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Abstract: The aim of this research is to obtain a composite made of coconut fiber, thermoplastic
starch (TPS), ethylene vinyl alcohol (EVOH), and styrene–butadiene copolymer (SBR), achieving
the most significant criteria/attribute determined by users. The tools used were quality function
deployment (QFD) and the theory of inventive problem solving (TRIZ). The end result indicated that
the quality requirement and most representative attribute for users is the toxicity of the material.
Four mixtures were made with different percentages of coconut fiber, TPS–EVOH, and SBR, subjecting
them to Fourier transform infrared spectroscopy (FTIR), dynamic mechanical analysis (DMA),
and thermogravimetric analysis (TGA). The material obtained complies with the requirements of the
Food and Drug Administration (FDA) regarding the nontoxicity of synthetic materials (EVOH and
SB) to be used in contact with food (packaging and packaging). The spectra IR of the presence of
monomers such as methacrylic acid, 2-hydroxyethyl acrylate, itaconic acid, among others, was not
detected due to the humidity of the material. On the other hand, the DMA graphs showed that the
mixtures achieved high storage modules (from 1500 to 3000 MPa) at temperatures from −90 to −70 ◦C,
and the TGA thermogram showed that the last material to degrade was SBR at temperatures from
400 to 500 ◦C.

Keywords: QFD; TRIZ; coconut fiber; TPS; EVOH

1. Introduction

The production of conventional plastics is causing great damage to the world. About 80% of
the manufactured plastic accumulates as garbage in landfills and natural environments, presenting
an increased risk [1]. According to the OECD [2,3] and European Bioplastics [4], the plastic production
worldwide in 2015 was 407 million tons, while the production of bioplastics in 2018 was 2.11 million
tons, that is, less than 1% of total production worldwide [5].

Due to an increase in the consumption of fossil fuels, the limitation of resources, fluctuations in
prices, and the impact on the environment, a trend has emerged towards the use of biodegradable
materials [6]. Therefore, the interest in the care of the environment and the replacement of conventional
plastics is increasing.

With the world panorama of conventional plastics production, it is important to consider
methodologies that contribute to the context of innovation, design, and manufacture of biodegradable
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materials. Nowadays, QFD and TRIZ are a set of techniques that contribute to innovative ideas by
listening and attending to the voice of end-users. These methodologies allow producers to satisfy
certain requirements, criteria, characteristics, and specific attributes that the end-users consider relevant
or significant.

The combination of both methodologies (TRIZ and QFD) can generate enormous potential for
innovation, ensure the prerequisites for a successful product, remove barriers to ideas, and extend the
horizon of knowledge [7].

In previous works, QFD and the analytical hierarchy process (AHP) was used in the selection
of a thermoplastic matrix mixed with a natural fiber for an automotive stabilizer bar. The authors
realized that the most significant requirement for the bar design was high durability and reliability,
and the best thermoplastic matrix to combine with hemp fiber was a thermoplastic polyurethane
matrix (TPU—22.30%) [8].

TRIZ is a methodology from which an ideal final result is obtained in the design and development
of products, considering inventive parameters in a matrix of contradictions. In a study related to the
design of a natural fiber metallic laminate, TRIZ was used to reduce the weight of the front hood of the
car, considering three pairs of contradictions: (1) weight vs. reliability, (2) strength vs. machinability,
and (3) strength vs. strength. The inventive principles that they used to solve each contradiction were
(40) composite material, (3) local quality, and (37) thermal expansion, resulting in the weight of the
hood being reduced from 30% to 80% when using natural fiber metallic laminate [9].

In a study for the functional optimization of Persian lime packaging, genetic algorithms and TRIZ
were used. From the matrix of contradictions of this methodology, two aspects were considered for
packaging: (1) quantity of substance vs. resistance, and (2) shape vs. volume of an object without
movement, resulting in the principles of (10) preliminary action and (35) transformation of the physical
and chemical states of an object. Applying Principles 10 and 35 ensured that the new design had
economic savings, decreased environmental impact, and greater functionality [10].

