 6.1
10 5 7.25 68.2 ± 4.7 1220.0 ± 20.7 52.8 ± 3.9 48.6 ± 1.3 77.5 ± 4.1 3.6 ± 0.4 97.6 ± 1.6
0 15 7.25 67.7 ± 4.2 1304.3 ± 9.3 54.1 ± 1.0 49.8 ± 1.5 86.4 ± 7.9 3.2 ± 0.6 100.0 ± 7.0

Table 3 Relation of the L-fuzzy context.

R y1 y2 y3 y4 y5 y6 y7 y8 y9 y10
x1 0.00 0.50 0.00 0.58 0.28 0.99 0.03 0.66 0.52 0.77
x2 0.50 1.00 0.00 0.58 0.53 1.00 0.02 0.80 0.02 1.00
x3 0.50 0.50 0.50 0.23 0.89 0.37 0.74 0.70 0.21 0.59
x4 0.50 0.00 0.00 0.33 0.39 1.00 0.01 0.72 0.56 0.94
x5 0.00 0.50 1.00 0.00 0.85 0.12 0.30 0.00 0.02 0.20
x6 1.00 0.50 1.00 0.10 0.68 0.04 0.09 0.04 0.00 0.05
x7 0.50 0.00 1.00 0.10 0.76 0.64 1.00 0.43 0.21 0.00
x8 0.00 0.00 0.50 0.29 0.70 0.32 0.63 0.64 0.35 0.04
x9 1.00 1.00 0.50 0.97 1.00 0.32 0.70 0.47 0.02 0.58
x10 0.50 1.00 1.00 0.04 0.12 0.00 0.00 0.18 0.00 0.36
x11 1.00 0.50 0.00 1.00 0.00 0.99 0.04 0.76 0.19 0.95
x12 1.00 0.00 0.50 0.48 0.74 0.40 0.81 0.63 0.40 0.56
x13 0.00 1.00 0.50 0.47 0.98 0.42 0.83 0.89 0.24 0.58

Table 4 Estimated formulation and material functional properties values for fatty food packaging and wound healing applications.

GLY (%) GA (%) pH CA (°)
WVTR

L* b* TS (MPa) EB (%)
Gloss60◦

(

g

m2
·day

)

(Gloss units)

Fatty food packaging 6.28 10.96 7.95 93.94 1243.66 95.00 40.00 89.38 5.00 116.27
Wound healing 1.08 8.59 7.84 71.74 1300.01 61.83 50.00 90.00 3.44 75.96

of attributes:

B ={y1/0, y2/0, y3/0, y4/0.82, y5/0, y6/0.99,

y7/0.65, y8/0.11, y9/1, y10/0.20}

And, after calculating the associated L-fuzzy con-
cept, we focused on its intension:

B21 ={y1/0.63, y2/0.60, y3/0.63, y4/0.89, y5/0.81,

y6/0.99, y7/0.65, y8/0.98, y9/1, y10/0.70}

The intension of a concept can be interpreted as a
set of attributes that are always found together in the
context. Hence, the obtained set of attributes B21 can
be interpreted as the nearest set of attributes to the
required set B that are given at the same time.
In the case of the material requirements for wound

healing application, we considered the following set

B ∈ LY :

B ={y1/0, y2/0, y3/0, y4/0, y5/0.97, y6/0.50,

y7/0.64, y8/1, y9/0.16, y10/0.20}

The intension of the associated L-fuzzy concept was:

B21 ={y1/0.11, y2/0.36, y3/0.61, y4/0.53, y5/0.97,

y6/0.53, y7/0.84, y8/1, y9/0.35, y10/0.40}

From the membership values of the intension of the
obtained L-fuzzy concepts, reversing the rescaling pro-
cess, we estimated that, for fatty food packaging and
wound healing applications, the material properties
should be as shown in Table 4.

5 Results and discussion
Given the experimental data for the L-fuzzy concept
analysis, the estimated formulation values for an op-
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timal performance are shown in Table 4. For a fatty
food packaging application, this methodology suggests
values of around 6.3% in glycerol content, 11% of gallic
acid content and a pH of 8; whereas for wound heal-
ing use, the predicted values are approximately 1% of
glycerol, 9% of gallic acid and a pH of 8.
In reference to fatty food packaging application, as

can be observed in Table 5, the estimated achiev-
able values were very similar to the target functional
properties values, apart from gloss values and tensile
strength, and the proposed values by the L-fuzzy con-
cept analysis were higher than the selected objective
values. As far as gloss values are concerned, according
to the obtained estimation, obtaining values near to 50
is not possible taking into account the constraints in
the rest of the properties, suggesting that gloss values
must be greater. Since gloss values are inversely re-
lated to the roughness of the film surface [32], greater
gloss values would indicate smoother surfaces. Some-
thing similar happened with tensile strength values, es-
timated values are greater than the target. It is worth
mentioning that the mechanical behavior of the ma-
terial proposed by the estimation method is even bet-
ter than that of the specification, having greater ten-
sile strength values without decreasing elongation at
break values. In the case of the water vapor transmis-
sion rate, as for fatty food packaging application no
target value was selected due to the fact that it is not
a key property for this application, for the proposed
formulation the L-fuzzy concept estimates a value of
1243 g

m2·day
for this property.

