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Preface to ”Scientific Advances in STEM: Synergies to

Achieve Success. 2nd Edition”

1. Introduction and Scope

The Escuela Politécnica Superior (EPS) from Universidad de Sevilla (US) is a higher education

engineering center that aims to provide specific training and research in each area of knowledge

from Science, Techology, Engineering and Maths (STEM), as well as the generation and transfer of

knowledge. To be at the forefront of innovation, research plays a key role, and, at this center, there

are researchers working in all STEM areas, not only Maths and Physics but also Electrical, Electronic,

Materials, and Chemistry Engineering.

Among the different research activities promoted by the center, the EPS-US annually organizes a

workshop on Research, Development and Innovation, which reached its 8th edition in 2021. Advances

in research in several fields of Science and Engineering are presented at this event, involving

the participation of students of all levels (from BSc to PhD), as well as academic and research

staff not only from this center, but also participants from different universities located in seven

countries. The multidisciplinary nature of this center has led to the establishment of collaborations

among research groups from different disciplines, the combination of scientific knowledge from

basic with applied research, and the use of different research facilities. Fundamental science helps

us to understand phenomenological foundations, while applied science focuses on products and

technological developments, highlighting the need to transfer knowledge to society and the industrial

sector. This is also an opportunity for transfering knowledge, since industrial PhD students also

participate and companies can present their demands and establish collaborations with research

groups.

This book collects articles published on the special topic Scientific Advances in STEM: Synergies to

Achieve Success, 2nd Edition, including publications from the journals Materials, Polymers, Foods,

Sustainability and Sensors, all published by MDPI. These papers cover selected cutting-edge

research hosted at the EPS-US and presented at the 8th Symposium on Research, Development and

Innovation of the academic center, which also covers the collaboration with national and international

institutions. In fact, some of these works are framed within strategic research areas developed during

recent years, presenting their progress in each edition of this workshop, as it was corroborated by

their publication of the results in the first edition of this topic [1]. The editors wish to disseminate

the multidisciplinary research carried out under the institutions of the EPS-US, contributing to

establishing new collaborations among research groups.

2. Contributions

This book collects a total of 16 research works from the STEM field. As mentioned previously,

they were published in five MDPI journals. Six contributions are collected from Materials,

analysing different issues. This was the case for the analysis of fatigue and cellular performance of

novel superficially treated porous titanium dental implants fabricated using conventional powder

metallurgy and space holder techniques [2]. Additionally, in the field of biomaterials, Beltrán et

al. [3] evaluated the texture and surface roughness of porous titanium samples manufactured by

the space holder powder metallurgy technique superficially modified by the Yb-doped laser. The

area of titanium-based biomaterials was also complemented by studies aimed to characterise the

macroporosity inherent in the manufacturing process, including the effect of the femtosecond laser

treatment of the surface of titanium discs [4], as well as the influence of processing parameters on

ix



the bimodal microstructure in biomedical implants [5].The journal Materials also included a paper

on the formation of gelatin-based biofilms containing FexOy NPs [6]. These materials exhibited

antioxidant and antimicrobial properties.

Related to material science, four contributions are included from Polymers and are focused

on the development of bio-based materials. With this aim, the authors explored the development

of cellulose-derived nanostructures (processed by electrospinning) [7] as well as the development

of bioplastics by injection molding, using undervalued raw materials for this goal (rice bran and

invasive seaweed) [8,9]. Moreover, this field of knowledge was enriched by simulation in terms of

cost function analysis applied to arrabidaea chica verlot extracts [10].

This book also includes a contribution from Foods, where the manufacture of double emulsions

was described by Felix et al. [11]. These emulsions were intended to be carriers of future food

products with specific functionalities.

Three contributions are included from Sustainability. Martin et al. [12] analysed the

presence of linear alkylbenzene sulfonates, nonylphenol ethoxylates and Di(2-ethylhexyl)phthalate

in composting processes. They elucidated the environmental risks that it may involve. Furthermore,

Cañete et al. [13] proposed new strategies to improve family and work conciliation with children

suffering from psychological pathologies. Eventually, Feng et al. [14] conducted comprehensive

research on innovation management in collaborative enterprise groups.

This book is finally complemented by three contributions from Sensors. In one of them,

Guerra et al. [15] proposed a low-level blockchain marketplace to share the power of participants

as requested. Slightly related to this topic, Peña et al. [16] suggested a system to classify and

optimize energy input in smart buildings using an analytics approach. Eventually, convolutional

neural networks to automatically segment cerebellar fissures using brain magnetic resonance imaging

were investigated by Cabeza-Ruı́z et al. [17].
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Approach to the Fatigue and Cellular Behavior of Superficially
Modified Porous Titanium Dental Implants
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* Correspondence: mginer@us.es; Tel.: +34-(9)-54551796

Abstract: In this work, the fatigue and cellular performance of novel superficially treated porous
titanium dental implants made up using conventional powder metallurgy and space-holder tech-
niques (30 vol.% and 50 vol.%, both with a spacer size range of 100–200 μm) are evaluated. Before
the sintering stage, a specific stage of CNC milling of the screw thread of the implant is used. After
the consolidation processing, different surface modifications are performed: chemical etching and
bioactive coatings (BG 45S5 and BG 1393). The results are discussed in terms of the effect of the
porosity, as well as the surface roughness, chemical composition, and adherence of the coatings on
the fatigue resistance and the osteoblast cells’ behavior for the proposed implants. Macro-pores are
preferential sites of the nucleation of cracks and bone cell adhesion, and they increase the cellular
activity of the implants, but decrease the fatigue life. In conclusion, SH 30 vol.% dental implant
chemical etching presents the best bio-functional (in vitro osseointegration) and bio-mechanical
(stiffness, yield strength and fatigue life) balance, which could ensure the required characteristics of
cortical bone tissue.

Keywords: porous dental implant; fatigue resistance; cellular behavior; surface roughness; chemical
etching; bioglass coating

1. Introduction

Commercially pure titanium (c.p. Ti) and its alloys are among the most widely em-
ployed metallic biomaterials for the convenient replacement of damaged cortical bone
tissues [1,2], considering their appropriate biocompatibility, corrosion resistance and me-
chanical strength. However, these materials have two main drawbacks which compromise
the clinical success of implants. On one hand, their stiffness (100–110 GPa) is much greater
than that of cortical bone (20–25 GPa). This difference can cause the loss of bone and raise
the threat of the rupture of the nearby bone [1,3]. Therefore, different methods are proposed
to solve these problems. An approach to the reduce the stress-shielding phenomenon
and to encourage bone-in-growth into the implant is the introduction of porosity into
the implants [3,4]. Biomechanical properties such as the hardness, resistance to corro-
sion, fracture, fatigue, and wear of implants rely on the amount, volume, and form of the
pores, besides the size and geometry of the dental implant. Another way to decrease the
stress-shielding phenomenon is the use of β-titanium alloys, as their Young’s modulus
(60–80 GPa) is closer to cortical bone´s, and additionally, their biomechanical performances
are also improved [2,5–9].

Materials 2022, 15, 3903. https://doi.org/10.3390/ma15113903 https://www.mdpi.com/journal/materials1
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Other drawbacks are the poor osseointegration of the implants, which is inherent
in the inert biological behavior of titanium surfaces [10], and the potential infections [11]
(proliferation and growth of bacteria) that occur during surgery or the scarring period,
which inhibit the formation of new bone. This fact increases the loading times of the
dental implant and can cause its uselessness at the medium and long term. In order to
address these problems, the literature proposes the manipulation and optimization of the
topography (roughness and texture) and the chemistry (bioactive surfaces) of implants,
including the immobilization of proteins on the surface [1,11–13]. The macro-topography is
determined by the geometric design [12] (the presence of threads and conical shapes, etc.),
while the surface micro-topography and nano-topography cause effects at the cellular and
protein levels, respectively [14].

One of the routes used for this purpose is chemical etching [15], considering its
attractive cost, versatility and repeatability. The nature and concentration of the chemical
reagent used are particularly important, as are the etching times implemented. On the
other hand, among the ways to facilitate the chemical interaction between the implant and
cortical bone tissue are the use of bioactive coatings [16,17], thermochemical treatments [18]
or the bio-functionalization of the surface [19].

Furthermore, the failure in service of dental implants can also occur due to an overload
and/or a poor resistance to fatigue [10,20–22]. In this scenario, it is widely known that the
accomplishment of successful dental implants depends not only on the quantity/quality of
the patient’s bone tissue [23], material used, size, and implant design [24] but also on the
surface treatments [25]. In the literature, we found some works in which different routes of
manufacture and superficial modification of porous implants have been used. There are
also studies that propose computational models and simulations to investigate the stress
distribution at the threads, section changes, and pores, etc., or to estimate and understand
the static and cyclical behavior in service [26–28]. However, few investigations focus on
the fatigue behavior of porous dental implants, or the influence of surface modification
treatments on their response.

Unfortunately, although enormous advances in this field have been accomplished,
dental implants as perfect medical prosthesis devices still remain as an enormous clinical
challenge. In this study, the influence of porosity (content, size, and morphology), surface
modification treatments (chemical etching and bioactive coating), and fatigue resistance
are studied for porous dental implants that were previously obtained via conventional
powder metallurgy and space-holder techniques. Finally, exploratory studies of the cellular
characterization (the attachment and proliferation of osteoblasts) of new manufactured
dental implants are also addressed. The final objective is to propose an implant with a better
balance of bio-mechanical (stiffness, yield strength and fatigue limit) and bio-functional
(osseointegration and bone ingrowth) performances.

2. Materials and Methods

In this work, the conventional powder metallurgical route (PM) and space-holder
technique (SH: ammonium bicarbonate as a spacer–NH4HCO3) were used for the man-
ufacture of the porous titanium dental implants. The titanium grade IV powder and the
spacer particles (30 vol.% and 50 vol.%, both with size range between 100 μm and 200 μm)
were mixed in a Turbula® T2C Shaker-Mixer for 40 min to achieve good homogenization.
Next, the powder mix was uniaxially compressed in a cylindrical die (8 mm in diameter) at
300 MPa using an Instron 5505 universal testing machine. Later, the green samples were
micro-milled using a CNC machine (Roland, Model MDX-40, Shinmiyakoda, Japan) to
obtain the thread of the dental implant. Before the sintering step (1250 ◦C for 2 h, and
10−5 mbar), the spacer particles were removed in a conventional oven (60 ◦C and 110 ◦C,
both for 12 h and 10−2 mbar). Furthermore, the surfaces of the dental implants were
chemically etched or coated with two bioglasses (BG 45S5 and BG 1393). All of the details
of the protocols related to the fabrication and surface modification treatments implemented
in this study were used by the authors using first porous titanium disks [15,29] and then

2



Materials 2022, 15, 3903

similar porous dental implants [30]. In these investigations, the details of the porosity
measurements (Archimedes’ method and image analysis) and surface roughness (scanning
electron microscopy and confocal laser) of the dental implants used in this investigation
can also be consulted. Three of the superficially modified porous implants are shown in
Figure 1.

Figure 1. SEM image of the superficially treated porous dental implants.

2.1. Characterization of the Fatigue Behavior of the Porous Dental Implants Studied

In this section, firstly, the study of the mechanical behavior (static and cyclical) of
the virgin porous dental implants (without surface modification) is presented, in order to
obtain the influence of the pores (percentage, size, and irregularity). Finally, a preliminary
study of the fatigue behavior of superficially treated porous dental implants is shown.

