
����������
�������

Citation: Rigotti, D.; Fredi, G.; Perin,

D.; Bikiaris, D.N.; Pegoretti, A.;

Dorigato, A. Statistical Modeling and

Optimization of the Drawing Process

of Bioderived Polylactide/

Poly(Dodecylene Furanoate)

Wet-Spun Fibers. Polymers 2022, 14,

396. https://doi.org/10.3390/

polym14030396

Academic Editor: Beom Soo Kim

Received: 30 November 2021

Accepted: 17 January 2022

Published: 20 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Statistical Modeling and Optimization of the Drawing Process
of Bioderived Polylactide/Poly(Dodecylene Furanoate)
Wet-Spun Fibers
Daniele Rigotti 1,* , Giulia Fredi 1,* , Davide Perin 1, Dimitrios N. Bikiaris 2 , Alessandro Pegoretti 1

and Andrea Dorigato 1

1 Department of Industrial Engineering and INSTM Research Unit, University of Trento, Via Sommarive 9,
38123 Trento, Italy; davide.perin-1@unitn.it (D.P.); alessandro.pegoretti@unitn.it (A.P.);
andrea.dorigato@unitn.it (A.D.)

2 Laboratory of Polymer Chemistry and Technology, Chemistry Department,
Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece; dbic@chem.auth.gr

* Correspondence: daniele.rigotti-1@unitn.it (D.R.); giulia.fredi@unitn.it (G.F.)

Abstract: Drawing is a well-established method to improve the mechanical properties of wet-spun
fibers, as it orients the polymer chains, increases the chain density, and homogenizes the microstruc-
ture. This work aims to investigate how drawing variables, such as the draw ratio, drawing speed,
and temperature affect the elastic modulus (E) and the strain at break (εB) of biobased wet-spun fibers
constituted by neat polylactic acid (PLA) and a PLA/poly(dodecamethylene 2,5-furandicarboxylate)
(PDoF) (80/20 wt/wt) blend. Drawing experiments were conducted with a design of experiment
(DOE) approach following a 24 full factorial design. The results of the quasi-static tensile tests on
the drawn fibers, analyzed by the analysis of variance (ANOVA) and modeled through the response
surface methodology (RSM), highlight that the presence of PDoF significantly lowers E, which instead
is maximized if the temperature and draw ratio are both low. On the other hand, εB is enhanced
when the drawing is performed at a high temperature. Finally, a genetic algorithm was implemented
to find the optimal combination of drawing parameters that maximize both E and εB. The resulting
Pareto curve highlights that the temperature influences the mechanical results only for neat PLA
fibers, as the stiffness increases by drawing at lower temperatures, while optimal Pareto points for
PLA/PDoF fibers are mainly determined by the draw ratio and the draw rate.

Keywords: fibers; poly(lactic acid); furanoate polyesters; drawing; response surface methodology;
genetic algorithms

1. Introduction

Biopolymers, i.e., polymers that are bioderived and/or biodegradable, are a promising
alternative to traditional plastics, as they reduce the environmental impact of plastic
products across the whole life cycle, from resource extraction to end-of-life management [1].
The ever-growing interest in this topic has recently encouraged the development and
commercialization of many bioderived, recyclable, and compostable plastics, such as
poly(lactic acid) (PLA) [2], polyhydroxyalkanoates (PHAs) [3], thermoplastic starch [4],
and poly(butylene succinate) (PBS) [5], which were all employed especially for packaging
and other single-use applications.

Among all bioplastics, one of the most diffused is PLA, a biodegradable linear aliphatic
poly(α-ester) of lactic acid obtained via biomass fermentation from corn, potato starch, and
sugar beets [6–8]. The most common grade of PLA on the market is the isomeric form
poly-L-lactic acid (PLLA) containing 2–6 wt% of D-lactic acid units [9]. This PLA grade
shows elevated tensile modulus (3–4 GPa) and strength (40–60 MPa), high workability, and
good transparency [8–10]; therefore, it is widely commercialized in the packaging field.
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PLA is also promising to produce sustainable textiles. Its aptitude to be processed into
continuous filaments and nonwovens is being exploited to produce biodegradable textiles
for disposable medical and hygienic tissues, but also for technical applications in the filtra-
tion and agriculture fields [6,11]. However, the poor toughness, high hygroscopic nature,
and high gas permeability of PLA restrict its industrial applications to rigid thermoformed
packaging, whereas a wide application of PLA as flexible packaging and textile fibers is
still limited [7,12].

To address PLA’s drawbacks and expand its applications, a diffused and cost-effective
approach is physical blending, which does not require chemical modifications or the syn-
thesis of new macromolecules [13]. PLA has been blended with several biobased and
petrol-based polymers to enhance the strain at break and gas barrier performance [14]. An
attractive group of biopolymers that could be blended with PLA is that of poly(alkylene
furanoate)s (PAFs). PAFs are produced from the polycondensation of a monomeric unit
formed by the reaction between a diol with 2,5-furandicarboxylic acid (FDCA), which was
included by the US Department of Energy among the top twelve molecules with high
added value derived from sugar biorefinery in 2004 and 2010 [15,16]. PAFs, representing
a sustainable and bio-based alternative to terephthalate polyesters, feature superior ther-
momechanical and gas-barrier properties [17–21], which can be finely tuned by varying
the length of the diol chain. Longer alkyl chains in PAFs enhance their molecular mobil-
ity, thereby decreasing their glass transition and melting temperatures (Tg and Tm) and
improving their ductility [20,22].

Despite the potentialities and the versatility of PAFs, very few publications dealing
with PLA/PAF blends can be found in the open scientific literature. Our group has recently
developed blends of PLA and PAFs with different alkyl chain lengths (i.e., with a number
of carbon atoms in the diol from 2 to 12), prepared in the form of films and fibers through
solvent casting, spinning, and electrospinning [23–27]. Although these blends are generally
immiscible, the results showed that the addition of 5–10 wt% of any of the considered PAFs
to PLA remarkably increases the strain at break and the fracture toughness, especially for
cast films.