Fourier transform infrared spectroscopy (FTIR) studies are a technique that is based on the
interaction of electromagnetic radiation in the thermal infrared region; it measures different types of
vibrations between atoms according to their atomic bonds and allows the distinction of the bands
associated with functional groups of interest in the spectra generated [11–14]. In similar studies to the
proposed work, FTIR has shown that coconut fiber has absorption peaks in its IR spectrum at 1741
and 1511 cm−1, corresponding to the conjugated stretch C = O of hemicellulose aldehyde and ester,
absorption at 1332 cm−1 of C–H in the flat deformation of cellulose rings, bands in 1038 cm−1 of C–O
groups of hemicellulose, cellulose, and C–H (lignin deformation), and stretch for the cellulose glucose
ring structure at 897 cm−1 [15].

In another work related to coconut fiber, it was obtained in the IR spectrum absorption peaks
assigned to polysaccharides at 3327.7 and 3320.9 cm−1, a very large and intense peak attributed to C–O
bonds of alcohols related to the cellulose molecule at 1028.1 and 1023.9 cm−1, and a band representing
the aliphatic group CH connected to the aromatic ring at 2890.9 and 2881.8 cm−1, which confirms the
presence of lignin [16].

Other studies have observed peaks in the IR spectrum of coconut fiber at 3435 and 2930 cm−1

corresponding to cellulose, and absorption bands at 1734 and 1248 cm−1 of hemicellulose, with the
remaining bands belonging to lignin (1025, 799, 699, and 675 cm−1) [17].

Thermogravimetric analysis (TGA) is a technique used to investigate the decomposition process
of materials, where the change in the mass of a polymer is measured as a function of temperature or
time in a controlled atmosphere [18,19]. In a previous work about the role of major constituents of
coconut fibers on the absorption of ionic dyes, plant fibers have been reported to have four stages
of decomposition: in the first stage, water loss is generated, the second is hemicellulose, the third
cellulose, and the fourth lignin [15], usually consisting of 60–80% cellulose, 10–24% hemicellulose,
3–12% lignin, and up to 5% pectin and water. In particular, coconut fiber concentrates between 40–45%
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cellulose, 24% hemicellulose, and 30–40% lignin. Hemicellulose begins its degradation process at
around 180 ◦C, cellulose around 240 ◦C, and lignin at 280 ◦C [15].

By FTIR analysis, coconut fiber was evaluated as reinforcement in PHB (polyhydroxybutyrate)
as a polymer matrix. Thermogravimetric analysis showed that the presence of fiber in the PHB matrix
improved the thermal stability of the composite. SEM analysis of the microstructure showed good
interfacial adhesion between PHB and coconut fiber, especially when treated fiber was used. [20].

Dynamic mechanical analysis (DMA) is an effective tool to determine the morphology and
viscoelastic properties of a polymer and/or compound materials related to primary relaxations and
other parameters. This analysis is often associated with the “stiffness” of a material and determines how
rigid or weak a sample is, obtaining as a result (parameters) the storage modulus (E′), the loss modulus
(E”), and the loss factor (tan δ). This factor depends on temperature, providing information on the
interfacial bond between the reinforced filler and the polymer matrix of the composite material [21,22].
For the purposes of this particular study, a dynamic mechanical analysis will be carried out with
a DMA-Q800 TA-Instrument.

The aim of this research is to obtain a composite made of coconut fiber, thermoplastic starch (TPS),
ethylene vinyl alcohol (EVOH), and styrene–butadiene copolymer (SBR), achieving the most significant
criteria/attributes determined by users.

2. Materials and Methods

QFD and TRIZ methodologies are used to define the technical requirements of the users and the
design parameters in the creation of a partially biodegradable material made of coconut fiber (FC),
TPS–EVOH, and styrene–butadiene copolymer (SBR), on which to subsequently perform the FTIR,
DMA, and TGA tests.

As the first stage of the investigation involves listening to the end-users, a survey was formulated
and applied to professionals and specialists in the area of biodegradable or related materials in order to
collect significant information regarding the characteristics that the partially biodegradable materials
must have.