The mechanical characterization was performed following the test setup proposed in
the ISO 14801 standard (see Figure 2) [31]. In these investigations, the load must be applied
with an angle of 30◦ from the axis of the implant, and the piece applying the load was
allowed to rotate about the semispherical part of the dental implant. For its part, the fixing
plane was placed at a distance of l = 11 mm from the center of this semi-sphere, and 3 mm
below the plane where the bone level would be, as in a real application. In this work, the
first static tests were conducted at a load rate of 10 N/s in order to estimate the loads in
the corresponding fatigue tests. On the other hand, the fatigue resistance testing of porous
dental implants obtained by PM and SH (30 vol.% and 50 vol.%) routes was carried out at a
load ratio of R = 0.1, at a frequency of 15 Hz, and until the complete fracture of the implant.
An adequate parameter to compare the mechanical behavior of dental implants is nominal
stress, σ, as the sizes of implants are included in this calculation, such that implants with
different dimensions could be compared. In order to calculate this stress, the applied force,
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F, can be decomposed into a component generating a compression in the dental implant
(F · cos 30◦) and a component generating a bending moment at the fixing plane of the
implant (F · sin 30◦). The bending moment was obtained by multiplying this force by
the distance to the fixing plane, l. Only the bending moment will be used to calculate
the nominal stress because it was the one generating the tensile stress, which produces
the fatigue damage. Assuming, in this case, an implant with a solid circular section with
diameter d = 3.45 mm, the nominal stress can be calculated using the well-known expression
for a circular beam subjected to a bending moment, M:

σ =
32 × M
π × d3 =

32 × F × sin 30 × l
π × d3 (1)

 
Figure 2. Setup and parameters of the static and fatigue test of the porous dental implants, following
the standard ISO 14801.

In this work, seven virgin porous dental implants were tested in order to assess their
fatigue resistance. However, considering the additional economic cost of the implemented
surface modification treatments (a chemically etched surface or being coated with BG
45S5 or BG 1393), a different fatigue test procedure was performed, to be compared to
the conventional tests (S-N curves). In this other test protocol (step fatigue test), the
configuration parameters and the load ratio are the same as those used in the conventional
test. For the new fatigue test proposed, instead of applying a constant amplitude load, the
test starts with a cycle with a maximum load of 40 N, to be later increased by 10% every
50,000 cycles until failure. The fatigue resistance evaluated with the described protocol
depends on the potential accumulation of damage in the different previous steps. Then,
the results should be rationalized considering this fact. In this context, the maximum stress
before failure in this last step is not appropriate to compare the fatigue life with the results
of the conventional fatigue tests, because it does not reflect the damage accumulated in the
previous steps with lower loads. Therefore, an equivalent constant amplitude stress level
that produces the same fatigue damage as in the step test was defined. This equivalent
stress can be directly compared to the conventional fatigue tests. In order to achieve this
purpose, the concept of fatigue linear damage accumulation was used [32,33]. The fatigue
damage was obtained by adding the damage in each load step, with the damage in each
step being the ratio between the applied number of cycles, ni, and the number of cycles to
failure, if the corresponding load was the only one applied, Ni. Mathematically, it is possible
to calculate the equivalent load that would have to be applied in a constant amplitude load
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test in order to produce the same damage, D, to the implant in the same total number of
cycles, n (this is the sum of all of the ni). This is shown in Equation (2):

D = ∑
ni
Ni

=
n

Neq
(2)

where Ni and Neq can be calculated if the fatigue curve of the material is known,
σ · Nb = C. In Equation (2), Neq is the number of cycles to failure in a fatigue test in
which only the equivalent load is applied. Equation (2) was then transformed into
Equations (3) and (4):

∑
ni

C1/b × σ1/b
i =

n
C1/b × σ1/b

eq (3)

σeq =

(
1
n
× ∑ ni × σ1/b

i

)b
(4)

where ni and σi are the number of cycles and the nominal stress in each segment, respec-
tively, and n is the total number of cycles in the test.

Finally, a study of the possible fracture surfaces associated with the monotonic and
cyclic tests was carried out by scanning electron microscopy, SEM (Teneo, FEI, Eindhoven,
The Netherlands), in order to figure out the origin and the responsible mechanisms of the
fracture of the different porous dental implants (with and without surface modification).

2.2. Cellular Characterization of Superficially Modified Porous Dental Implants

In this section, the effect of the porosity and surface treatment on the cell behavior of
the dental implants studied is addressed.

2.2.1. In Vitro Cell Culture

The MC3T3-E1 mouse pre-osteoblast cell line was grown (CRL-2593 from the Ameri-
can Type Culture Collection (ATCC), Manassas, VA, USA). The implants were sterilized
in an autoclave (121 ◦C, 1.05 kg·cm−2, 20 min). We seeded 30,000 cells/cm2 above each
implant. In order to calculate the number of cells to be seeded, the area of the implant
was considered [30]. The cells were grown in Minimum Essential Medium (αMEM) plus
10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin and 100 mg/mL strep-
tomycin sulphate) (Invitrogen, Carlsbad, CA, USA), at 37 ◦C and 5% CO2. At 48 h, the
medium was changed to osteogenic induction with α-MEM medium, 10% FBS, 10 mM
ascorbic acid (Merck, Darmstadt, Germany), and 50 μg/mL β-glycerophosphate (StemCell
Technologies, Vancouver, BC, Canada). The medium was changed every 2 days. The
in-vitro cell experiments were carried out at 21 days.

2.2.2. Cell Differentiation by Alkaline Phosphatase (ALP) Evaluation

The MC3T3 differentiation levels by alkaline phosphatase (ALP) activity were con-
veniently evaluated using the Alkaline Phosphatase Assay kit (Colorimetric) (Abcam,
Cambridge, UK). All of the determinations were performed in triplicate in order to mea-
sure the absorbance at 405 nm of 4-nitrophenol. The data were expressed as U/mL of
p-nitrophenyl Phosphate (PNPP).

2.2.3. Cell Morphology

After 21 days, the cells were fixed in 10% formalin, followed by a dehydration step
using ethanolic solutions (in 30%, 50%, 60%, 70%, 80% and 90% ethanol for 10 min each);
then, they were gold-coated using a sputter coater (Pelco 91000, Ted Pella, Redding, CA,
USA). The culture was analysed using scanning electron microscopy (SEM) (Zeiss EVO
LS 15 scanning electron microscope (Zeiss, Oberkochen, Germany)) with an acceleration
voltage of 10 kV.

5



Materials 2022, 15, 3903

2.2.4. Statistical Analysis

All of the results are expressed as the mean and standard deviation. The statistical test
used was a two-way ANOVA and Tukey’s post-test (SPSS v.22.0 for Windows, IBM Corp.,
Ar-monk, NY, USA). All of the determinations were analysed in triplicate. p < 0.05 was
considered statistical difference.

3. Results and Discussion

Table 1 shows results of the experimental static behavior (fracture load and nom-
inal stress) of the studied virgin dental implants, together with the collected values of
the Young’s (EN) and dynamic Young’s modulus (Ed, by Nielsen approximation), and
the yield strength (σy) of the virgin implants, using equations previously described in
the literature [34–36], which establish the relationships between microstructural param-
eters (the porosity and morphology of the pores) and their mechanical behavior. Al-
though porous implants have reliable yield-strength values, 200 and 135 MPa for SH
30 vol.% and 50 vol.%, respectively, which are close to the values for cortical bone tissue
(150–180 MPa [37,38]), the stiffness (90 GPa) and yield strength (638 MPa) of the con-
ventional PM implants were not satisfactory to find a solution to the stress-shielding
phenomenon (20–25 GPa, [37,39]). In this case, it would be necessary to manufacture
implants with greater porosity, with the intact structural integrity of the implant during
the micro-milling stage and/or under service conditions. In light of this, the decrease in
compaction pressure, temperature, and/or sintering time, as well as the use of spacers
(included in this study) could arise as possible solutions to cope this problem. Furthermore,
although it will be discussed below, it is worthwhile to point out that the gradient of
porosity of the SH implants could influence both the stiffness and fatigue behavior between
the core and the threads (in contact with the bone) of the implants, to create a gradient
of the corresponding Young’s modulus [29]. Finally, focusing on the implant rigidity, the
influence of the size and geometry of the implant should also be considered [23,24].

Table 1. Static behavior of the virgin porous dental implants.

Fracture
Load (N)

Nominal
Stress (MPa)

Estimated Mechanical
Behavior [34–36]

EN (GPa) Ed (GPa) σy (MPa)

PM 140 ± 3 191 ± 1 90.9 ± 0.5 86.2 ± 0.6 638 ± 5

SH
30 vol.% 70 ± 4 95.5 ± 1.5 44.6 ± 0.9 45.8 ± 1.0 200 ± 8

50 vol.% 52 ± 6 71 ± 2 30.3 ± 1.1 35.6 ± 1.0 135 ± 14
Note: The static behavior of superficially modified dental implants is similar to the corresponding virgin implant.

Figure 3 shows the results of the conventional fatigue tests for PM, SH 30 vol.% and
SH 50 vol.%, where the load applied in each test is rationalized with the static strength
shown in Table 1. This shows that the PM and SH 30 vol.% have a similar qualitative trend:
a fatigue limit between 40% and 50% of the static strength, and a similar fatigue behavior in
the rest of the curve. The SH 50 vol.% implant has a different behavior with a slightly lower
relative fatigue limit, but a much lower fatigue strength compared to its static strength for
the lower lives. It seems that, at this level of porosity, a different fatigue mechanism appears
compared to the other two types of implants. The trend lines in Figure 3 represent the
statistical fit to the experimental results using the typical fatigue curve mentioned earlier,
σ · Nb = C. The coefficients of regression, R2, of these fitted curves are 0.79, 0.92 and 0.47 for
the implants PM, SH 30 vol.% and SH 50 vol.%, respectively. A very high scatter appears
in SH 50 vol.%, which explains the poor fit. Table 2 shows the nominal stresses and the
number of cycles in the fatigue tests for the three porous implants studied. An inverse
relationship is observed between the porosity of the dental implants (the pore content and
size) and the fatigue resistance values obtained for 105 cycles: 100.3 MPa (PM), 44.9 MPa
(SH 30 vol.%), and 29.0 MPa (SH 50 vol.%). The fatigue strength at 107 cycles has values
of 27–35 MPa and 200–430 MPa for the cortical bone and the commercially pure titanium
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implants (obtained by a forging process), respectively [40]. In this context, it could be
indicated that superficially modified dental implants potentially guarantee the mechanical
requirements of the bone tissue to be replaced. An increase in fatigue resistance could even
be expected, once the bone in-growth and osseointegration of the implant have occurred.

Table 2. Nominal stresses and the number of cycles in the fatigue tests.

PM SH 30 vol.% SH 50 vol.%

Cycles MPa Cycles MPa CYCLES MPa

300 129.3 50 64.1 150 34.1
34,820 113.0 5900 54.6 200 30.0
8324 106.4 42,855 45.0 52,403 27.3
5900 99.6 - - 315 28.7

310,056 * 86.6 * - - 5 × 106 28.7
5 × 106 89.7 - -

2.6 × 106 87.2 - -
Note: * Step fatigue test for the PM implant.

Furthermore, in Figure 3 a data point called “PM step test” is drawn. This point comes
from a step fatigue test, as described in Section 2.1, in which the total number of cycles was
310,056 and the load in the last step was 70.9 N. As was also explained in the experimental
section, this equivalent stress can be directly compared to the conventional fatigue tests. In
this case, the parameters of the fatigue curves are obtained from the conventional fatigue
tests already shown, although, as seen in Equation (4), only the slope of the curve, b, is
needed. The values are b = 0.035 for PM and b = 0.049 for SH. This particular point matches
the data trend obtained in the conventional fatigue tests, assuming the typical scatter
in fatigue. Therefore, we can conclude that it is perfectly valid to use the technique of
the step fatigue test together with the equivalent stress to analyze and compare different
implants with different surface treatments using only one fatigue test. However, the ideal
would be a complete fatigue curve; this procedure gives the opportunity to achieve a first
discrimination when there is little material available. In this sense, in Figure 4, the maximum
loads vs. the number of cycles in step fatigue tests of superficially modified implants are
presented. The fatigue behavior showed dependency on the accumulated damage over a
certain number of cycles with different load levels. Another semi-quantitative comparison
could be made using the nominal stress instead of the applied load. As mentioned earlier,
this would be useful in the future in order to compare the results with an implant of distinct
size. In this context, the results (equivalent stress, σeq, vs. N) are shown in Figure 5. This
equivalent stress is calculated using Equation (4), where the slope of the fatigue curve is
assumed to be the same as in the fatigue tests of the virgin implants. Furthermore, the
fatigue curves for these treated implants could be estimated using the points in Figure 5
and the already mentioned slope of the fatigue curve, b (0.035 for PM and 0.049 for SH).
Table 3 shows the fatigue data of the tests, including the estimated fatigue strength for a
fatigue life of 105 cycles, assuming the same fatigue slope as in the virgin implants.