For PLA/PAF fibers, our group blended PLA with mid- or long-alkyl-chain PAFs,
such as poly(pentamethylene 2,5-furandicarboxylate) (PPeF), poly(octamethylene
2,5-furandicarboxylate) (POF), or poly(dodecamethylene 2,5-furandicarboxylate) (PDoF).
Fibers were produced through solution spinning, as this technique allows working with
small batches and is, thus, suitable for lab-scale experiments. Moreover, this technique
can be implemented at room temperature with the application of low shear stresses, i.e.,
ideal conditions to avoid transesterification reactions that could take place in PAFs when
processed in the molten state [21]. Finally, solution spinning can result in fibers with a wide
range of diameters and shapes of the cross-section and is suitable for the incorporation of
heat-sensitive additives and drugs, a desirable asset for polymer fibers with potential appli-
cations in the biomedical sector [28]. Our work on PLA/PAF fibers showed that any of the
considered PAFs is effective in decreasing the water absorption tendency of PLA. Moreover,
PLA/PDoF fibers with a PDoF content of 20 wt% showed a remarkable improvement in
the strain at break compared to neat PLA (up to +300%), with a marginal decrease in the
elastic modulus and tensile strength, especially in the drawn fibers. Drawing is one of the
most widely used methods to improve the mechanical properties of spun fibers, as it ori-
ents the polymer chains, increases the chain density, and homogenizes the microstructure.
This process is generally performed between the glass transition temperature (Tg) and the
melting temperature (Tm) of the polymer to enhance the macromolecular mobility [29].

The interesting mechanical properties of drawn PLA/PDoF fibers encouraged our
research group to perform a more systematic characterization, to investigate how the
drawing parameters influence their mechanical properties. Most of the studies found in
the literature on synthetic fiber drawing, as reported in a recent work of our group [28],
investigate the effect of single drawing variables (e.g., temperature, draw ratio, drawing
speed) on the final properties, by following the so-called one-factor-at-a-time (OFAT)
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principle. However, this approach fails in seizing the drawing process in its complexity
and does not highlight possible interactions between the considered variables. Conversely,
statistical methods, such as the design of experiment (DOE), analysis of variance (ANOVA),
response surface methodology (RSM), and genetic algorithms (GA), demonstrate which
process variables (factors) significantly impact the resulting properties and if there are
interactions between them [30]. This allows building empirical equations that correlate the
material properties with the most influential factors and their interactions.

Therefore, this work aims to apply the statistical methods of DOE, ANOVA, RSM,
and GA to understand how the drawing process variables affect the mechanical properties
of fully biobased wet-spun fibers constituted by neat PLA and PLA/PDoF blends. The
final goal is to assess which variables and/or combinations of variables significantly affect
the elastic modulus and the strain at break of these fibers to find the optimal processing
conditions that maximize both these properties.

2. Materials and Methods
2.1. Materials and Methods

Polymeric granules of PLA grade 4032D, with a density of 1.24 g cm−3, MFI at 210 ◦C
and 2.16 kg of 7 g/10 min, and a melting point of 155–170 ◦C, were provided by Nature
Works LLC (Minnetonka, MN, USA). Poly (1,12-dodecylene 2,5-furandicarboxylate) (PDoF)
was provided by the Department of Chemistry of the Aristotle University of Thessaloniki
(Greece) in form of chips. PDoF was synthesized by a two-steps polycondensation of
dimethyl furan-2,5-dicarboxylate (DMFD) and 1,12-dodecamethylene glycol and had a Tg
of −5 ◦C and a Tm of 111 ◦C, as reported in the work of Papageorgiou et al. [20]. Chloroform
(HPLC grade), ethanol (purity 99.9%), and methanol (purity 99.9%) were purchased from
Carlo Erba Reagents Srl (Milano, Italy). All materials were used as received, without
further purification.

2.2. Sample Preparation
2.2.1. Fiber Spinning

Fibers were prepared through a wet-spinning process. Neat PLA and PLA/PDoF
(80/20 wt/wt) mixture were dissolved in chloroform and stirred at 40 ◦C for 3 h at a
concentration of 0.15 wt/v. Air bubbles were removed by mild ultrasonication in an ultra-
sonic bath for 10 min. A Harvard apparatus Model 11 Single Syringe was used to extrude
the polymer solution from an 18-gauge needle at 0.007 mL/min in a methanol/ethanol
(20/80 wt/wt) nonsolvent bath. Filaments were collected from the bath with two rollers of
10 mm in diameter at a speed of 60 rpm, and no drawing was applied to the fibers during
the spinning and collection phases. The solvent was evaporated for 24 h in air and then the
fibers were stored in a desiccator. Further details of the production process are reported in
our previous work [24]. Table 1 reports the values of tensile elastic modulus (E) and strain
at break (εB) of the produced filaments, as resulted from the characterization performed in
our previous work [24].

Table 1. Elastic modulus and strain at break of the as-spun fibers of neat PLA and PLA/PDoF
(20 wt%) blend.