The collection of information obtained through the survey was then directed to the QFD and
TRIZ methodologies to analyze and define the technical requirements and suitable design parameters,
satisfying the corresponding need or criterion.

2.1. Deployment of Quality Function (QFD)

The QFD methodology consists of the elaboration and construction of a house of quality (HoQ),
which shows, through a matrix, all the requirements of the valued customers (RC), as well as the
functional requirements or technical characteristics of the products (CT).

The requirements of the clients, as evaluated by the HoQ in the investigation, were rugged, nontoxic,
low cost, lightweight, good design, reliable, compliant, functional, fast degradation, nonpolluting,
manufacturable, compliant with design standard, recyclable, and easy to purchase.

2.2. Inventive Problem Solving Theory (TRIZ)

TRIZ is a methodology proposed by Genrich Altshuller to solve inventive problems and, for more
than 60 years of development, it has been used by many researchers and entrepreneurs to improve
their goods, processes, and services, thanks to the effectiveness and efficiency that it provides.
This methodology includes techniques and tools that can be used to logically develop creativity in the
process of designing innovative products [23].

In the investigation, the matrix of contradictions of the TRIZ methodology was used, with the
objective of locating inventive principles that will guide a solution to reach the quality requirements
defined by the HoQ of the QFD methodology.
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2.3. Preparation of the Mixture

The materials used to obtain the composite mixture were coconut fiber, thermoplastic starch (TPS)
with ethylene vinyl alcohol (EVOH) matrix, and styrene–butadiene copolymer (SBR). The Intelli-Torque
Brabender PL2000 Rheometer equipment was used, establishing conditions at 100 ◦C for 20 min,
with a speed of 50 RPM, to perform the mixing of the materials. To obtain the compaction of the
mixture, DAKE Press model 944225-1 was used at pressing temperature 120 ◦C, pressure 5, and 10 ton,
with 2 min pressing.

The concentration of each sample is described below (see Table 1), where FC is coconut fiber,
TPS-EVOH is thermoplastic starch with ethylene vinyl alcohol matrix, SBR is styrene–butadiene
copolymer, and the numbers indicate the % of participation of the material.

Table 1. Proportions of the mixtures made.

Mix N◦
Coconut Fiber TPS–EVOH (SBR) Total mix

g % g % g % g %

1 5.0 11.11% 25.0 55.56% 15.0 33.33% 45.0 100.0%
2 2.6 4.73% 23.6 42.91% 28.8 52.36% 55.0 100.0%
3 5.0 9.09% 22.5 40.91% 27.5 50.00% 55.0 100.0%
4 7.1 12.91% 21.5 39.09% 26.4 48.00% 55.0 100.0%

Source: authors.

2.4. Characterization of the Mixtures

The obtained samples were characterized by three different teams to analyze their
physical–chemical properties and, thus, determine if the quality requirements established by
professionals and specialists are met since it is an important element considered for the study.
The conditions of the equipment that was used for the characterization of the specimens are
mentioned below.

2.4.1. Infrared Spectroscopy (FTIR)

The infrared spectroscopy technique was used to identify the functional groups of the samples
in the Perkin Elmer Spectrum One equipment, using an attenuated total reflectance (ATR) accessory;
the analysis conditions were 16 scans in the range of 4000–600 cm−1, with a resolution of 4 cm− 1.

2.4.2. Dynamic Mechanical Analysis (DMA)

DMA-Q800 TA-Instrument equipment was used to carry out the dynamic mechanical analysis;
the dimensions of the samples were 20.00 × 10.34 × 4.54 mm (length/width/thickness). The analysis was
performed at a temperature range of −100 to 200 ◦C, with a heating rate of 5 ◦C/min and a frequency of
1 Hz.

2.4.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out with the SDT (DSC-TGA) Q600 TA-Instrument using
a 10 ± 2 mg sample in a platinum tray, with a nitrogen (N) flow of 100 mL/min, a gradual ramp of
10 ◦C/min, and a temperature range from 30 to 700 ◦C.