Table 3. Step fatigue tests of porous dental implants (PM and SH 30 vol.%).

Porous Dental
Implants

Maximum
Fatigue

Load (N)

Nominal
Stress
(MPa)

Equivalent
Maximum

Stress (MPa)
(See Figure 5)

Number
of Total
Cycles

Estimated
Fatigue Strength

at 105 Cycles
(MPa)

Virgin PM 70.9 96.7 86.6 310,056 90.1
Chemical
Etching

PM 114.1 155.7 150.5 611,850 160.4
SH 64.4 87.9 81 298,754 85.5

BG 45S5
PM 58.6 79.9 75 235,260 77.3
SH 64.4 87.9 80.8 294,670 85.2

BG 1393
PM 94.3 128.7 115.3 466,920 121.7
SH 103.7 141.5 120.3 510,240 130.3
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Figure 3. Results of the conventional fatigue tests for implants with different porosities, and the
result of one test with the procedure of the step fatigue test. The load percentage is with respect to
the static strength.

The general analysis of these fatigue results allowed (Figures 4–6) us to indicate the
following aspects:

(i) Modified PM implants: The chemically etched implant and the bioactive glass BG
1393 coated implant presented a higher fatigue resistance than the virgin PM implant,
while this was less for the implant coated with BG 45S5. On the other hand, the
improvement in the fatigue life of the chemically etched implant may be associated
with the formation of a more stable oxide layer on the surface of the implant, usu-
ally rutile. This oxide hardened the surface, and thus hindered the movement of
dislocations and/or nucleation of micro-cracks under cyclic loads [41]. Comparable
results were already reported by Apachitei et al. [42]. They studied in detail the
effect of plasma electrolytic oxidation coatings on the fatigue properties of Ti6Al4V
and Ti6Al7Nb alloys under physiological conditions (Hank’s solution at 37 ◦C) in
order to describe the fact that oxidized Ti6Al7Nb alloys exhibit an improved fatigue
behavior if compared to oxidized Ti6Al4V alloys, independently from the coating
thickness. Furthermore, the best fatigue behavior of the implant coated with BG 1393
could be explained by its better adhesion with the Ti implant [43,44] compared to BG
45S5. This fact could be associated with the best compatibility between its thermal
expansion coefficients [45]. Furthermore, the temperature used during the coating
treatment (exceeding the melting temperature of BG 1393) allowed its infiltration into
the macro-pores (see Figure 6).

(ii) Modified SH implants: As previously described, the fatigue behavior of SH virgin
implants was conditioned by the role of macro-pores (associated with the use of
spacer particles). However, the resistance under cyclical loads of the modified im-
plants clearly depended on what happened on their surface and how it took place. In
this context, after chemical etching, the macro-pores were larger and more irregular,
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justifying the sudden drop in mechanical strength (see Figure 6). Furthermore, the in-
trinsic micro-porosity of the BG 45S5 coating and its poor adherence (see the red arrow
in Figure 7) compromised their use for this type of solicitation. Finally, despite the
good infiltration and adherence of BG 1393, the presence of pre-existing microcracks—
originating in the macro-pores after the thermal treatment of this coating—could
explain its resistance to fatigue (see Figure 6).

Figure 4. Fatigue behavior of PM and SH (30 vol.%) superficially modified implants (chemical etching,
coated with BG 1393 or BG 45S5).
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Figure 5. Equivalent stress vs number of cycles. Note: Superficially modified dental implants
could guarantee the mechanical requirements (the cortical bone tissue presents a fatigue strength at
107 cycles of 27–35 MPa [40]).

Figure 6. Coated implant surface before and after the fatigue tests (SH: 30 vol.%). Note: Observe the
more irregular macro-pores when using chemical etching, and the nucleation of micro cracks in the
pores under cyclic loading.
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Figure 7. Fracture surfaces under cyclic loads of PM and SH dental implants (virgin and superficially
treated), comparing virgin and modified surfaces. Note: Observe the presence of small areas of
fatigue striations (see the yellow arrows), and the poor adherence of the BG 45S5 coating (see the
red arrow).

It should be noted that the number of cycles that the tested implants resisted in the
last step depended on the history of previous fatigue to which each implant was subjected;
that is, it depended on the accumulation of damage that was generated on the surface of
the material. Previous cyclic solicitations (minor variations in the applied cyclic stresses)
may have caused two types of effects:

(1) surface hardening (virgin c.p. Ti implants);
(2) the nucleation and accumulation of damage to the treated surface, chemically or in

the interlayer of the coating-implant joint; and
(3) the subcritical growth of pre-existing micro-cracks in the coating.
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On the other hand, the fracture surfaces of the studied dental implants are shown in
Figure 7. The presence of cleavage was observed, which is the mechanism responsible for
the brittle fracture under static mechanical conditions. In this context, it was difficult to
identify and measure the size of the defect that caused the fracture under these two types
of mechanical solicitation (monotonic and cyclical). However, small areas of subcritical
growth (close to the implant surface) could be elucidated, with the presence of fatigue
pseudo-striation.

Finally, the ALP activity is used to assess the enhanced in-vitro osseointegration
capacity as markers of the early differentiation of osteoblast-like cells. In Figure 8, a general
trend of ALP activity is shown, being similar in all the samples; additionally, osteoblast
cells have presented an activity of around 2.5 U/L. However, the BG 45S5 implants show
the highest cellular activity, although no significant differences were found among the
other implants. The higher activity of ALP indicates that they are cultures with more
differentiated cells [46], such that the osteoblasts grown on the BG 45S5 implants present
greater differentiation and—it is expected—more hydroxyapatite deposits, as was observed
on the SEM images (Figure 9). SEM was used to observe the spreading of the MC3T3-E1
cells on each sample. In Figure 9, the presence of osteoblasts cells could be observed on the
surface (marked with yellow arrows). Osteoblasts have a triangular shape, which is typical
of differentiated cells, with pseudopod protrusion and microfilament extension. Its plasma
membrane presents a surface full of sector vesicles, which is indicative of good enzymatic
functional activity. In addition, small precipitates with a morphology like hydroxyapatite
(marked with red asterisks) are appreciated. However, a future study of XRD should be
carried out in order to corroborate this fact. An in vivo test will be performed in the future
to validate the reliability of the results. However, their behavior is promising, considering
previous results reported in the literature for this type of surface [46].

Figure 8. Alkaline phosphatase enzymes (U/mL) in the culture of MC3T3 in different conditions.
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Figure 9. Representative SEM images of the cell adherence in different surfaces of porous dental
implants. Virgins: (A) PM conventional, (B) SH 30 vol.%, (C) SH 50 vol.%, and superficially modified.
(D) Chemical etching and (E) BG 45S5, both on conventional PM implants. Note: The cells are
indicated in the images (yellow arrow), along with calcium phosphate (red asterisk).

4. Conclusions

The influences of the porosity and surface treatments of dental implants manufac-
tured using PM and SH routes on their fatigue and cellular behavior have provided the
following conclusions:

(1) The virgin SH dental implants have a lower fatigue resistance than those obtained
by the conventional PM route. The macro-pores control the crack nucleation process,
although they can also hinder the propagation of cracks (stop-hole mechanism—the
tip of the crack is blunted). On the other hand, the roughness of the walls of these
implants favors the adhesion of osteoblasts. Furthermore, an increase in the behavior
(ALP activity or cells differentiation) of the in vitro cell cultures is observed after
the surface modifications, and the differences between the treatments used are not
statistically significant.

(2) The high micro-porosity of the BG 45S5 coating compromised the fatigue behavior
of the implant, being 17% less than the value corresponding to PM dental implants
without surface treatment. In the case of SH 30 vol.% implants, it also decreased by
65% compared to the virgin implant. On the other hand, the fatigue resistance of
conventional PM implants coated with BG 1393 improves by 25%. This increase may
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be related to the improved infiltration and/or better thermal compatibility (coefficients
of expansion) between Ti and the BG 1393. Finally, the increase of the fatigue resistance
of the superficially chemically etched porous dental implant (38% vs. PM virgin) is
related to the formation of a hard layer of titanium oxide formed during the chemical
treatment of the surface.

In summary, SH 30 vol.% the chemical etching of dental implants presents the best
bio-functional (in vitro osseointegration) and bio-mechanical (stiffness, yield strength
and fatigue life) balance, which could guarantee the requirements of cortical bone tissue
(E = 20–25 GPa, Òy = 150–180 MPa, and KIc = 3.5 MNm−3/2).
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Abstract: Bone resorption and inadequate osseointegration are considered the main problems of
titanium implants. In this investigation, the texture and surface roughness of porous titanium samples
obtained by the space holder technique were modified with a femtosecond Yb-doped fiber laser.
Different percentages of porosity (30, 40, 50, and 60 vol.%) and particle range size (100–200 and
355–500 μm) were compared with fully-dense samples obtained by conventional powder metallurgy.
After femtosecond laser treatment the formation of a rough surface with micro-columns and micro-
holes occurred for all the studied substrates. The surface was covered by ripples over the micro-metric
structures. This work evaluates both the influence of the macro-pores inherent to the spacer particles,
as well as the micro-columns and the texture generated with the laser, on the wettability of the
surface, the cell behavior (adhesion and proliferation of osteoblasts), micro-hardness (instrumented
micro-indentation test, P–h curves) and scratch resistance. The titanium sample with 30 vol.% and a
pore range size of 100–200 μm was the best candidate for the replacement of small damaged cortical
bone tissues, based on its better biomechanical (stiffness and yield strength) and biofunctional balance
(bone in-growth and in vitro osseointegration).

Keywords: porous titanium; femtosecond laser; surface modification; instrumented micro-indentation;
scratch test; wettability; cellular behavior

1. Introduction

Today, the demand for implants obtained from natural and synthetic biomaterials for
different parts of the human body is exponentially increasing. Within metallic biomaterials,
titanium (Ti) and its alloys are considered one of the best choices for the manufacture of
dental and bone implants due to their acceptable biomechanical behavior and corrosion
resistance in biological surroundings [1,2]. However, there are still challenging problems to
solve, such as bone resorption of tissues adjacent to the implant, related to the phenomenon
of stress-shielding [3], as well as implant loosening caused by poor osseointegration and/or
bacteria proliferation. In this context, the use of β-titanium alloys [4–7] and porous titanium
implants [8–10] have been widely recognized as valid approaches for eliminating the effect
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of stress-shielding on titanium implants. The latter also allows proper vascularization
through the interconnected pores, for desirable bone in-growth [11]. Furthermore, good
implant osseointegration implies adequate adhesion, proliferation, and differentiation of
bone tissue cells have been achieved on its surface [12,13].

Several methods were proposed to improve the osseointegration of prosthetics, mainly
based on surface, chemical, or physical modifications. On the one hand, chemical tech-
niques alter the composition of implant surfaces by coating, impregnation, immersion, or
deposition of bioactive glasses, ceramics, polymers, or peptides [1,14–16]. On the other
hand, among the techniques to modify the texture and roughness of the implant surface,
it is worth highlighting sand- and grit-blasting, acid-etching, ultraviolet treatment, elec-
trochemical anodizing, spark anodizing, direct irradiation synthesis methods, and laser
surface modification [17–24]. The main goal of physical modifications of the surface of Ti
and Ti-alloy implants is the creation of micro- and nano-structures to stimulate osseoin-
tegration [25] by increasing the porosity for cell adhesion and proliferation or adapting
roughness to better wettability, protein adsorption, and bactericidal response. Furthermore,
the high roughness in terms of patterned surfaces is also suitable for preventing bacterial
colonization [26–28].

Recently, laser surface modifications were exponentially employed due to their supe-
rior advantages over other physical techniques such as more accurate control of specific
topological designed features on the surface, high efficiency, and low material consump-
tion [29]. In particular, femtosecond laser (FSL) ablation of Ti surfaces has been widely
investigated in the past two decades as this technique allows for high precision and con-
trol of desired patterns on the surfaces, as well as it being low cost and having a reliable
process [24,30]. A wide variety of micro- and nano-structures [29,31] can be designed on
Ti surfaces depending on the FSL beam parameters [31–35]. Different authors, [36–38],
have validated the improvement of biocompatibility of Ti and Ti-alloy surfaces using the
FSL technique, generating bioinspired micro- and nano-features such as laser-induced
periodic surface structure (LIPSS), ripples, columns, pits, or spikes among others [39,40]. In
particular, Liang et al. [41] demonstrated better osseointegration and cell proliferation of
pure Ti implants using FSL ablation combined with Ca/P deposition. The formation of a
micro-pattern on the Ti surface helped in accelerating the cellular integration compared
with those of pure Ti and sand-blasted Ti implants. Furthermore, Wang et al. [42] have
demonstrated the capabilities of micro-grooved Ti6Al4V implants by FSL and chemical
assembly of graphite (G) and graphene oxide (GO), which could improve cell adhesion, pro-
liferation, and osteogenic differentiation and also induce surface wettability and bone-like
apatite formation.