Elastic Modulus [MPa] Strain at Break [%]

PLA 2241 ± 377 127 ± 48
PLA/PDoF20 2545 ± 569 76 ± 26

2.2.2. Fiber Drawing

To enhance the elastic modulus and strain at break, the as-spun fibers have been drawn.
Since the scarce quantity of material available did not allow implementing a continuous
in-line drawing, fibers were drawn with an Instron 5969 tensile testing machine equipped
with a 100 N load cell and a thermostatic chamber. The drawing was performed at two



Polymers 2022, 14, 396 4 of 13

levels of draw ratio, temperature, and strain rate. The draw ratio was calculated as the
ratio between the final filament length and the initial one (50 mm). Draw ratios of 50% and
150% were selected, as these values did not lead to fiber breakage at the selected drawing
speeds of 50 mm/min and 100 mm/min. Drawing temperatures were chosen according
to DSC data on as-spun filaments of PLA and PLA/PDoF blends reported in previous
work (see Figure 1) [24]. A temperature of 40 ◦C was chosen as it is in between the Tg of
PDoF, i.e., −5 ◦C [20], and that of the PLA used in this work, i.e., 55 ◦C [24]. Moreover,
a temperature of 70 ◦C was chosen as it lays in between the Tg of PLA and the melting
temperature of PDoF, i.e., 103 ◦C. In this latter condition, both PLA and PDoF are above
their glass transition temperature, which should improve the polymer chain mobility.
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2.3. Characterization
2.3.1. Quasi-Static Tensile Tests

The influence of the drawing parameters of the elastic modulus (E) and the strain at
break (εB) of the drawn fibers was evaluated through tensile tests. Quasi-static tensile tests
were performed by using an Instron 5969 tensile testing machine equipped with a 100 N
load cell. Fiber specimens, with a gauge length of 50 mm, were mounted on paper frame
supports and tested at a crosshead speed of 1 mm/min. At least 9 specimens (replicas)
were tested for each combination of parameters.

2.3.2. Design of Experiment, Statistical Analysis, and Genetic Optimization

In this study, PDoF was employed to improve the mechanical behavior of PLA-spun
fibers. Therefore, careful selection of the drawing parameters is necessary to ensure the
achievement of the maximum degree of improvement. Preliminary experiments were
conducted to identify the process parameters and their range. Based on these experiments,
four process parameters were selected in the study, i.e., draw ratio (x1), drawing rate (x2),
composition of the fiber (x3), and drawing temperature (x4).

To investigate how these variables influence the values of E and εB of the fibers, a 24

full factorial design [31] was used, whose factors and levels are given in Table 2. Each factor
varies between two levels, normalized between −1 and +1.

Table 2. Selected factors and relative levels for the 24 full factorial design.

Level −1 +1

Draw ratio (%) x1 50 150
Draw rate (mm/min) x2 50 100

Composition (PDoF wt%) x3 0 20
Drawing temperature (◦C) x4 40 70
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The results of the mechanical tests were analyzed with the response surface method-
ology (RSM) technique to obtain empirical models for E and εB. RSM explores the rela-
tionships between several explanatory variables and one or more response variables. The
method was introduced by G. Box and K. B. Wilson in 1951. The main idea of RSM is to use
a sequence of designed experiments to obtain an optimal response. Although this model is
only an approximation, it is very easy to apply even if little is known about the process,
and it allows the evaluation of how multiple factors and their interactions affect one or
more response variables [32].

Full quadratic response surface was employed to model the influence of the considered
factors on the mechanical properties of the fibers, according to the expression reported in
Equation (1):

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiixixi +
k−1

∑
i=1

k

∑
j=i+1

βijxixj + ε (1)

where y is the measured output, xi is the designated input variable, βij is the regressor
coefficient, and ε is the error term.

After this step, an analysis of variance (ANOVA) was used to evaluate the significance
of each term on the measured responses. The terms with a high F value (Fisher test) and a
low probability value (p < 0.05) were selected as the most significant, while the terms with
a larger p-value (p > 0.05) were considered non-significant.

Optimal process parameters, i.e., the combinations maximizing both elastic modulus
and strain at break, were identified by the multi-objective non-dominated sorting genetic
algorithm II (NSGA2) optimization technique. Genetic algorithm (GA) operates on the
principle of natural selection according to the Darwinian theory, in which the strongest
species survive and propagate while the least successful disappear. NSGA2 was proposed
by Deb et al. [33] and is a popular and powerful multi-objective evolutionary algorithm.
NSGA2 has been established as a strong method among the numerous methods of multi-
objective optimization in many fields of material science [34–37].

3. Results

Table 3 reports the mean values of elastic modulus and strain at break for the 24 design
from tensile tests on drawn filaments.

Table 3. Elastic modulus and strain at break values from tensile tests on drawn fibers.

Exp. Draw Ratio Draw Rate PDoF Temperature Elastic Modulus Strain at Break

NO [%] [%/s] [wt%] [◦C] [MPa] [%]

1 50 50 0 40 6748 ± 208 9.4 ± 2.2
2 50 50 0 70 3936 ± 142 74.4 ± 23.2
3 50 50 20 40 4959 ± 1359 6.2 ± 3.2
4 50 50 20 70 3068 ± 643 223.8 ± 59.1
5 50 100 0 40 5172 ± 1067 8.5 ± 2.2
6 50 100 0 70 3819 ± 557 101.8 ± 34.7
7 50 100 20 40 4765 ± 1207 4.9 ± 1.5
8 50 100 20 70 2976 ± 37 142.9 ± 84.4
9 150 50 0 40 3861 ± 547 22.3 ± 3.4
10 150 50 0 70 5094 ± 1079 39.3 ± 18.2
11 150 50 20 40 2346 ± 96 19.1 ± 0.5
12 150 50 20 70 4434 ± 236 85.7 ± 28.9
13 150 100 0 40 4274 ± 262 13.8 ± 3.7
14 150 100 0 70 3656 ± 157 39.5 ± 7.3
15 150 100 20 40 3390 ± 481 13.5 ± 0.5
16 150 100 20 70 5192 ± 1881 78.8 ± 65.9