3. Results

3.1. Quality Function Deployment (QFD)

With the application of QFD, it was possible to identify the most significant attribute that end-users
(surveyed) perceived as a priority in a material that is made up of partially biodegradable materials.
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To develop HoQ, it is necessary to collect the voice of customers, so before applying the QFD
methodology, a survey was conducted on a target group. This group was made up of specialists and
professionals in the area of biodegradable or related materials. The requirements evaluated in the
survey were (Figure 1).
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Figure 1 shows the HoQ, where quality requirements are analyzed. These quality requirements
are the requirements that the customer mentions as important.

The result of the analysis with QFD highlights the “nontoxic” quality requirement; that is,
the clients expect that the proposed composition, based on TPS–EVOH–SBR and coconut fiber, is not
toxic. Therefore, starting from this quality requirement, we proceeded to make the transition and
translation to an improvement parameter in the TRIZ methodology.

The parameters and principles of the TRIZ methodology are aimed at improving and guiding
an aspect, characteristic, or property of a product or service; in this case, it refers to nontoxicity,
which will be considered as the parameter to be improved (A) according to TRIZ.

After carrying out an analysis and comparative search in relation to the translation of the quality
requirement versus parameter, it was possible to establish that the client’s “nontoxic” requirement can
be verbalized to “harmful factors acting on the object”, which is represented by Parameter 30 of the 39
parameters constituted in the TRIZ methodology (Figure 2).
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The pairs in conflict are the parameters (A,B) that the target group has identified as the most
outstanding characteristics that the composite should have, considering parameter (B) as a characteristic
that could be affected when improving parameter (A); therefore, the resulting conflicting pairs based on
Parameter 30 were

• Parameter 14: Strength or resistance,
• Parameter 16: Durability of the immobile object, and
• Parameter 26: Quantity of substance.

Based on the improvement parameter (A), the following conflicting pairs, represented in Table 2,
were established.
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Table 2. Definition of parameter A and parameter B, according to the TRIZ methodology.

Quality
Requirement

Parameter A→Improvement
(TRIZ Parameter Translation)

Parameter B→
Gets Worse

Inventive Principles
According to TRIZ

Methodology

Not toxic

30. Object-affected harmful

14. Strength or resistance

1. Segmentation.
18. Mechanical vibrations.
35. Change of parameters
(physical states).
37. Thermal expansion.

16. Durability of
nonmoving object.

1. Segmentation.
17. Dimensional change.
33. Homogeneity.
40. Use composite materials.

26. Quantity of
substance.

29. Pneumatics and
hydraulics.
31. I use porous materials.
33. Homogeneity.
35. Change of parameters
(physical states).

Source: authors.

As shown in the inventive principles column of Table 2, there are inventive principles that are
repeated in each of the pairs in conflict (A,B), which is a way of selecting the inventive principle to use
and develop once parameter B is established, considering that inventive principles are those that are
repeated in the other pointed pairs in conflict (as long as several pairs in conflict have been defined).
Therefore, the conflicting torque selected for this investigation was Parameter 30 vs. Parameter 14,
with inventive Principles 1, 35, and 37.

The mentioned inventive principles were used in the following way to create the mixture of the
partially biodegradable material:

• Principle 1: segmentation. It is presented based on the mentioned materials since the materials
are arranged separately and mixed in different proportions.

• Principle 35: change of parameters (physical states). After preparing the first mixture of coconut
fiber (11.11%), TPS–EVOH (55.56%), and SBR (33.33%), it was observed that the homogeneity of
the mixture was not as desired (see Figure 3); therefore, Principle 35 was applied to change the
physical state of the coconut fiber. For this, the coconut fiber was ground in a conventional mill
and sieved to obtain fiber microparticles and, thus, improve this factor.
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• Principle 37: thermal expansion. Preliminary mixtures were prepared under the principle of
thermal expansion of the TRIZ methodology to observe the behavior and properties at different
temperatures. In studies [20,22,25], temperatures of 185, 170, 160, and 150 ◦C were used to make
mixtures; for this study, temperatures of 100, 150, and 170 ◦C were used.