However, an appropriate roughness of metallic implant surfaces could allow for the
control of wettability [43] and therefore enhance the hydrophilicity or hydrophobicity [44,45]
of these surfaces. This aspect is very interesting to prevent bacterial adhesion and biofilm
formation [9]. In this regard, Cunha et al. [46] tested the adhesion and biofilm formation
of Staphylococcus aureus on surfaces of FSL-patterned titanium alloys compared to polished
ones. The nano topography size of single features and the distance between them induce a
significantly reduced contact area interface between the individual bacterium and the metal
to make bacteria agglomeration difficult for ulterior biofilm formation.

Few works have reported on the study of surface modification of porous titanium im-
plants. In particular, the authors of this work have performed preliminary studies in which
hierarchical micro- and nano-structures such as micro-holes, micro-columns, and laser-
induced periodic surface structure (LIPSS) could be created on porous titanium surfaces.
Despite these promising results, understanding the phenomena that occur on femtosecond
laser-modified surfaces remains a challenge [47]. Therefore, this current work studies
how the macro-porosity (percentage and range size) of titanium substrates influences the
final surface roughness generated by laser irradiation, as well as its relationship with the
tribo-mechanical behavior, wettability of the surface, and the in vitro cellular response.
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2. Materials and Methods

2.1. Substrates Preparation

Figure 1 shows a diagram of the procedure followed by substrate fabrication, super-
ficial modification, as well as tribo-mechanical and in vitro cell characterization. Com-
mercially pure Ti (C.p. Ti), (SEJONG Materials Co. Ltd. Seoul, Korea) with a chemical
composition according to the standard [48] and a particle size distribution d(50) = 23.3 μm
and d(90) = 48.8 μm [49] was employed to fabricate the fully-dense discs as reference sam-
ples, as well as porous substrates, using powder metallurgy technology (PM). Fully-dense
samples were fabricated by pressing at 1300 MPa and then sintering at 1300 ◦C. Porous
samples were manufactured using the space holder technique (SH) with ammonium bicar-
bonate (NH4HCO3) (Cymit Quimica S.L., Barcelona, Spain) as spacer particles in different
volume percentages (30, 40, 50, and 60 vol.%) and range sizes (100–200 and 355–500 μm).
C.p. Ti was mixed with the corresponding amount of spacer particles (percentage and
range size), pressed at 800 MPa, and then sintered at 1250 ◦C for 2 h in a high vacuum
atmosphere (~10−5 mbar). The spacer particles were removed before sintering in two stages
(60 ◦C and 110 ◦C) for 12 h each. Before laser modification, the surface of the discs was
carefully ground and polished to preserve the porosity fraction, size, and morphology of
the pores.

Figure 1. Scheme of the procedure followed by sample fabrication, modification, and characteriza-
tion. Abbreviations: PM (Pulvimetallurgy), SH (Space Holder), IA (Image Analysis), SEM (Scan-
ning Electron Microscopy), CLM (Confocal Laser Microscopy), ALP (Alkaline Phosphatase) and
P-h (micro-indentation curve Power or Force applied vs. penetration deep).

Next, both types of titanium substrates were subjected to surface modification using a
femtosecond Yb-doped fiber laser (Spirit 1040–4, Spectra-Physics, Santa Clara, CA, USA).
The laser system generates 396 fs pulses with a maximum pulse energy of Ep = 49.7 μJ, at
a repetition rate of f = 100 kHz. A computer-controlled galvanometric scanning system
was used to direct the laser beam across the target surface. A flat field lens kept the laser
focused on the surface to a spot with radius w0 = 12 μm. The irradiation was carried out
along parallel lines at a constant speed of v = 960 mm/s in the scan direction and the laser
paths were laterally overlapped with an overlap of s = 50% until the entire surface of the
workpiece was processed. The surface was irradiated 20 times after this procedure, resulting
in 100 accumulated laser pulses per spot and fluency of F = 21.98 J/cm2. Experiments
were performed in air using an Ar jet to reduce surface oxidation These parameters were
selected after performing preliminary tests with the goal of obtaining a hierarchical surface
structure consisting of both laser-induced micro-structures and laser-induced periodic
surface structures (LIPSS) at the nano-metric level.
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The modification of the surface due to the femtosecond laser treatment was evaluated
by scanning electron microscopy (SEM), (FEI TENEO, Eindhoven, The Netherlands) and
confocal laser microscopy (CLM), (Sensofat S Nexox; Barcelona, Spain). CLM allowed the
acquisition of two-dimensional (2D) and three-dimensional (3D) images and parameters
related to roughness such as the arithmetical mean deviation (Sa) and the root-mean-square
height (Sq). Furthermore, the percentage of total porosity (PT) and the equivalent diameter
of the pores (Deq) of the surface (before and after femtosecond treatment) were evaluated,
using SEM images and Image-Pro Plus 6.2 software (Rockville, MD, USA).

Wettability was evaluated by static contact angle (CA) measurements obtained with
an OCA 20 (Data Physics Instruments GmbH, Filderstadt, Germany) goniometer set up
by depositing macroscopic droplets on the surface of the samples according to Young’s
method. Measurements were based on a minimum of 3 data points per sample, taking the
average as the CA value. Totals of 2 μL bidistilled water (pH 7) and 5 μL bovine serum
albumin (Merck Life Science S.L.U., Madrid, Spain) droplets were used.

2.2. Tribo-Mechanical Characterization of Modified Substrates

First, macro-mechanical behavior of the porous c.p. Ti substrates (yield strength,
σy, and dynamic Young’s modulus, Ed) were estimated from porosity data, using equations
already reported in the literature [50]. For these equations, Young’s modulus for bulk c.p.
Ti grade IV was ~ 110 GPa [51] and the yield strength of the bulk c.p. Ti grade IV was
~650 GPa [52]. The micro-mechanical characterization and scratch-resistance of the sur-
face of modified substrates were evaluated using instrumented micro-indentation (P–h
curves) and scratch tests, respectively. Static loading–unloading tests were performed
on a MICROTEST machine (Microtest Company, Madrid, Spain). A preload of 0.05 N
was used to ensure contact between the Vickers indenter and the surface, 0.9 N being
the maximum load, which was applied with a rate of 0.5 N/min and a dwell time of
40 s. The micro-hardness and Young’s modulus were calculated from these data applying
Oliver and Pharr method [53]. Additionally, scratch resistance was measured using the
same commercial MICROTEST device with a constant applied load of 3 N at a rate of
0.5 mm/min for a scar of 3 mm, using a Rockwell diamond tip of 200 μm of diameter. Vari-
ation width was recorded with applied load of the in situ penetration depth and permanent
plastic deformation depth. In addition, elastic recovery of the material and the damage
inherent to the imposed tribo-mechanical stresses were also evaluated by SEM and CLM.

2.3. Cellular Behavior of Modified Surfaces by Femtosecond Laser Texture

Finally, cell behavior was evaluated in terms of growth, proliferation, and morphology
using different techniques.

2.4. In Vitro Cell Culture Techniques

MC3T3-E1, a murine pre-osteoblast cell line (CRL-2593 from the American Type
Culture Collection (ATCC), Manassas, VA, USA), was used to analyze the possible influence
of surface modified with FSL on bone cells. All c.p. Ti substrates (fully-dense and porous
with different percentages of porosity and pores range size) were tested for cell metabolism
and viability during the cell adhesion, proliferation, and differentiation process.

2.5. Cell Culture

Routine cell line passaging was performed in 100 mm plates with Minimum Essential
Medium (αMEM), containing 10% fetal bovine serum (FBS) plus antibiotics (100 U/mL
penicillin and 100 mg/mL streptomycin sulfate) (Invitrogen, Carlsbad, CA, USA). The discs
were autoclaved at 121 ◦C for 30 min and then placed on a 24-well plate. Osteoblast cells
were seeded at a cellular density of 35,000 cells/cm2. Plates were kept at 37 ◦C and 5% CO2
atmosphere. Fully dense c.p. Ti discs were used as a reference.

At 48 h of osteoblast culture, they were induced to undergo differentiation using
osteogenic induction medium consisting of α-MEM medium, 10% Fetal Calf Serum (FCS),
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10 mM ascorbic acid (Merck, Darmstadt, Germany), and 50 μg/mL of β-glycerophosphate
(StemCell Technologies, Vancouver, BC, Canada). The medium was replaced every 2 days.
The in vitro cell experiments were carried out at 21 days.

2.6. Cell Viability and Proliferation Assay

Cell proliferation and viability tests were evaluated using AlamarBlue® reagent (In-
vitrogen, Carlsbad, CA, USA). According to the manufacturer’s protocol. Subsequently,
the absorbance at 570 nm (oxidized) and 600 nm (reduced) (TECAN, Infinity 200 Pro,
Männedorf, Switzerland) was recorded.

2.7. Cell Differentiation by Alkaline Phosphatase (ALP) Evaluation

MC3T3 differentiation levels were evaluated by alkaline phosphatase (ALP) activity,
using the Alkaline Phosphatase Assay Kit (Colorimetric) (Abcam, Cambridge, UK). The
assay was performed in triplicate according to the manufacturer’s protocol. The absorbance
at 405 nm of 4-nitrophenol was measured in a 96-well microplate reader. Data were
expressed as μmol/min/mL of p-Nitrophenyl Phosphate (pNPP).

2.8. Cell Morphology

Scanning electron microscopy images acquired with a Zeiss EVO LS 15 scanning
electron microscope (SEM), (Zeiss, Oberkochen, Germany) with an acceleration voltage
of 10 kV were used to evaluate cell behavior at 21 days. The samples were fixed in 10%
formalin, followed by a dehydration step with ethanolic solutions, and then coated with
gold-coating using a sputter coater (Pelco 91000, Ted Pella, Redding, CA, USA) before the
SEM study.

2.9. Statistical Analysis

All experiments were carried out in triplicate to ensure reproducibility. The results
were expressed in terms of mean and standard deviation to perform a two-way ANOVA
followed by Tukey’s post-test using SPSS v.22.0 for Windows (IBM Corp., Armonk, NY,
USA). The significance level was considered at p-values of p < 0.05 (*) and p < 0.01 (**).

3. Results and Discussion

SEM (Figures 2a and 3) and CLM (Figures 2b and 4) images acquired after femtosecond
laser treatment displayed the formation of a rough surface with micro-columns and micro-
holes for all the studied substrates. The surface was covered with a pattern formed by
nano-metric ripples over the micro-metric structures. These laser-induced ripples were
periodic surface structures that appeared when the surface was subjected to ultra-short laser
pulses. Moreover, the periodic ripples were aligned perpendicularly to the polarization
of the laser beam. In the case of porous substrates, the pores resulting from the spacer
particles were also observed. In the case of the fully-dense samples, the generation of a
roughness pattern on the surface of the substrates was clearly observed (Figure 2a) with
the formation of micro-holes and micro-columns.

In the case of the porous c.p. Ti substrates (Figures 3 and 4) independently of the
pore size and percentage of porosity, the results were also evident in terms of the forma-
tion of these micro-structures, micro-columns, micro-holes, and ripples, among the pores
generated by the spacer particles. The structures generated by the laser appeared both
in the flat area and inside the macro-pores. In fact, there was no appreciable difference
between the textures in the flat areas and the inner surface of the macro-pore walls. From
the SEM micrographs (Figure 3), macro- and micro-porosity measurements were performed
and parameters relating to the macro-mechanical behavior were estimated based on the
porosity data (Table 1). The analyses of these results are shown in Table 1 and allowed us
to indicate that: (1) three types of pore populations were identified: micro-pores inherent
to the sintering of the substrates, micro-columns resulting from the femtosecond treatment,
and macro-pores associated with the spacer particles; (2) an inverse relationship between
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porosity (percentage, size, and degree of interconnectivity) and the macro-mechanical
behavior (Young’s modulus and yield strength) of the studied materials was corroborated;
and (3) it was also observed that the number and diameter of the micro-columns depended
on the size of the titanium matrix that was modified by femtosecond laser radiation. This
tendency of the micro-columns might be related to the heat evacuation phenomena during
the interaction between the laser radiation and the titanium matrix.