By comparing these results with those of the as-spun fibers reported in Table 1, it
is evident that the drawing process considerably improves the mechanical properties of
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the fibers, and this improvement is more remarkable in the PLA/PDoF blend than in the
neat PLA fibers. For example, the PLA/PDoF blend reaches an elastic modulus of 3.1 GPa
(+25% than the as-spun fibers) and a strain at break of 224% (+194% than the as-spun
fibers) after drawing at 70 ◦C with a draw ratio of 50% and a drawing rate of 50%/s.
Therefore, the drawing process is very promising to obtain high-performance PLA/PDoF
fibers. This is evident despite the high standard deviation of some results, which stems
from the non-uniform fiber diameters, the porous microstructure, and the non-complete
solvent removal, as explained in our previous work [24]. More specifically, the selected
spinning parameters could be more suitable for one composition (e.g., PLA/PDoF) and
less for the other (e.g., PLA), and the residual solvent can affect the two polymer phases in
a different way, which could partially explain the large standard deviations and the non-
significant difference in elastic moduli of the as-spun fibers. However, varying the spinning
parameters would have further increased the number of variables, thereby complicating
the experimental design.

The response surface analysis on the experimental data of elastic modulus and strain
at break resulted in the regression equations presented in Equations (2) and (3), respectively.

E = 4230.569 − 199.715 x1 − 75.177 x2 − 339.260 x3 − 208.744 x4
+172.290 x1 x2 + 149.181 x1 x3 + 771.923 x1 x4
+264.677 x2 x3 − 36.073 x2 x4 + 234.960 x3 x4

(2)

εB = 55.2417 − 16.25 x1 − 4.7792 x2 + 16.625 x3 + 43.0417 x4
+2.1875 x1 x2 − 6.3500 x2 x3 − 21.2 x1 x4
−7.0542 x2 x3 − 2.7375 x2 x4 + 17.9083 x3 x4

(3)

A comparison between the predicted and experimental data of both responses was
made to validate the regression models. Figure 2 represents the comparison between
data obtained for elastic modulus and strain at break according to Equations (2) and (3),
respectively. The obtained results show a good agreement between the experimental and
predicted data.
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(b) strain at break of the drawn fibers.

ANOVA results of the linear regression of the elastic modulus values (Table 4) evidence
a significant effect of only the linear term related to the PDoF concentration (x3). According
to the p-value, interaction effects are observed between the draw ratio and the temperature,
as well as between the draw rate and the PDoF concentration. These interactions between
variables are shown in Figure 3 as 3D plots and their corresponding contour plots, which
also show numerical results. Adjusted R-squared (adj R2), also called the coefficient
of determination, is a statistical result representing the proportion of the variance for a
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dependent variable that is explained by an independent variable or variables in a regression
model, adjusted for the number of predictors in the model. Adj R2 is expressed as a number
between 0 and 1, with 1 indicating a perfect correlation and zero indicating no correlation
at all. The coefficient of determination is found to be 53.4% in this case.

Table 4. ANOVA table for the response surface fit of elastic modulus. Df degree of freedom, Sum Sq sum
square, F-value, p-value, and its significative code: 0 < “***” < 0.001 < “**” < 0.01 “*” < 0.05 “.” < 0.1.

Df Sum Sq Mean Sq F Value Pr (>F)

x1 1 1,914,524 1,914,524 2.5995 0.115397
x2 1 271,277 271,277 0.3683 0.547622
x3 1 5,524,686 5,524,686 7.5013 0.009428 **
x4 1 2,091,550 2,091,550 2.8398 0.100371

x1:x2 1 1,424,818 1,424,818 1.9346 0.172567
x1:x3 1 1,068,242 1,068,242 1.4504 0.236107
x1:x4 1 28,601,519 28,601,519 38.8343 3.05 × 10−7 ***
x2:x3 1 3,362,590 3,362,590 4.5656 0.039298 *
x2:x4 1 62,460 62,460 0.0848 0.772513
x3:x4 1 2,649,907 2,649,907 3.598 0.065677 .
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x2:x3 1 2389 2389 1.9523 0.170665  
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x3:x4 1 15,394 15,394 12.5823 0.001078 ** 

Figure 3. Three-dimensional and two-dimensional plots for the response surface related to the elastic
modulus as a function of draw ratio (x1) vs. temperature (x4) and draw rate (x2) vs. PDoF content (x3).

The strain at break, according to the ANOVA results (Table 5 and Figure 4), is found
to be significantly affected by the linear terms corresponding to the draw ratio (x1), the
concentration of PDoF (x3), and the process temperature (x4). Temperature and its interac-
tion with the draw ratio and with fiber composition are observed to be significant, with a
p-value < 0.01. In this case, the coefficient of determination is 71.7%.
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Table 5. ANOVA table for the response surface fit of the strain at break. Df degree of freedom, Sum
Sq sum square, F-value, p-value, and its significative code: 0 < “***” < 0.001 < “**” < 0.01.

Df Sum Sq Mean Sq F Value Pr (>F)

x1 1 12,675 12,675 10.36 0.00268 **
x2 1 1096 1096 0.8961 0.349972
x3 1 13,267 13,267 10.8436 0.002188 **
x4 1 88,924 88,924 72.6824 2.94 × 10−10 ***

x1:x2 1 230 230 0.1877 0.667323
x1:x3 1 1935 1935 1.582 0.216357
x1:x4 1 21,573 21,573 17.6329 0.000162 ***
x2:x3 1 2389 2389 1.9523 0.170665
x2:x4 1 360 360 0.294 0.590914
x3:x4 1 15,394 15,394 12.5823 0.001078 **
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Stiffness and strain at break are often competitive properties, but if considered together,
they represent a first glimpse of the material toughness, and for this application, it would
be desirable that both these properties are elevated. To maximize both responses, the
regression equations for elastic modulus (Equation (2)) and strain at break (Equation (3))
were combined in the fitness optimization function in R-CRAN software [38], a freely
available language and environment for statistical computing and graphics applying the
genetic algorithm Nsga2R library.