To verify the employed estimation method, a bio-
based material was developed with the proposed for-
mulation and the experimental responses of material
functional properties were measured. As shown in Ta-
ble 5, for the majority of the properties, the values
given through the L-fuzzy context are reasonably sim-
ilar to the experimental values. The obtained errors are
less than 21% for all cases, apart from L* colour value
in which the error is higher and the obtained experi-
mental value is lower than the estimation. This gives
rise to a higher luminosity of the film, greater than
the specified in the requirement, which is adequate for
the food packaging application. Moreover, it could be
confirmed that, as the L-fuzzy concept predicted, gloss
values were higher than the objective values and the
mechanical performance of the material is even better
than required for the estimated formulation.
Concerning wound healing application, the formula-

tion proposed by our estimation method was approxi-
mately 1% glycerol content, 9% gallic acid content and
a pH of 8. It is worthy of note that values of the func-
tional properties of that formulation were very close to
the defined objective values for the application. Gloss

is again the principal magnitude that is not so close
to the required value, and it was slightly higher than
the estimation. In the case of the material application
for wound healing, no target for contact angle was se-
lected as it is not considered a key factor, and the
estimation given by the L-fuzzy concept was 71.7° for
this functional property.
As in the case of fatty food packaging application,

for the validation of the estimation method, a mate-
rial with the proposed formulation was developed and
its functional properties were measured. Obtained ma-
terial performance was very similar to the predicted
by the L-fuzzy concept, as the measured values for
most of the properties were very close to the values
obtained by the calculated estimation. Obtained errors
were lesser than 18% except in gloss values and elon-
gation at break. For these properties, the errors were
33.5% and 26.4% respectively. Experimental values of
elongation at break were higher than the estimated
values provided by the L-fuzzy concept, giving rise to
a slight improvement in the mechanical performance
of the material, although tensile strength values were
slightly lower than expected. Gloss values are related
with the surface of the material. Having greater values
in the bio-based material for wound healing applica-
tion could lead to a decrease of the film roughness. Al-
though the values were greater than the specification,
the properties obtained lead to a better performance
of the material.

6 Conclusions
In the present work, L-fuzzy concept analysis was em-
ployed as decision-making tool to support the material
formulation decision for obtaining required functional
properties for fatty food packaging and wound healing
applications. Results obtained after the implementa-
tion of the proposed methodology revealed that values
predicted by the L-fuzzy concepts were very similar to
the target values for the majority of the properties for
both applications. Moreover, after analyzing the mate-
rial performance with the estimated formulations, the
experimental values were very close to the proposed
approximate ones. The error between the approximate
values estimated by the L-fuzzy concepts and experi-
mental values carried out with the proposed formula-
tion were lesser than the 20% in most of the functional
properties. In addition, in the cases in which the vari-
ation between predicted value and experimental value
was greater than the 20%, this difference causes an
improvement of the required properties, obtaining a
better performance of the material.
Definitely, the formulations proposed by L-fuzzy

concept analysis would be the best starting point for
studying the effect of each parameter in the functional
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Table 5 Material requirements, fuzzy estimation, experimental values and obtained error for fatty food packaging and wound
healing applications. Parameters of material formulation are glycerol content (GLY), gallic acid (GA) and solution pH. Studied
material properties are water contact angle (CA), water vapour transmission rate (WVTR), L* and b* colour values, tensile
strength (TS), elongation at break (EB) and gloss values at 60°incidence angle.

Formulation Bio-based material properties

GLY (%) GA (%) pH CA (°)
WVTR

L* b* TS (MPa) EB (%)
Gloss60◦

(

g

m2
·day

)

(Gloss units)

Food packaging - requirements 90 95 40 60 5 50
Estimated values 6.3 11 8 93.9 1243.7 95 40 89.4 5 116.3
Experimental values 74.3 1370.3 60.9 42.1 83.3 4.8 95.3
Error(%) 20.9 10.2 35.9 5.3 6.7 4.9 18

Wound healing - requirements 1300 60 50 90 3 50
Estimated values 1 9 8 71.7 1300 61.8 50 90 3.4 76
Experimental values 59.1 1321 60.6 42.6 80.6 4.6 96
Error(%) 17.6 1.6 2 14.8 10.4 33.5 26.4

properties of the material. Instead of having a vast
array of formulations to study, using this estimation
method helps to identify approximately the values of
the parameters in the formulation to obtain the de-
sired properties, and to know if it is possible to obtain
those functional properties for a specific system.
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Physical properties of edible chitosan films containing bergamot

essential oil and their inhibitory action on Penicillium italicum.

Carbohydrate Polymers. 2010;82(2):277–283. Available from:

https://doi.org/10.1016/j.carbpol.2010.04.047.

https://doi.org/10.1016/j.ifset.2015.10.018
https://doi.org/10.1007/s13197-014-1273-2
https://doi.org/10.1016/j.foodhyd.2019.105378
https://doi.org/10.1080/00071668.2014.980719
https://doi.org/10.1002/ejlt.201700198
https://doi.org/10.1016/s0165-0114(96)00318-1
https://doi.org/10.1016/s0165-0114(98)00182-1
https://doi.org/10.1016/j.carbpol.2012.04.031
https://doi.org/10.3390/pharmaceutics11070314
https://doi.org/10.1007/978-3-642-59830-2
https://doi.org/10.1007/978-94-009-7798-3_15
https://doi.org/10.1021/ci900095v
https://doi.org/10.1186/1758-2946-6-21
https://doi.org/10.1007/978-3-319-45421-4_14
https://doi.org/10.1002/malq.19990450408
https://doi.org/10.1007/978-3-642-60460-7
https://doi.org/10.1016/j.carbpol.2010.04.047

	Abstract
	Introduction
	Materials and methods
	Materials
	Film preparation
	Mechanical behavior
	Colour and gloss
	Contact angle
	Water vapor permeability

	 Description of the problem
	Description of the materials designing conditions
	 Properties required for the material applications

	Modeling of the experiment using L-fuzzy contexts
	L-fuzzy concept analysis
	Experimental design for formulation optimization
	Construction of the L-fuzzy context representing the experimental data
	L-fuzzy concepts associated with the initial requirements

	Results and discussion
	Conclusions