Figure 2. (a) SEM (Scanning Electron Microscopy) and (b) 3D-CLM (Confocal Laser Microscopy)
images of the fully-dense c.p. Ti substrates after femtosecond laser treatment.

 

Figure 3. SEM images after the femtosecond laser treatment of the different porous c.p. Ti substrates.
Images acquired using the topography view configuration gather both material and topographic
contrast with the unique segmented in-lens backscattered electron detector (BSE). Common scale bar
for all subfigures.
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Figure 4. CLM images after the femtosecond laser treatment of the different porous c.p. Ti substrates.
Common scale bar for all subfigures.

Furthermore, analysis of CLM images allowed us to measure the roughness parameters
due to superficial modification of the substrates (Figure 5). For porous substrates, the
roughness of the flat area among the pores was also measured. Before laser treatment, the
fully-dense sample presented very low roughness, while the porous sample had slightly
higher roughness due to the existence of pores (all substrates were previously mirror-
polished). After laser irradiation, the roughness of all the samples increased. The changes
in topography can be clearly seen in Figures 2 and 4. Laser radiation produced a surface
with heterogeneous heights and a grainy texture. A relationship was also found between
the porosity of the substrates and the final roughness, a higher increase in the surface
roughness after laser irradiation was observed for highly porous substrates, as shown in
Figures 3–5. It is evident that the Sa increases as the number of pores per unit area increases.
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Table 1. Experimental porosity parameters and estimated macro-mechanical behavior of porous
implants before and after FSL. Note: Flat surface (between macro-pores).

Discs Tested
Before FSL After FSL

PT (%) Deq (μm) Ed (GPa) σy (MPa) * PT (%) Deq (μm) Ed (GPa) **

Conventional PM 1.6 ± 0.3 3.9 ± 0.2 103.2 ± 1.3 739 ± 6 25.6 ± 0.9 6 ± 1.2 62.6 ± 1.2

Sp
ac

e-
ho

ld
er

te
ch

ni
qu

e

30 vol.%
100–200 μm 30.2 ± 0.2 192 ± 117 56.8 ± 0.7 354 ± 26

PF *** 9.8 ± 0.7 10 ± 3
50.2 ± 1.5PSH 27.2 ± 0.9 111 ± 2

355–500 μm 30.1 ± 0.1 335 ± 40 57.0 ± 1.4 341 ± 37
PF *** 9.4 ± 0.8 11 ± 3

44.6 ± 1.1PSH 32.2 ± 0.9 250 ± 5

40 vol.%
100–200 μm 40.2 ± 1.1 226 ± 178 45.9 ± 1.2 234 ± 28

PF *** 6.7 ± 1.1 11 ± 3
35.7 ± 1.0PSH 45.4 ± 0.6 138 ± 3

355–500 μm 40.8 ± 1.3 359 ± 123 45.3 ± 1.1 206 ± 26
PF *** 6.4 ± 0.9 12 ± 3

39.7 ± 1.2PSH 40.3 ± 1.2 322 ± 4

50 vol.%
100–200 μm 52.3 ± 1.2 164 ± 28 35.4 ± 1.9 95 ± 30

PF *** 5.8 ± 1.5 12 ± 4
30.0 ± 1.0PSH 56.3 ± 1.1 197 ± 3

355–500 μm 50.1 ± 1.0 365 ± 34 37.1 ± 1.6 118 ± 22
PF *** 3.8 ± 1.3 11 ± 4

35.4 ± 1.4PSH 46.5 ± 1.4 340 ± 5

60 vol.%
100–200 μm 56.4 ± 0.5 189 ± 105 32.3 ± 1.5 91 ± 27

PF *** 2.7 ± 1.0 9 ± 2
26.5 ± 1.4PSH 63.6 ± 0.9 205 ± 4

355–500 μm 57.8 ± 0.6 395 ± 131 31.3 ± 1.6 84 ± 31
PF *** 2.5 ± 1.3 8 ± 2

25.4 ± 1.6PSH 64.5 ± 1.5 325 ± 2

* The values of the yield stress estimated before and after femtosecond laser treatment were similar because the
static mechanical behavior does not depend on the additional micro-porosity generated on the surface of the
samples by the laser. ** The estimated Ed values after FSL corresponded to the surface of the samples (influences
the additional porosity due to surface treatment). *** Micro-porosity generated with the femtosecond laser relative
to the effective area of the titanium matrix between the pores.

Figure 5. Sa and Sq values measured from the CLM images for all the studied c.p. Ti substrates
(fully-dense and 100–200 μm for porous substrates).

The fully-dense surface showed a partial hydrophilic behaviour with water contact
angles around 65◦ (Figure 6). The substrates prepared with smaller spacer particles tended
to have a hydrophobic character, while larger pores induced a notable decrease in the water
contact angle that agreed with the Wenzel model [54]. Thus, as the surface roughness
and pore size increased, the surfaces with the highest porosity reached a completely
hydrophilic character.

The first interaction of these porous c.p. Ti surfaces with a simulated physiological
fluid was tested through the study of wettability with bovine serum albumin. In that case,
larger pores were demonstrated to improve the wettability of the surfaces when compared
to a fully-dense surface and even to those with smaller pore sizes. In general, after FSL
treatment, the comparison of the water contact angle and the values of Sa, previously
described in Figure 5, showed that for a roughness acquired with 30 vol.% and larger pores
samples, hydrophobicity was promoted. This repulsive behaviour was also manifested
when bovine serum droplets were deposited on the porous surfaces, reaching contact
angle values greater than 100◦. Special mention was deserved for the substrates with
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60 vol.%, which went from being completely wet to maintaining a contact angle of over
70◦. These results pointed to a remarkably stable and protective response when exposed
to the action of the biological environment, as well as the expected antibacterial behavior
of the surface, which prevented the generation of spores and bacterial contamination on
the surface of implants [55,56]. Cell adhesion was not only affected by wettability but
roughness and surface chemistry also play competitive roles, plus differences in the sizes
and elastic responses of bacterial cells compared to bone tissue cells were added factors [57]
that would allow the hydrophobic porous c.p. Ti surfaces to selectively induce a reduction
in the bacteria attachment in favor of a greater living cell proliferation [58,59].

Figure 6. Wetting analysis of the porous c.p. Ti substrates: (a) Water Contact Angle (WCA) values of
surfaces with different porosity percentages and pores range size before and after the FSL (Femto
Second Laser) treatment; (b) bovine serum contact angle (BSCA) values of porous surfaces before
and after the FSL treatment; (c) images representing the wetting of water and bovine serum droplets
deposited on c.p. Ti porous surfaces (355–500 μm pores range size) before and after FSL treatment.

Figures 7 and S1 display the most relevant results inherent to the instrumented micro-
indentation tests (P–h curves, static behavior). On the other hand, in Figures 8 and S2 the
results of the scratch tests (dynamic characterization) are showne. Both figures compare
the fully-dense substrate to the 40 vol.% and 60 vol.% porous substrates for both ranges
of analyzed pore sizes. A higher penetration depth was observed for higher porosity
(60 vol.%), almost independently of the pore size. Furthermore, mechanical properties
such as the micro-hardness and Young’s modulus were estimated from the resulting P–h
loading and unload curves using the Oliver and Pharr method described above. In general,
the micro-hardness, Young´s modulus, and scratch resistance decreased as the pore size
and porosity increased. Regardless of the type of test, static (P–h) and dynamic (scratch
test), the elastic recovery is proportional to the porosity of the titanium substrate. Figure 9
shows SEM and CLM images (2D and 3D) of the grooves generated by the scratch tests. As
expected, the width and depth of the scar were inversely proportional to the resistance to
scratching of the surfaces. An additional widening inherent to the presence of the macro-
pores was observed, as well as a collapse (plastic deformation) of the micro-columns.
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Figure 7. Static loading–unloading test (P–h curves) parameters of the different FSL modified
substrates studied: (a) maximum penetration depth; (b) absolute elastic recovery; (c) micro-
hardness (HV); and (d) Young’s modulus (E). Note: c and d are calculated following the Oliver and
Pharr method.

Figure 8. Scratch tests parameters on FSL-modified titanium substrates: (a) permanent penetration
depth; and (b) absolute elastic recovery (difference between scratch in situ tests and permanent
penetration depth).

 

Figure 9. (a,b) SEM and (c,d) CLM images of scar (due to the scratch test) on fully-dense and porous
c.p. Ti substrates. Inset SEM: zoomed details of area marked in subfigures.
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3.1. Cell Viability and Proliferation Study

The study of the degree of proliferation and viability on modified laser surfaces
reached at 21 days revealed the best results for 30 vol.% substrates, where porosity increased
and cell proliferation decreased slightly (see results in Figure 10). When comparing cell
growth according to pore size, it was found that the smallest pore size range was the most
favorable condition for osteoblast cell growth, while growth over substrates with larger
pores showed worse proliferation. That is, on porous substrates with pores of 100–200 μm,
cells proliferated better than in the case of larger pore sizes. Only in discs with 30 vol.%
porosity and 100–200 μm pore size, cell growth was greater than 80%. The other porous
substrates presented values similar to those of the fully-dense c.p. Ti substrates. Regarding
the degree of porosity, the 30 and 40 vol.% samples showed better cell growth, although the
differences were not significant (Figure 10). These results confirmed the affinity of osteoblast
cells for growth on a surface modified by FSL [45,47,60] and, as porosity increased, the
contact surface and growth also increased [61]. In addition, as already reported in the
literature [62], in this work it was also observed that 100–200 μm pore sizes that are more
similar to cell area size were more favorable for monolayer growth of osteoblasts.

Figure 10. Effects of the percentage of porosity and pores range size on cell viability in MC3T3–E1
cells. Results are represented as % cell viability.

3.2. Cell Functional Activity

ALP activity was used to assess improved osseointegration capacity as markers of early
differentiation of osteoblast-like cells [63]. The activity of ALP was observed to be similar
in all cases (Figure 11), except for samples with 30 vol.% porosity and a smaller pore range
size. Under this condition, osteoblasts showed activity more than double that of the other
substrates. At the metabolic level, osteoblasts grown in 30 vol.% and 100–200 μm samples
showed greater cellular functionality compared to other conditions, therefore there were
more differentiated cells. No differences in the rest of the conditions were found, either with
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porosity percentage and/or with pore size range. Other authors also showed higher ALP
values in MC3T3 cell cultures on FSL-treated surfaces [64,65]. In view of these results,
it could be suggested that the better proliferation was due to the size of the osteoblast
cells, which allowed them to create better cell–cell interactions on this type of surface and
consequently, greater stimulation in cell growth and differentiation.

Figure 11. Cell differentiation of osteoblasts, in vitro evaluation of alkaline phosphatase enzyme
(ALP) activity measured as U/mL. Statistical differences are indicated at * p < 0.05.

3.3. Morphological Study by SEM

The spread of MC3T3-E1 cells was observed in each studied condition by SEM images.
As shown in Figure 12, osteoblasts showed a characteristic growth direction, although
growth was lower for substrates with the largest pores, in which it was observed that cells
could not grow in a monolayer throughout the surface. In samples with smaller pores, cell
growth was observed both outside and inside the pores, there were even filopodium-like
union structures among cells located on the periphery of the pores [60,66]. In general,
the cells presented an elongated shape with slightly pronounced outstretched filopodium.
Specifically, for samples with 30 and 40 vol.% porosity and pore sizes in the range of
100–200 μm, a more fibroblastic cell shape was observed, indicating a higher degree of
differentiation, which was consistent with the measured ALP values.
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Figure 12. SEM images of the cell adherence of the fully-dense and porous substrates after fem-
tosecond laser treatment. Cell–cell interactions and filopodium (yellow arrow) are indicated in
the images.