A genetic algorithm is a search heuristic that is inspired by Charles Darwin’s theory
of natural evolution. This algorithm reflects the process of natural selection, where the
fittest individuals are selected to produce offspring of the next generation. The progeny
inherits the characteristics of the parents, thus further increasing the fitness and the chance
of survival. This process iterates until a generation with the fittest individuals is found.



Polymers 2022, 14, 396 9 of 13

The process begins with a set of individuals called a population. Each individual is
characterized by a set of parameters (variables) known as genes, which are joined into a
string to form a chromosome (solution). The fitness function determines the ability of an
individual to compete with other individuals and gives a fitness score. The higher the
fitness score, the higher the probability for an individual of being selected for reproduction.
Therefore, the fittest individuals are selected and pass their genes to the next generation.

Based on their fitness scores, two pairs of individuals (parents) are selected. For each
pair of parents, a crossover point is chosen at random from within the genes, and this
crossover phase is the most significant in a genetic algorithm. In certain new offspring
formed, some of their genes can be subjected to a mutation with a low random probabil-
ity. Mutation occurs to maintain diversity within the population and prevent premature
convergence. The algorithm terminates when the population has converged, i.e., it does
not produce significantly different offspring from the previous generation. At convergence,
the genetic algorithm has provided a set of solutions to the problem [39]. The parameters
considered to evaluate the optimal process through genetic algorithm were: population
size (100), the size of tournament (2), the number of generations (1000), crossover prob-
ability (0.9), crossover distribution index (20), mutation probability (0.1), and mutation
distribution index (3) [40]. All the variables were left free to move from the lowest to the
highest state (−1, 1).

The output of this analysis is a Pareto-optimal front [41], i.e., a set of non-dominated
solutions in which no objective can be improved without sacrificing at least one of the other
objectives. Figure 5 shows the Pareto curves, where no improvement can be made to one of
the two output values, i.e., elastic modulus or strain at break, without reducing the other,
with a color palette that represents the value of the considered variable. Each point on the
Pareto curve represents an optimal combination of variables, also represented in a 4D space
in Figure 6.
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4. Discussion

By comparing the elastic modulus and strain at break of the fibers before (Table 1) and
after (Table 3) drawing, it is evident that drawing is effective to improve the mechanical
properties of wet-spun fibers, provided that drawing parameters are carefully selected.

For the response surface of the elastic modulus (Equation (2)), the resulting low R2

(0.53) suggests a high scattering of the experimental data. However, the ANOVA analysis
reported in Table 4 points out the noticeable effect of PDoF on the mechanical properties.
The stiffness of the drawn fibers was impaired by PDoF, which is more likely related to
the low stiffness of PDoF rather than the incompatibility between the two polymer phases,
given that the strain at break instead increases upon PDoF addition. According to ANOVA,
the strongest effect on the elastic modulus was given by the interaction between the draw
ratio and the temperature. The lowest draw ratio and the lowest temperature lead to the
highest value for the elastic modulus, which could be attributed to the competition between
the orientation of the macromolecular chains subjected to stretching and the relaxation of
the same chains during stretching, which is hindered at a lower temperature [42]. Similar
results were found by Walker et al. for commercial PLA-based extruded filaments [43]. At
the highest draw ratio, the decrease in stiffness, but also in the strain at break, could be
associated with void generation due to overdrawing, but a deeper microstructural analysis
is required to fully explain these findings [44].

Another significant effect is given by the interaction between the drawing speed and
the composition. As shown in Figure 3, increasing the drawing speed decreases the elastic
modulus of neat PLA fibers but increases it for blended fibers. However, the presence of
PDoF decreases the stiffness of the fiber due to its lower elastic modulus compared to neat
PLA [22].

For the strain at break, the multi-dimensional response surface is reported in Equation (3)
and the graphical representation is shown in Figure 4. In this case, only the curves as a
function of x1, x4 and x3, x4 are presented, due to their highly significant effects after
emerging from ANOVA analysis (Table 5). An increase in the draw ratio reduces the
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strain at break, due to the enhanced macromolecular orientation, similarly to what has
been previously reported by La Mantia et al. [42] for low-density polyethylene/polyamide
6 incompatible blend films and by Gupta et al. [44] for PLA-spun fibers. The drawing
temperature has the highest effect (p-value = 2.94 × 10−10). Drawing the fibers above the
glass transition temperature of PLA leads to higher values of strain at break due to the
improved strain-induced crystallization and orientation, as well as the microstructural
homogenization [45].

Since stiffness and strain at break are often competitive properties, i.e., an increase
in one of them is generally accompanied by a decrease in the other, it can be interesting
to evaluate which combination of drawing parameters can produce the optimal balance
between these two properties. Figure 5 evidences a clear separation between the two com-
positions, as observable by the curve splitting into two by the variable x3 (PDoF content).
Fibers of neat PLA can reach higher stiffness at the expense of strain at break compared
to PLA/PDoF fibers. Temperature influences the results only for neat PLA fibers, as the
stiffness increases by drawing at lower temperatures. Conversely, optimal Pareto points for
PLA/PDoF fibers are not influenced by temperature but only by the draw ratio (x1) and
the draw rate (x2). For low values of both these parameters, the highest values of strain at
break are obtained. This separation between the behavior of the two components of the
blend is well visible in Figure 6, where optimal points for neat PLA are on the x4 axis while
the ones for the PLA/PDoF blend lie on the x1, x2 plane at x4 = 1.

5. Conclusions

The mechanical behavior of PLA/PDoF fibers obtained by wet solution spinning was
dramatically improved by the drawing process. Draw ratio, draw rate, composition, and
temperature were the parameters taken into account to investigate the mechanical response
of the fibers resulting from the drawing process.