3.2. Infrared Spectroscopy (FTIR)

Figure 4a,b shows the IR spectra for SBR, TPS–EVOH, and the four mixtures made from
FC/TPS–EVOH/SBR (see Table 1) of 4000 and 600 cm−1. It is possible to identify some of the functional
groups in the blends of the elastomers with TPS–EVOH and the mixtures. The SBR signals at 3000 and
3100 cm− 1 are associated with unsaturated carbons; meanwhile, at 2900 and 2850 cm−1, the signals are
related to the stretching of methyl and methylene groups. Moreover, the region of the aromatic ring is
visible from 2000 to 1850 cm−1 [20].
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The vibration of hydrogen elongation and aliphatic stretching C–H derived from lignin at
1450 cm−1, stretching vibrations C = C, and symmetric deformation of CH2 are observed in aromatic
groups of lignin, hemicellulose, and cellulose, C–C stretching vibrations of methoxy groups (O-CH3)
of lignin phenol, and OH flexing of acids in hemicellulose and lignin.

The glycerol absorption peaks are at 1109, 1042, and 994 cm−1. The signals at 3330 cm−1 correspond
to the hydroxyl stretching of EVOH and are evident by the high amount of hydroxyl groups in the
chemical structure [20]. The vibrations at 1150, 1100, and 1050 cm−1 are assigned to vibrations at 965,
910, and 897 cm−1 and they show the evidence of unsaturated aromatic carbon deformations. The four
mixtures typically show the same signals, and the variations are attributed to elastomer content.
Additionally, it is not possible to identify any evidence of a chemical reaction between the materials.

3.3. Dynamic Mechanical Analysis (DMA)

DMA was performed to evaluate the viscoelastic properties of the FC/TPS–EVOH/SBR-based mixtures.
Figure 5 presents the storage module (E‘) in relation to the temperature for the FC/TS–EVOH/SBR mixtures,
with different % participation of the materials. It is observed that the mixtures have a higher E’ (between
a range from 1500 to 3000 MPa) at temperatures from −90 to −70 ◦C.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 14 
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Mixture 1 (FC11.1/TPS-EVOH55.5/SBR33.3) presented the lowest E ‘record at the beginning of
the analysis (at temperatures from −90 to −80 ◦C), but it generated a less gradual loss of E‘ as the
temperature increased, unlike the other mixtures that presented a greater loss during the temperature
sweep in the analysis. The change in parameter used by TRIZ in coconut fiber caused Mixtures 2, 3,
and 4 to register an increase in E‘ (from 2000 to 2800 MPa) at temperatures of from −90 to −70 ◦C.

Figure 6 shows the tangent delta (Tan δ) of the mixtures made from FC/TPS–EVOH/SBR. In this
mixture, the interaction (adhesion) of the polymer matrix with the fiber added to the compound is
observed. When the value of Tan δ is low, it indicates that there is good adhesion between the fiber
and the polymer matrix [26].
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3.4. Thermogravimetric Analysis (TGA)

Figures 7–10 present the thermograms of the four elaborated mixtures, where it is observed that
significant weight losses are presented in all four, which are associated with the evaporation of moisture
from the thermoplastic starch (TPS–EVOH) at temperature intervals from 30 to 100 ◦C, degradation of
hemicellulose at 100 to 200 ◦C, decomposition of cellulose and lignin present in coconut fiber at 200
to 300 ◦C, and the greatest weight loss in the interval between 300 to 500 ◦C due to the styrene and
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4. Discussion

QFD and TRIZ methodologies are fundamental tools for the creation and improvement of new
products and services. These methodologies serve as the basis for the creation of a material that
would meet the expectations of the customers; the authors mentioned above have successfully used
these methodologies to improve their processes, products, and services in different contexts. In the
analyzed studies, none have been found to have used both methodologies combined to generate, create,
or improve a partially biodegradable material while considering the voice of the client or user opinion.