4. Conclusions

In summary, in this work, micro-structural, tribo-mechanical characterization, and
in vitro cellular behavior evaluations were performed on fully-dense and porous c.p. Ti
samples that were superficially FSL-modified. The use of femtosecond laser radiation
increased the surface roughness for all studied samples, generating characteristic textures
and micro-columns. Treatment with FSL generated notably hydrophobic porous surfaces,
with an increase in the water and bovine serum contact angle values as the pore size
increased, as shown in the cases of 30, 40, and 50 vol.%, indicating a potential protective
and antiseptic behavior on the surface of the implants working in a biological environment,
preventing bacterial proliferation and dissemination without any detrimental effect on
biocompatibility. In tribo-mechanical terms, Young´s modulus and scratch-resistance were
found to decrease as the pore range size and the percentage of porosity increased, while
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the elastic recovery was directly proportional to the porosity of the titanium substrate.
Surface modification with femtosecond laser treatment improved cell viability by 14%,
mainly in the case in which osteoblasts were grown with 30 vol.% and a 100–200 μm
pore size substrate, which showed better cell differentiation potential, proliferation, and
viability performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15092969/s1, Figure S1: P–h curves of the study of substrates
modified by femtosecond and calculated mechanical properties based on Oliver and Pharr method;
Figure S2: Resistance to penetration evaluated by scratch tests, for the pore range size 100–200 μm
and two porosities; Figure S3: Scanning electron microscopy image of the scar on a substrate of
60% vol% and pore range size 355–500 μm.
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Abstract: The chemical composition and surface topography of titanium implants are essential to
improve implant osseointegration. The present work studies a non-invasive alternative of electrical
impedance spectroscopy for the characterization of the macroporosity inherent to the manufacturing
process and the effect of the surface treatment with femtosecond laser of titanium discs. Osteoblasts
cell culture growths on the titanium surfaces of the laser-treated discs were also studied with this
method. The measurements obtained showed that the femtosecond laser treatment of the samples
and cell culture produced a significant increase (around 50%) in the absolute value of the electrical
impedance module, which could be characterized in a wide range of frequencies (being more
relevant at 500 MHz). Results have revealed the potential of this measurement technique, in terms
of advantages, in comparison to tiresome and expensive techniques, allowing semi-quantitatively
relating impedance measurements to porosity content, as well as detecting the effect of surface
modification, generated by laser treatment and cell culture.

Keywords: cell culture; electrical impedance; femtosecond laser; osseointegration; porous titanium

1. Introduction

In recent decades, due to the aging of the population and change in lifestyles, millions
of people have been affected by orthopedic, oral, and maxillofacial diseases [1]. Bone tissues
are also exposed to damage due to degenerative or traumatic diseases that can cause serious
disabilities and, therefore, carry high economic and social costs [2]. Biomaterials is one
promising solution to solve such problems, as it can be used to manufacture medical devices
for replacement of human tissues, such as teeth, bones, and cartilages. In addition, the
demand for biomaterials is dramatically growing due to increasing maturity of materials
manufacturing technologies [1,2].

Titanium and its alloys are considered one of the best choices for modern metallic
implants, owing to their excellent biomechanical compatibility, long-term stability, and
corrosion resistance in biological surroundings [3,4]. However, vital issues, such as bone
resorption of tissues adjacent to the implant, related to the stress shielding phenomenon [5]
and poor osseointegration, caused by bacteria proliferation or implant loosening, are still
challenging problems to solve.

Two main approaches have been established to lessen or eliminate the stress shielding
phenomenon on titanium implants. The first potential way is the use of β-titanium alloys
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with elements of low toxicity (Nb, Ta, Mo, and Zr) [6]. However, the use of porous titanium
could be a more economical route for manufacturing titanium implants, with a stiffness
and yield strength close to cortical bone [7–13].

On the other hand, to achieve a good osseointegration, implant surface should pro-
mote adhesion, proliferation, and differentiation of bone tissue cells. At the same time,
it is highly desirable to avoid adhesion and growth of bacteria at bone-implant interface,
since this can cause infections and subsequent implant failure [14]. In order to improve
osseointegration, many approaches have been studied, including implant chemical and
physical surface modifications, the most usual procedure. Chemical techniques comprise
the introduction of natural or artificial chemical compounds, with elements that favor
the interaction between implant and bone tissue cells, promoting bone ingrowth on the
implant’s surface. In general, chemical techniques include coating, impregnation, immer-
sion, or deposition of bioactive materials, such as hydroxyapatite, bioglasses, ceramics,
polymers, or peptides [15–17], onto the surface. Physical methods consist of techniques
focused on modifying the surface topography, altering its porosity, roughness, or smooth-
ness. Some examples of physical modifications are sand- and grit-blasting, acid-etching,
plasma-spraying, laser surface modification [14], ultraviolet treatment, electrochemical,
and oxidation (anodization) methods [1]. Physical modifications of titanium and alloy
implant surfaces could allow the creation of micro- and nanostructures to stimulate os-
seointegration [18,19] by increasing: porosity for cell adhesion and proliferation, as well as
roughness to enhance wettability for protein adsorption, or smoothing surface for repelling
bacterial infection.

Among the latest physical techniques, femtosecond laser ablation stands out as very
advantageous due to its accurate control of designed features on the surface, its high
efficiency, and low material consumption [1]. In Vorobyev and Guo’s pioneering work [18]
on titanium substrates, the use of femtosecond laser ablation allowed the creation of nano-
(pores, spherical protrusions, and multiple grooved surface patterns) and micro-structures
(such as varied roughness configurations and smooth surface with micro-inhomogeneities)
with appropriate adjustment of laser parameters. Recently, Rodríguez et al. [14] studied
the influence of femtosecond laser modifications performed in porous titanium discs,
producing a hierarchical arrangement composed of micro-holes, micro-columns, and a
periodic surface nanometric structure, both on the flat surface and inside the pores. These
modifications boosted superficial porosity and roughness, without any significantly affected
mechanical properties of the titanium samples. Moreover, other authors have performed
in vitro experiments on porous titanium substrates treated with femtosecond laser ablation,
showing improved cell viability, as well as better differentiation morphology and cell
adhesions, with acceptable biological response [20].

Femtosecond laser surface modifications on titanium and alloys substrates have been
proved as a feasible tool to improve cells adhesion, differentiation, proliferation, and all to-
gether, more effectively boost osseointegration of the implant. In general, this physical mod-
ification technique allows: (1) custom design of nano- and micro-structures, such as laser
induced periodically surface structure (LIPSS), ripples, columns, pits, and spikes [21–23],
with an appropriate selection of laser beam parameters and conditions [24–27]; (2) forma-
tion of roughness with enhancement of wettability [28,29] or hydrophilicity-hydrophobicity
of treated surfaces [29,30]; (3) inducing protein adsorption and following localized adhesion
formation and cell shape-based mechanical restraints that promote osteogenic differentia-
tion and hence, superior osseointegration of implants [31,32]; (4) prevention of bacterial
adhesion and biofilm formation [33,34]; (5) variation of chemical composition of laser mod-
ified surfaces, for instance, bone-like apatite precipitation [35,36] and formation of nano- or
micro-layers of oxides [37] such as, for example, protective TiO2 on titanium substrates.

The increasing demand of titanium and its alloys, as medical implants, requires
a practical technique to control evolution in time of cells adhesion, proliferation, and
differentiation, meaning the osseointegration process. Furthermore, it is also required to
check implant surface features in the exposed biological surrounding, such as corrosion
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resistance, ions migration, durability, etc. It is, therefore, that researchers have thoroughly
used Electric Impedance Spectroscopy (EIS) as an electrochemical tool for both purposes.
In this sense, several corrosion studies have been carried out on titanium or titanium alloys
surfaces, using electrochemical impedance spectroscopy [38–40] to follow the formation of
passive TiO2 layer. Moreover, other surface features could be evaluated using impedance
spectroscopy, such as porosity or pores sizes, with a clear advantage over other techniques
such as Image Analysis or Archimedes Test, since it is a non-invasive technique and enables
measurements to be carried out in situ. For example, Olmo et al. [41] used EIS for the
characterization of porous titanium substrates, obtaining superior differences of total
porosities, higher frequencies measured at electrical impedances, being 355–500 μm range
of pore size and more sensitive to slight variations in impedance. Similarly, Chen et al.
showed the negative effect of pores in corrosion resistance and higher corrosive rates in the
presence of flowing electrolyte [42].

In recent years, Electrochemical Impedance Spectroscopy has become a leading topic
for monitoring the evolution of cells adhesion, differentiation, and proliferation. Many
studies have been led by researchers in this field, so it could be highlighted that Giner
et al. work [43] performed in-situ evaluation of osteoblast cells growth on porous titanium
substrates, studying the biological response of MC3T3E1, a murine pre-osteoblast cell line,
by analysis of viability, morphology, differentiation, and alkaline phosphatase activity.
Huang et al. showed that Electrochemical Impedance Spectroscopy could be used for
in vivo measurement of U-2 OS osteoblast-like cell adhesion, spreading, and proliferation
stage, on titanium and Ti-6A-4V implants, proposing equivalent circuits for each system [44].
An outstanding study was done by Nodberg et al., showing the suitability of electrical
impedance spectroscopy to monitor, in real time, osteogenic differentiation of human
Adipose Stem Cells (hASCs) of age-grouped donors, resulting in distinctive complex
impedance patterns for each age group of cells [45]. Besides, Hamal et al. have summarized
a wide range of Electrical Impedance measurements in cellular assays and its usefulness in
regenerative medicine [46].

The present work is focused on the assessment of femtosecond laser modified porous
titanium substrates using Electrical Impedance Spectroscopy. The objective is to analyze the
impedance response due to diverse types of surface topographies, as different pores and
pore sizes, total porosities, and oxide layers generated by femtosecond laser treatment (FT).
Furthermore, osteoblast cells adhesion, differentiation, and proliferation will be monitored
by electrical impedance measurements in previously modified titanium substrates. The
aim of this study is to validate the utility and high sensitivity of the Electrical Impedance
Spectroscopy technique to detect and differentiate subtle surface changes and its direct
influence on osteoblast cells responses.

2. Materials and Methods

2.1. Manufacturing of Surface Modified Porous Titanium Discs Using Femtosecond Laser
Surface Treatment

All samples were manufactured according to a methodology previously
published [14,20,41,43]. Fully-dense commercially pure titanium (c.p. Ti–Grade IV, SE-
JONG Materials Co., Ltd., Incheon, Korea) discs were prepared using conventional Powder
Metallurgy Technology, by pressing and sintering at 1300 MPa and 1250 ◦C, respectively.
Meanwhile, porous titanium samples were manufactured by space holder technique, with
a particle size range of 100–200 μm. Ammonium hydrogen carbonate (NH4HCO3) from
(Cymit Química SL, Barcelona, Spain) was used as a space holder with different content
(30, 40, 50, and 60 vol. %). Subsequently, the mixture of titanium powder and spacer
particles were pressed at 800 MPa and then, spacer was removed using a low vacuum
furnace (Heraeus, Hanau, Germany) (10−2 mbar) in two steps (60 ◦C and 110 ◦C) during
10 h each, and sintered at 1250 ◦C in a molybdenum chamber furnace (Termolab-Fornos
Eléctricos, Lda., Agueda, Portugal) under high vacuum atmosphere (~10−5 mbar) for 2 h.
The surface of the discs, with 12 mm in diameter and approximately 5 mm high, were
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polished with magnesium oxide (MgO) and hydrogen peroxide (H2O2) prior any surface
treatments using femtosecond.

Femtosecond laser irradiation was performed following the methodology presented
by Rodriguez [14] and Trueba [20] and collaborators, using a Yb-doped fiber laser (Spirit
1040-4, Spectra-Physics, Santa Clara, CA, USA) with a wavelength of 1040 nm and pulses
of 396 fs, at a repetition rate of f = 100 kHz. A pulse energy of Ep = 49.7 μJ (100% of
nominal power) and a scanning speed of v = 960 mm/s were chosen. After deflection by a
galvanometer scanner, the laser beam was focused through an F-Theta lens (f = 160 mm) to
a beam radius of approximately w0 = 12 μm on the working surface. The resulting laser
fluency on the surface was F = 21.98 J/cm2. The surface of the samples was scanned line
by line with the moving laser beam, and the laser paths were separated from each other
according to an overlap of s = 50%. The surface was processed multiple times (Nr = 20), to
increase the energy deposited on the surface. Under these conditions, the resulting number
of pulses per point (PPS) at the surface was PPS = 100. The experiments were performed in
air, and Argon was used as shielding gas in order to reduce any undesirable oxidation on
the surface of the workpiece.