The elastic modulus was considerably affected by the composition, as the presence
of PDoF, less stiff than PLA, generally decreased the stiffness of the drawn fibers at every
level of the other considered factors. Moreover, the elastic modulus was maximized if the
temperature and draw ratio were both low, although fairly good values of elastic modulus
were obtained when temperature and draw ratio were both high. On the other hand,
keeping the temperature high and the DR low, or vice versa, were not ideal combinations
of parameters. Therefore, if the drawing temperature is high, the DR must be high, so
that chain orientation overcomes the competing mechanism of chain relaxation. The other
factors and combination of factors were proven to have little or no significance.

The strain at break was enhanced when the drawing was performed at a high tem-
perature, which was the most influencing factor. This happened likely because high
temperature favored microstructural homogenization, pore closure, and the orientation of
PDoF domains, which produced a morphology with fewer defects in the drawing direction.
Moreover, the strain at break was further enhanced in the PLA/PDoF blends and when
the high temperature was coupled with low DR, probably because it prevented excessive
microstructural orientation and crystallization.

These results highlighted the impact of the draw ratio, draw rate, composition, and
drawing temperature on the final mechanical properties of wet-spun PLA and PLA/PDoF
fibers, evidenced by the power of statistical methods, such as ANOVA and RSM, in finding
which parameters and combination of parameters are significant, and established guide-
lines to optimize the drawing process for PLA/PDoF fibers and maximize their stiffness
and ductility.

Author Contributions: Conceptualization, A.D. and A.P.; methodology, D.R.; software, D.R.; val-
idation, D.R., D.P. and G.F.; formal analysis, D.R.; investigation, D.P.; resources, A.D. and D.N.B.;
data curation, D.P., D.R.; writing—original draft preparation, D.R., G.F., D.P., D.N.B., A.P. and A.D.;
writing—review and editing, A.D., A.P.; supervision, A.D.; project administration, A.D., A.P.; fund-
ing acquisition, G.F., A.D. and A.P. All authors have read and agreed to the published version of
the manuscript.



Polymers 2022, 14, 396 12 of 13

Funding: This research activity has been funded by Fondazione Cassa di Risparmio di Trento e
Rovereto (CARITRO, grant number 2020.0265). L’Oréal-UNESCO For Women In Science is gratefully
acknowledged for financial support. This publication is based upon work from COST Action
FUR4Sustain, CA18220, supported by COST (European Cooperation in Science and Technology).

Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. MacGregor, E.A. Biopolymers. In Encyclopedia of Physical Science and Technology, 3rd ed.; Meyers, R.A., Ed.; Academic Press:

Cambridge, MA, USA, 2003; pp. 207–245.
2. Garlotta, D. A Literature Review of Poly(Lactic Acid). J. Polym. Environ. 2001, 9, 63–84. [CrossRef]
3. Raza, Z.A.; Abid, S.; Banat, I.M. Polyhydroxyalkanoates: Characteristics, production, recent developments and applications. Int.

Biodeterior. Biodegrad. 2018, 126, 45–56. [CrossRef]
4. Dorigato, A.; Perin, D.; Pegoretti, A. Effect of the Temperature and of the Drawing Conditions on the Fracture Behaviour of

Thermoplastic Starch Films for Packaging Applications. J. Polym. Environ. 2020, 28, 3244–3255. [CrossRef]
5. Ray, S.S.; Okamoto, K.; Okamoto, M. Structure-Property Relationship in Biodegradable Poly(butylene succinate)/Layered Silicate

Nanocomposites. Macromolecules 2003, 36, 2355–2367. [CrossRef]
6. Lasprilla, A.J.R.; Martinez, G.A.R.; Lunelli, B.H.; Jardini, A.L.; Filho, R.M. Poly-lactic acid synthesis for application in biomedical

devices—A review. Biotechnol. Adv. 2012, 30, 321–328. [CrossRef]
7. Byun, Y.; Whiteside, S.; Thomas, R.; Dharman, M.; Hughes, J.; Kim, Y.T. The effect of solvent mixture on the properties of solvent

cast polylactic acid (PLA) film. J. Appl. Polym. Sci. 2012, 124, 3577–3582. [CrossRef]
8. Tait, M.; Pegoretti, A.; Dorigato, A.; Kaladzidou, K. The effect of filler type and content and the manufacturing process on the

performance of multifunctional carbon/poly-lactide composites. Carbon 2011, 49, 4280–4290. [CrossRef]
9. Fambri, L.; Dorigato, A.; Pegoretti, A. Role of Surface-Treated Silica Nanoparticles on the Thermo-Mechanical Behaviour of

Poly(lactide). Appl. Sci. 2020, 10, 6731. [CrossRef]
10. Dorigato, A.; Sebastiani, M.; Pegoretti, A.; Fambri, L. Effect of Silica Nanoparticles on the Mechanical Performances of Poly(Lactic

Acid). J. Polym. Environ. 2012, 20, 713–725. [CrossRef]
11. Puchalski, M.; Kwolek, S.; Szparaga, G.; Chrzanowski, M.; Krucinska, I. Investigation of the Influence of PLA Molecular Structure

on the Crystalline Forms (alpha’ and alpha) and Mechanical Properties of Wet Spinning Fibres. Polymers 2017, 9, 18. [CrossRef]
[PubMed]

12. Fredi, G.; Dorigato, A. Recycling of bioplastic waste: A review. Adv. Ind. Eng. Polym. Res. 2021, 4, 159–177. [CrossRef]
13. Flores, R.; Perez, J.; Cassagnau, P.; Michel, A.; Cavaille, J.Y. Dynamic mechanical behavior of poly(vinyl chloride)/poly(methyl

methacrylate) polymer blend. J. Appl. Polym. Sci. 1996, 60, 1439–1453. [CrossRef]
14. Nofar, M.; Sacligil, D.; Carreau, P.J.; Kamal, M.R.; Heuzey, M.C. Poly (lactic acid) blends: Processing, properties and applications.