The results of the FTIR, DMA, and TGA studies of the FC/TPS–EVOH/SBR mixtures showed
a similarity with the results obtained from the authors mentioned above, registering the presence of
lignin from coconut fiber at 1741 and 1511 cm−1 [15]. Butadiene absorption at 2915 and 2847 cm−1 was
obtained, with CO stretch at 920, 1022, and 1148 cm−1, related to the FTIR studies [27].

In the DMA analyses, it was identified that in mixtures based on styrene–butadiene, TPS–EVOH
and chicken feathers presented E‘ greater than 1000 MPa between temperatures of −90 to −65 ◦C.
In contrast, in the TGA studies, similarities were observed with the analyses carried out with
thermoplastic starch (TPS), which showed water loss below 140 ◦C, evaporation of water and glycerol
at 200 ◦C, and starch carbonization at 330 ◦C, as well as the degradation of SBR at temperatures of 436
to 520 ◦C [23,28,29].

5. Conclusions

As could be seen in the research, the objective was to create a partially biodegradable material
that would attend to the voice of the end-user using QFD and TRIZ methodologies. The construction
and development of the QFD prioritized the most relevant characteristic/quality that the users (the
professionals and specialists surveyed) had determined; this factor was the toxicity of the material.
In addition, with the implementation of TRIZ, problems were solved while preparing the mixture,
such as the determination of the temperature to carry out the mixing (Principle 37: thermal expansion)
and the homogeneity of the mixtures (Principle 35: change of parameters (physical states)).

Having identified the most important attribute by the users and generated the mixtures,
we proceeded to characterize the material to analyze its physical–chemical properties and determine if
the material is toxic.
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According to the studies carried out, it was shown that the main elements that degrade at
temperatures from 30 to 300 ◦C are thermoplastic starch and coconut fiber, while styrene–butadiene is
the last element to degrade at temperatures from 300 to 500 ◦C.

In addition to it, the mixtures presented high E‘(at a range of 1500 and 3000 MPa) at temperatures
from −90 to −70 ◦C, and Tan δ does not show good interaction between the polymer matrix and
coconut fiber. Furthermore, in the IR spectrum, there were bands associated with styrene and butadiene
(between 3500 and 3100 cm−1), methyl, methylene groups, and elongation of hydrogen and C–H
aliphatic stretch derived from lignin (2900 cm−1), stretching vibrations C = C, and symmetrical
deformation of CH2 in aromatic groups of lignin, hemicellulose, and cellulose (1450 cm−1) and
deformations of unsaturated aromatic carbon (965, 910, and 897 cm−1).

The elaborated mixtures contained 37% to 53% of natural material, and the rest (EVOH and SBR)
was synthetic material. This synthetic material can be toxic under certain conditions, as established
from the Grupo Dynasol technical data sheet [29].

Likewise, the FDA [30] stipulates in Title 21, Part 177, Numerals 1 and 2 that the EVOH copolymer
can be used safely in contact with food, as long as they contain a minimum of 55% ethylene and
a maximum of 15% vinyl alcohol units by weight. The TPS material used—EVOH—contained
a percentage of ethylene from 32% to 38%. Section 409(h)(1)(C) of the FDA [31] mentions when the
styrene/butadiene copolymers can be used in contact with food. CAS Reg. no. 9003-55-8 (exclusive of
minor monomers) regulates products produced by copolymerizing styrene and butadiene with one or
more of the monomers methacrylic acid, 2-hydroxyethyl acrylate, itaconic acid, acrylic acid, fumaric
acid, N-methylol methacrylamide and methacrylamide, so that the total amount of methacrylic acid,
2-hydroxyethyl acrylate, itaconic acid, acrylic acid, and fumaric acid does not exceed 10 percent by
weight, and methacrylamide and N-methylol methacrylamide do not exceed 2% and 3% by weight.

Once the analyses mentioned in this work were carried out, it was determined that the composite
created from TPS–EVOH–SBR, reinforced with coconut fiber, can be an alternative that should be
considered to avoid the use of conventional plastic.
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