Macrostructure (high resolution Nikon camera) and microstructure (by scanning elec-
tron microscopy, using a Zeiss EVO LS 15 scanning electron microscope (Zeiss, Oberkochen,
Germany) with an acceleration voltage of 10 kV) of two types of discs fabricated: fully dense
(FD) and 30% porosity volume, taken before and after the treatment with femtosecond laser,
is shown in Figure 1. The laser surface treatment was similar to the one performed in [14],
but it was applied over a greater range of total porosity percentages. The resulting surface
morphology is mostly independent of the volume of porosity of the samples and, therefore,
the results of the laser treatment are similar to those presented in the previously published
work. The surface, on the one hand, consists of macro pores generated by the spacers, the
size and quantity of which depends on the total volume of the spacer. The laser treatment,
on the other hand, generates, on the surface, a multiscale hierarchical texture. This texture
is based on a mixture of clusters of micropores and micro-pillars, with characteristic lengths
less than 10 μm, as well as laser-induced periodic surface structures (LIPSS), which are
self-organized periodic nanostructures that cover the entire surface. These nanoripples are
aligned perpendicularly to the polarization of the laser beam, and the spatial period of the
structure is close to the wavelength of the laser (1040 nm).
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Figure 1. Optical and SEM images of some of the samples studied, before and after FS. All optical
images are on the same scale, 3:1 (mm). FD: fully dense sample; 30 vol. %: sample with 30%
porosity volume.

2.2. Electrical Impedance Characterization

As previously presented, the role of porosity to solve the stress-shielding phenomenon
(mismatch of young modulus between the implant-cortical bone) guarantees the bone-
ingrowth as well as allows infiltration and adhesion of the coatings, with it being widely
recognized in the scientific literature. The improvement of osseointegration capacity is
associated with the surface roughness patterns obtained with a femtosecond laser radia-
tion [31–33,35,36]. In previous works, the authors have used the Archimedean method,
image analysis, Micro-CT, and scanning electron microscopy to evaluate the macro and mi-
croporosity of porous titanium samples, with and without surface modification [12,17,19,20].
However, the experimental protocols, commonly used to characterize porosity and evaluate
cell activity (presence of osteoblastic cells and mineralization), are relatively long, expen-
sive, and destructive. In this work, the use of electrical impedance is proposed, not only as
an interesting route to semi-quantitatively evaluate porosity but also as a potential changes
inherent to surface modification treatments. They can be used to improve osseointegration
as well as to detect, in real time, the changes that may occur in the implant/bone interface,
during this process.

Hewlett–Packard 4395A (Agilent Technologies, Santa Clara, CA, USA), a network,
spectrum, and impedance analyzer, available at IMSE-CNM-CSIC, was the equipment
used to perform the electrical impedance measurements, as it is demonstrated in Figure 2a.
Impedance measurements represent an affordable method to characterize, in a non-destructive
way, different materials, while being especially useful to characterize surface modifications,
as shown in different works [41]. To place the manufactured titanium samples on the
impedance analyzer, the module HP 16092A was used, as Figure 2b indicates. Figure 2c
also proves the implemented circuit by the impedance analyzer, where the sample is placed
in the DUT (device under test).

Electrical impedance was measured in the frequency range from 150 MHz to 500 MHz.
These measurements were performed three times for samples: before a femtosecond laser
treatment, after a femtosecond laser treatment (FS), and with cell cultures (CC). Afterwards,
the pore content, the effect of the femtosecond laser treatment [potential oxide layer, new
microporosity (pillars), and new additional surface area (generated by the new texture of
the roughness pattern)] were evaluated.
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(a) (b) 

(c) 

Figure 2. (a) impedance analyzer used (Hewlett–Packard 4395A). (b) placement of the sample in the
HP 16,092 module. (c) measurement circuit used by the impedance analyzer, where the source signal
is output from RF OUT port. Vv voltmeter is R port receiver that measures a voltage. Vi voltmeter is
A port receiver that measures a voltage of Ro to obtain a current.

In-vitro cellular behavior (adhesion and proliferation of osteoblasts) in fully-dense
and porous discs (before and after femtosecond treatment) was also evaluated. To get
it, MC3T3E1, a murine pre-osteoblast cell line (CRL-2593, from ATCC), was used. Cell
proliferation and viability tests were evaluated using AlamarBlue® reagent (Invitrogen,
Carlsbad, CA, USA), in accordance with the manufacturer’s protocol. The absorbance at
570 nm (oxidized) and 600 nm (reduced) (TECAN, Infinity 200 Pro, Männedorf, Switzerland)
was subsequently recorded, and these experiments were performed in triplicate. The results
were expressed in terms of mean and standard deviation to perform two-way ANOVA,
followed by Tukey’s post-test, using SPSS v.22.0 for Windows (IBM Corp., Armonk, NY,
USA). The significance level was considered at p values of p < 0.05 (*).

Additionally, cell behavior at 21 days was evaluated by the acquisition of images with
a scanning electron microscopy (SEM) (Zeiss EVO LS 15 scanning electron microscope)
(Zeiss, Oberkochen, Germany). Once the osteoblast cells were grown along the surface of
the discs, electrical impedance measurements were obtained again. In order to assess the
effect of cell growth on the material and its electrical properties, this process uses the same
equipment and configuration as the samples before femtosecond laser treatment and with
femtosecond laser treatment (FS).

3. Results and Discussion

3.1. Electrical Characterization of Porous Discs and Femtosecond Laser Treatment

Figure 3 shows, as an example, the graphs obtained for an impedance value of samples,
with 30% and 60% porosity volume, before and after femtosecond laser treatment. As

40



Materials 2022, 15, 461

can be appreciated in each image, the upper graph in yellow, corresponding to channel
1, represents the modulus |Z| in mΩ of the obtained impedance. The second graph in
the color blue, corresponding to channel 2, represents the phase θz of the impedance in
degrees. In this figure, it can be observed that the marker is at 250 MHz, and it shows
the impedance and phase corresponding to that frequency. It allows one to see how the
modulus impedance value increases with the percentage of porosity volume and with the
femtosecond laser treatment.

Before FS After FS 
(a) 30 vol.% porosity disc (c) 30 vol.% porosity disc 

  
(b) 60% porosity disc (d) 60% porosity disc 

 

Figure 3. Graphs obtained with the modulus and phase impedance of titanium samples, with 30%
and 60% porosity volume. (a) sample with 30% porosity volume before FS, (b) sample with 60%
porosity volume before FS, (c) sample with 30% porosity volume after FS, and (d) sample with 60%
porosity volume after FS.

The absolute value of impedance of the different samples, before and after the applica-
tion of the laser, at the range of frequencies studied, is proven in Figure 4. It can be seen
how the impedance values increase directly proportional to frequency, as expected, and in
relation with other previous studies [41]. It is distinguished for a specific size of pore, by
different samples with different porosity values. It is also observed that more sensitivity is
obtained at higher frequencies, i.e., porosity volume can be better distinguished at higher
frequencies, while still in relation with previous studies [41].
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(a) (b) 

 

 
(c) 

 

Figure 4. Impedance of the different samples with pore size 100–200 μm (a) before FS, And (b) after
FS. The impedance values are directly proportional to the frequency, with higher sensitivities at
higher frequencies. (c) Impedance values vs porosity volumes at 250 MHz.

Laser application produces an important increase in the absolute value of the impedance
(Figure 4b). In Figure 4c, the dispersion of measurements at the specific frequency of
250 MHz is observed. It is also shown the importance of an increase in the absolute
values of the impedance of the sample after the treatment with the femtosecond laser, in
comparison with the samples without laser treatment. These results can be explained by
the change on the surface, which was produced by the laser treatment.

The values of the electrical impedance modulus, together with the values of the phase
(imaginary part of the impedance), are shown for three different frequencies in Table 1, for
the samples before FS. With these measurements, the relationship between the increase in
electrical impedance and the increase in porosity can be seen.
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Table 1. Impedance modulus and phase values for different titanium samples with pore size
100–200 μm before FS.

Frequency

Fully-Dense
Titanium

30 vol.% 40 vol.% 50 vol.% 60 vol.%

|Z|
(mΩ)

θ
|Z|

(mΩ)
θ

|Z|
(mΩ)

θ
|Z|

(mΩ)
θ

|Z|
(mΩ)

θ

150 MHz 172.23 58.78◦ 139.32 52.88◦ 266.70 51.12◦ 271.96 48.83◦ 315.43 35.42◦
250 MHz 249.02 66.85◦ 199.57 65.72◦ 367.48 56.82◦ 339.57 58.15◦ 387.5 44.93◦
500 MHz 430.92 75.01◦ 351.56 72.24◦ 598.41 59.71◦ 555.33 65.44◦ 577.31 52.74◦

Note: Impedance measurements have an error of ±0.1. |Z| is the impedance modulus measured in milliohms
(mΩ), and θ is the phase measured in degrees.

Similarly, for the case of the samples after FS, data were collected at three different
frequencies in Table 2. It shows the increase in the electrical impedance values with the
increase in the porosity percentage. Moreover, these values have increased with respect to
those obtained for the samples before FS.

Table 2. Impedance modulus and phase values for different titanium samples with pore size
100–200 μm after FS.

Frequency

Fully-Dense
Titanium

30 vol.% 40 vol.% 50 vol.% 60 vol.%

|Z|
(mΩ)

θ
|Z|

(mΩ)
θ

|Z|
(mΩ)

θ
|Z|

(mΩ)
θ

|Z|
(mΩ)

θ

150 MHz 148.81 63.37◦ 248.74 63.03◦ 333.19 53.33◦ 324.02 74.84◦ 337.07 72.66◦
250 MHz 229.25 73.21◦ 377.33 69.02◦ 459.78 61.16◦ 514.23 78.37◦ 529.88 75.58◦
500 MHz 426.06 79.17◦ 685.04 73.85◦ 779.71 70.5◦ 972.62 81.70◦ 981.51 77.34◦

Note: Impedance measurements have an error of ±0.1. |Z| is the impedance modulus measured in milliohms
(mΩ), and θ is the phase measured in degrees.

3.2. Electrical Characterization of Osteoblast Cell Cultures: Cell Proliferation and Viability Tests

Cell proliferation results (Figure 5) prove that there is better osteoblastic growth on
the surface of samples with 30% porosity than on fully dense samples. It is observed
that, in the 30% discs, the proliferation % is double compared to FD, making the increase
statistically significant.

Figure 5. Percentage relative cell proliferation in MC3T3–E1 cultures after femtosecond laser
treatment (by AlamarBlue). Results are represented vs fully dense growth. Significance level at
p value < 0.05 (*).
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Figure 6 also shows, as an example, a SEM image of adhered cells on a porous
titanium surface modified with laser radiation, where the in-vitro osseointegration can be
verified. These results correlate with the measured impedance of the samples, especially
at higher frequencies, where higher impedance is measured for the 30% samples. On
the other hand, Figure 7a,b show the absolute values of impedance measurements in
samples with osteoblast cell cultures. An increase in the absolute value of the measured
impedance is observed repeatedly, in line with previous studies [43]. A comparison between
samples without treatment, with femtosecond laser treatment, and samples with cell
cultures is presented in the whole range of frequencies. In Figure 7a, the absolute value
of fully dense samples with osteoblast cell cultures is higher for all frequencies to the
impedance measurements for samples with femtosecond laser treatment and without
it. Absolute values of impedance measurements for 30% porosity volume samples is
reproduced in Figure 7b. Again, the highest values of impedance are observed for samples
with cell cultures.

  
(A) (B) 

20 m 20 m 

Figure 6. SEM Image of a samples of porous titanium after the femtosecond surface treatment in-vitro
culture (observe the presence of adhered osteoblasts). (A) Fully-dense; (B) 30 vol. % (100–200 μm).

Figure 7. (a) Impedance values of discs with cell cultures (CC) vs previous impedance values before
FS and after FS in fully dense sample. (b) impedance values in 30% porosity volume sample.