Int. J. Biol. Macromol. 2019, 125, 307–360. [CrossRef]
15. Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass. Volume I: Results of Screening for Potential Candidates from Sugars and

Synthesis Gas; U.S. Department of Energy: Washington, DC, USA, 2004.
16. Bozell, J.J.; Petersen, G.R. Technology development for the production of biobased products from biorefinery carbohydrates—The

US Department of Energy’s “Top 10” revisited. Green Chem. 2010, 12, 539. [CrossRef]
17. Koltsakidou, A.; Terzopoulou, Z.; Kyzas, G.Z.; Bikiaris, D.N.; Lambropoulou, D.A. Biobased Poly(ethylene furanoate)

Polyester/TiO2 Supported Nanocomposites as Effective Photocatalysts for Anti-inflammatory/Analgesic Drugs. Molecules 2019,
24, 564. [CrossRef]

18. Poulopoulou, N.; Smyrnioti, D.; Nikolaidis, G.N.; Tsitsimaka, I.; Christodoulou, E.; Bikiaris, D.N.; Charitopoulou, M.A.; Achilias,
D.S.; Kapnisti, M.; Papageorgiou, G.Z. Sustainable Plastics from Biomass: Blends of Polyesters Based on 2,5-Furandicarboxylic
Acid. Polymers 2020, 12, 225. [CrossRef] [PubMed]

19. Terzopoulou, Z.; Papadopoulos, L.; Zamboulis, A.; Papageorgiou, D.G.; Papageorgiou, G.Z.; Bikiaris, D.N. Tuning the Properties
of Furandicarboxylic Acid-Based Polyesters with Copolymerization: A Review. Polymers 2020, 12, 1209. [CrossRef]

20. Papageorgiou, D.G.; Guigo, N.; Tsanaktsis, V.; Exarhopoulos, S.; Bikiaris, D.N.; Sbirrazzuoli, N.; Papageorgiou, G.Z. Fast
Crystallization and Melting Behavior of a Long-Spaced Aliphatic Furandicarboxylate Biobased Polyester, Poly(dodecylene
2,5-furanoate). Ind. Eng. Chem. Res. 2016, 55, 5315–5326. [CrossRef]

21. Poulopoulou, N.; Kasmi, N.; Siampani, M.; Terzopoulou, Z.N.; Bikiaris, D.N.; Achilias, D.S.; Papageorgiou, D.G.; Papageorgiou,
G.Z. Exploring Next-Generation Engineering Bioplastics: Poly(alkylene furanoate)/Poly(alkylene terephthalate) (PAF/PAT)
Blends. Polymers 2019, 11, 556. [CrossRef]

22. Fredi, G.; Dorigato, A.; Bortolotti, M.; Pegoretti, A.; Bikiaris, D.N. Mechanical and Functional Properties of Novel Biobased
Poly(decylene-2,5-furanoate)/Carbon Nanotubes Nanocomposite Films. Polymers 2020, 12, 2459. [CrossRef]

23. Fredi, G.; Rigotti, D.; Bikiaris, D.N.; Dorigato, A. Tuning thermo-mechanical properties of poly(lactic acid) films through blending
with bioderived poly(alkylene furanoate)s with different alkyl chain length for sustainable packaging. Polymer 2021, 218, 123527.
[CrossRef]

http://doi.org/10.1023/A:1020200822435
http://doi.org/10.1016/j.ibiod.2017.10.001
http://doi.org/10.1007/s10924-020-01843-3
http://doi.org/10.1021/ma021728y
http://doi.org/10.1016/j.biotechadv.2011.06.019
http://doi.org/10.1002/app.34071
http://doi.org/10.1016/j.carbon.2011.06.009
http://doi.org/10.3390/app10196731
http://doi.org/10.1007/s10924-012-0425-6
http://doi.org/10.3390/polym9010018
http://www.ncbi.nlm.nih.gov/pubmed/30970693
http://doi.org/10.1016/j.aiepr.2021.06.006
http://doi.org/10.1002/(SICI)1097-4628(19960531)60:9&lt;1439::AID-APP19&gt;3.0.CO;2-X
http://doi.org/10.1016/j.ijbiomac.2018.12.002
http://doi.org/10.1039/b922014c
http://doi.org/10.3390/molecules24030564
http://doi.org/10.3390/polym12010225
http://www.ncbi.nlm.nih.gov/pubmed/31963284
http://doi.org/10.3390/polym12061209
http://doi.org/10.1021/acs.iecr.6b00811
http://doi.org/10.3390/polym11030556
http://doi.org/10.3390/polym12112459
http://doi.org/10.1016/j.polymer.2021.123527


Polymers 2022, 14, 396 13 of 13

24. Perin, D.; Rigotti, D.; Fredi, G.; Papageorgiou, G.Z.; Bikiaris, D.N.; Dorigato, A. Innovative Bio-based Poly(Lactic
Acid)/Poly(Alkylene Furanoate)s Fiber Blends for Sustainable Textile Applications. J. Polym. Environ. 2021, 29, 3948–3963.
[CrossRef]

25. Perin, D.; Fredi, G.; Rigotti, D.; Lotti, N.; Dorigato, A. Sustainable textile fibers made of bioderived polylactide/poly(pentamethylene
2,5-furanoate) blends. J. Appl. Polym. Sci. 2021, 139, 51740. [CrossRef]

26. Rigotti, D.; Soccio, M.; Dorigato, A.; Gazzano, M.; Siracusa, V.; Fredi, G.; Lotti, N. Novel biobased polylactic acid/poly(pentamethylene
2,5-furanoate) blends for sustainable food packaging. ACS Sustain. Chem. Eng. 2021, 9, 13742–13750. [CrossRef]

27. Fredi, G.; Jafari, M.K.; Dorigato, A.; Bikiaris, D.N.; Checchetto, R.; Favaro, M.; Brusa, R.S.; Pegoretti, A. Multifunctionality of
reduced graphene oxide in bioderived polylactide/poly(dodecylene furanoate) nanocomposite films. Molecules 2021, 26, 2398.
[CrossRef]

28. Zhang, D. Advances in Filament Yarn Spinning of Textiles and Polymers; Woodhead Publishing Ltd.: Cambridge, UK, 2014.
29. Mackley, M. Polymer processing: The physics of stretching chains. Phys. Technol. 2002, 9, 13. [CrossRef]
30. Bucciarelli, A.; Greco, G.; Corridori, I.; Pugno, N.M.; Motta, A. A Design of Experiment Rational Optimization of the Degumming

Process and Its Impact on the Silk Fibroin Properties. ACS Biomater. Sci. Eng. 2021, 7, 1374–1393. [CrossRef] [PubMed]
31. Montgomery, D.C. Design and Analysis of Experiments; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006.
32. Khuri, A.I.; Mukhopadhyay, S. Response surface methodology. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 128–149. [CrossRef]
33. Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-II. IEEE Trans. Evol.

Comput. 2002, 6, 182–197. [CrossRef]
34. Pontes, K.V.; Embiruçu, M.; Maciel, R. Genetic Algorithm for Tailored Production of Polymer Resins. In Computer Aided Chemical

Engineering; de Brito Alves, R.M., do Nascimento, C.A.O., Biscaia, E.C., Eds.; Elsevier: Amsterdam, The Netherlands, 2009;
Volume 27, pp. 495–500.

35. Jiang, L.; Xiao, H.-H.; He, J.-J.; Sun, Q.; Gong, L.; Sun, J.-H. Application of genetic algorithm to pyrolysis of typical polymers. Fuel
Process. Technol. 2015, 138, 48–55. [CrossRef]

36. Adeodu, A.O.; Anyaeche, O.C.; Oluwole, O.O. Optimum cure cycles of autoclave process for polymer matrix composites using
genetic algorithm. Procedia Manuf. 2019, 35, 16–26. [CrossRef]

37. Silva, C.M.; Biscaia, E.C. Genetic algorithm development for multi-objective optimization of batch free-radical polymerization
reactors. Comput. Chem. Eng. 2003, 27, 1329–1344. [CrossRef]

38. The Comprehensive R Archive Network. Available online: https://cran.r-project.org/ (accessed on 28 November 2021).
39. Yang, X.-S. Chapter 6—Genetic Algorithms. In Nature-Inspired Optimization Algorithms, 2nd ed.; Yang, X.-S., Ed.; Academic Press:

Cambridge, MA, USA, 2021; pp. 91–100.
40. Yusoff, Y.; Ngadiman, M.S.; Zain, A.M. Overview of NSGA-II for Optimizing Machining Process Parameters. Procedia Eng. 2011,

15, 3978–3983. [CrossRef]
41. Mannodi-Kanakkithodi, A.; Pilania, G.; Ramprasad, R.; Lookman, T.; Gubernatis, J.E. Multi-objective optimization techniques to

design the Pareto front of organic dielectric polymers. Comput. Mater. Sci. 2016, 125, 92–99. [CrossRef]
42. La Mantia, F.P.; Fontana, P.; Morreale, M.; Mistretta, M.C. Orientation induced brittle—Ductile transition in a polyethy-

lene/polyamide 6 blend. Polym. Test. 2014, 36, 20–23. [CrossRef]
43. Walker, J.; Melaj, M.; Giménez, R.; Pérez, E.; Bernal, C. Solid-State Drawing of Commercial Poly(Lactic Acid) (PLA) Based

Filaments. Front. Mater. 2019, 6, 280. [CrossRef]
44. Gupta, B.; Revagade, N.; Anjum, N.; Atthoff, B.; Hilborn, J. Preparation of poly(lactic acid) fiber by dry-jet-wet-spinning. I.

Influence of draw ratio on fiber properties. J. Appl. Polym. Sci. 2006, 100, 1239–1246. [CrossRef]
45. Mai, F.; Tu, W.; Bilotti, E.; Peijs, T. The Influence of Solid-State Drawing on Mechanical Properties and Hydrolytic Degradation of

Melt-Spun Poly(Lactic Acid) (PLA) Tapes. Fibers 2015, 3, 523–538. [CrossRef]

http://doi.org/10.1007/s10924-021-02161-y
http://doi.org/10.1002/app.51740
http://doi.org/10.1021/acssuschemeng.1c04092
http://doi.org/10.3390/molecules26102938
http://doi.org/10.1088/0305-4624/9/1/I03
http://doi.org/10.1021/acsbiomaterials.0c01657
http://www.ncbi.nlm.nih.gov/pubmed/33594891
http://doi.org/10.1002/wics.73
http://doi.org/10.1109/4235.996017
http://doi.org/10.1016/j.fuproc.2015.05.001
http://doi.org/10.1016/j.promfg.2019.05.005
http://doi.org/10.1016/S0098-1354(03)00056-5
https://cran.r-project.org/
http://doi.org/10.1016/j.proeng.2011.08.745
http://doi.org/10.1016/j.commatsci.2016.08.018
http://doi.org/10.1016/j.polymertesting.2014.03.009
http://doi.org/10.3389/fmats.2019.00280
http://doi.org/10.1002/app.23497
http://doi.org/10.3390/fib3040523

	Introduction 
	Materials and Methods 
	Materials and Methods 
	Sample Preparation 
	Fiber Spinning 
	Fiber Drawing 

	Characterization 
	Quasi-Static Tensile Tests 
	Design of Experiment, Statistical Analysis, and Genetic Optimization 


	Results 
	Discussion 
	Conclusions 
	References