The increase in the absolute value of the impedance due to the osteoblast cell growth
is, in all cases, higher than the increase due to the femtosecond laser treatment. This

44



Materials 2022, 15, 461

increase suggests that the capacitive layer, formed by the cell membranes on the disc’s
surface, has a more relevant effect on the overall impedance. Therefore, both cases can also
be distinguished with electrical impedance in an affordable, non-destructive, and simple
way (Table 3).

Table 3. Impedance modulus and phase values for different titanium samples with osteoblast cell
cultures (CC).

Frequency
Fully-Dense Titanium 30 vol.%

|Z| (mΩ) θ |Z| (mΩ) Θ

150 MHz 308.6 67.55◦ 328.967 50.62◦
250 MHz 472.01 68.19◦ 457.557 63.71◦
500 MHz 768.385 67.24◦ 873.023 74.54◦

Note: Impedance measurements have an error of ±0.1.

The experimental protocols commonly used to characterize porosity and evaluate cell
activity (presence of osteoblastic cells and mineralization) are relatively long, expensive,
and destructive. To avoid the mentioned issues, an electrical impedance measurement
protocol is proposed as an alternative. This simple protocol makes it possible to evaluate the
pore content of a material and to detect physical and chemical changes that may occur on
the surface of implants; resulting from surface modification treatments and the interaction
of the implant with the surrounding tissue (osseointegration process). In this context, a clear
direct relation is observed between electrical impedance and pore content, femtosecond
laser treatment and cellular activity (adhesion and proliferation of osteoblasts).

Electrical impedance spectroscopy was used for the characterization of different porous
titanium samples, modified with a femtosecond laser. Different volumes of porosities could
be distinguished, in line with previous studies. The treatment of the samples with the
femtosecond laser produced a significant increase in the absolute value of the electrical
impedance, which can be perfectly characterized in a wide range of frequencies. It made
them be more sensitive at higher frequencies. Furthermore, the in-vitro cellular behavior
(adhesion and proliferation of osteoblasts) in porous discs was also evaluated, and an
increase in the absolute values of the impedance was observed for all titanium samples
where cells were cultivated, according to previous works. This increase in the impedance
values was higher, in all cases, than the increase in the impedance produced by the treatment
with femtosecond laser, for all the tested samples.

4. Conclusions

The method followed in this study has proven to be effective for the characterization
of the treatment of the surface topography of titanium implants with femtosecond laser,
through electrical impedance measurements. It has also demonstrated to be a valid tool in
the study of subsequent osseointegration processes, with the characterization of the growth
of osteoblast cell cultures in the same samples.

Significant differences can be appreciated in the impedance values obtained for the
samples at different percentages of porosity volume and the fully dense sample. This
occurs for the samples before FS treatment and after FS treatment, being higher frequencies
(around 500 MHz) and the ones that show a better sensitivity to impedance changes. For
the samples treated with femtosecond laser, a huge increase (higher than 50% in some
cases) in the electrical impedance values is observed, compared to the values obtained for
the untreated samples. This fact shows that the modification of the surfaces of the samples
favors the increase in the electrical impedance.

In addition, it has also been observed that the cell culture (MC3T3-E1) influences the
electrical impedance values obtained for the samples. The effect of the increase in electrical
impedance is greater in the fully dense samples, where an increase higher than 70% is
found at 500 MHz.
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As a future work, it would be interesting to design a bioimpedance device that allowed
real-time measurements while the cells are growing on the implant sample inside the incu-
bator. This would enable one to obtain interesting data of the process of osseointegration, in
the implant, in order to study possible future uses of the technique in medical applications.
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Abstract: Commercially pure (c.p.) titanium grade IV with a bimodal microstructure is a promising
material for biomedical implants. The influence of the processing parameters on the physical,
microstructural, and mechanical properties was investigated. The bimodal microstructure was
achieved from the blends of powder particles with different sizes, while the porous structure was
obtained using the space-holder technique (50 vol.% of ammonium bicarbonate). Mechanically
milled powders (10 and 20 h) were mixed in 50 wt.% or 75 wt.% with c.p. titanium. Four different
mixtures of powders were precompacted via uniaxial cold pressing at 400 MPa. Then, the specimens
were sintered at 750 ◦C via hot pressing in an argon gas atmosphere. The presence of a bimodal
microstructure, comprised of small-grain regions separated by coarse-grain ones, was confirmed by
optical and scanning electron microscopies. The samples with a bimodal microstructure exhibited an
increase in the porosity compared with the commercially available pure Ti. In addition, the hardness
was increased while the Young’s modulus was decreased in the specimens with 75 wt.% of the milled
powders (20 h).

Keywords: porous titanium; bimodal microstructure; hot-pressing; powder metallurgy; mechanical
milling; mechanical behavior

1. Introduction

The research field related to biomedical materials has been grown in recent decades as
a result of the demand for implants for bone replacement [1]. Titanium and its alloys are
considered the most suitable option for biomedical applications due to their low density,
high biocompatibility, specific mechanical strength, and corrosion resistance, as well as
their in vitro and in vivo acceptable behavior [2,3]. However, there is mismatch between
the stiffness of bone and metallic biomaterials. This incompatibility generates the stress-
shielding phenomenon which promotes bone resorption at the implant–bone interface and
can even induce implant failure [4,5].

It is well known that porous structures exhibit lower elastic modulus than their
fully-dense counterparts [3,6]. It has also been identified that titanium components that
possess optimal macro/micro porosities allow for the tuning of the elastic modulus in a
considerably wide range, which also favors bone cell ingrowth and vascularization [3].
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Among the manufacturing processes employed to obtain porous metallic materials
are tied freeze casting [7,8], selective laser melting (SLM) [9,10], field assisted sintering
(FAST) [11,12], and powder metallurgy [13,14]. Powder metallurgy, in combination with
the space-holder technique, represents a cost-effective and flexible way to obtain com-
ponents with a high-degree of porosity (35–80%) and a homogeneous distribution of
pores throughout the volume [15–17]. Particles commonly used as space-holders include
NH4HCO3 [5,18–22], NaCl [17,18,21,23,24], starch [25,26], Mg [27–29], PMMA [30,31], sac-
charose crystals [26,32], PVA [33], and carbamide [15,34,35], which can be eliminated at a
relatively low temperature, or can be easily removed by a dissolution process, generally in
water [3]. NH4HCO3 is one of the preferred spacer particles due to its moderate decom-
position temperature, which makes it easily and completely removable, ensuring a low
uptake of impurities such as oxygen, nitrogen, and carbon [17].

However, although this increase in porosity leads to a reduction in Young’s modulus,
it also reduces mechanical strength. Previous work [36] has shown that, to obtain Young’s
modulus close to that of human bone, porosity percentages greater than 45% are required.
This leads to a drastic reduction in mechanical resistance, below what is required for bone
replacement [17,36,37].

Concerning the mechanical performance, titanium components that exhibit a fine grain
structure have gained attention due to the grain boundary strengthening effect [38,39],
which results in an important increase in strength and hardness when compared to
their coarse-grained counterparts. However, regardless of the processing methods, fine-
grained metallic materials usually suffer from poor plastic deformation at room temper-
ature [40]. An approach based on tailoring the microstructure by the development of
bimodal/multimodal grain size distributions has been implemented, aiming to optimize
the balance between ductility and strength [41,42]. Thus, fine grains provide a strength
increase, while coarse grains allow ductility to be retained [43]. This method presents the
potential to produce materials with a porous structure and suitable combination of elastic
modulus, strength, and ductility, which allows an adequate balance between biological and
mechanical behavior for biomedical applications.

In recent investigations, titanium samples with a bimodal microstructure synthe-
sized by spark plasma sintering (SPS) have shown yielding stress and ultimate tensile
strength values that exceeded twice the value of conventional α-titanium coarse-grained
components [44] and hardness that exceeded the nominal value of commercially pure (c.p.)
titanium by 3–4 times [45]. Hot consolidation techniques, such as hot pressing sintering
(HP) [46], hot isostatic pressing (HIP) [47], and SPS [45], allow the fabrication of compo-
nents with bimodal structure due to their characteristics of rapid heat/cooling rates and low
sintering temperatures, which limits the excessive grain growth preserving the fine-grained
microstructure when compared to the conventional sintering processes [48,49]. Besides, it
has also been shown that HP increases the chemical homogeneity of the phases present
in titanium alloys, and effectively controls grain growth in their microstructure [50,51].
However, the formation of porous structures, which is essential for Ti implants, by pressure-
assisted techniques is rather complicated. To circumvent this problem, the use of the
space-holder methodology is proposed in this work.

Therefore, the aim of this research is to obtain porous samples of titanium with
bimodal microstructure via powder metallurgy from blends of powder particles with
different sizes, using NH4HCO3 as a temporary spacer particle, and consolidated by hot
pressing. The effect of the processing parameters on the bimodal microstructure, porosity,
and microhardness of titanium samples is studied.

2. Materials and Methods

2.1. Starting Materials Preparation and Characterization

C.p. titanium grade IV was used as raw powder to produce the bimodal microstructure.
According to the supplier’s information (Alfa Aesar, Tewksbury, MA, USA), the mean
particle size was less than 45 μm. In order to form the bimodal microstructure, the size
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and morphology of titanium powders were modified by mechanical milling in a planetary
mill RETSCH® PM 400 (Retsch, Haan, Germany). Thus, 20 g of titanium powder, ZrO2
(YSZ) ceramic balls with 5 and 10 mm of diameter (ball to powder weight ratio 10:1), and a
2 wt.% of stearic acid as processing control agent (PCA) were placed in a 250 cm3 ZrO2 vial.
One of the studied parameters was the influence of milling time over the obtained bimodal
microstructure; thus, the milling was done using two effective milling times: 10 and 20 h.
The milling procedures were carried out at 250 rpm, in cycles of milling and resting of 30
min, in argon atmosphere (ultrapure with <3 ppm O2) to prevent excessive heating and the
oxidation of the powder, respectively. From here, the resulting powders are named Ti10
and Ti20.

Regarding the amount of fine powder, two different blends of powders were estab-
lished: 50 wt.% and 75 wt.% of milled powder, where the remaining percentage corresponds
to the as-received Ti powder. The processing parameters were chosen in order to detect im-
provements related to the capability of retaining porosities, although the high densification
technique and the mechanical properties achieved this due to the hardening effect during
milling stage. Table 1 summarizes the powder parameters used in order to produce each
blend. Hence, the four blends are named Ti10–50, Ti10–75, Ti20–50, and Ti20–75.

Table 1. Powder parameters for blend processing.

Milling Time (h) Nomenclature
Portion of Milled

Powder (wt.%)
Nomenclature

10 Ti10
50 Ti10–50
75 Ti10–75

20 Ti20
50 Ti20–50
75 Ti20–75

Before the consolidation stage, morphological analysis of starting powders and NH4HCO3
particles was carried out by Scanning Electron Microscopy (SEM) with a JSM-6380LV
SEM JEOL (JEOL Ltd., Tokyo, Japan) microscope equipped with an Energy Dispersive
X-Ray Spectroscopy (EDS) device, according the ASTM F1877 [52] standard. A particle size
analysis of the milled and as-received Ti powders were performed using laser diffraction
analysis in an Analysette 22 (Frisch GmbH, Idar-Oberstein, Germany) equipment, whereas
the granulometric test of NH4HCO3 study was accomplished by sieving on an SS3 Gilson®

(Gilson Incorporated, Global Headquarters, Middleton, WI, USA) device, according to
ASTM E2651 standard [53]. Furthermore, X-ray diffraction (XRD) analysis was performed
on the as-received and milled (Ti10 and Ti20) powders. The XRD patterns were obtained
with STOE STADI MP (STOE & Cie GmbH, Darmstadt, Germany) using CuKα1 radiation
(λ = 0.15406 nm) and a step size of 0.12◦; the scan was recorded in the 2θ range comprised
from 20◦ to 120. Once the starting powders were characterized, the specimens were
consolidated in order to study the effect of the processing parameters on the final properties
of the sintered samples.

2.2. Green Specimens Preparation and Hot Consolidation

Before consolidation of specimens, powder blends (Table 1) and NH4HCO3 (50 vol.%)
particles were mixed for 40 min in a TURBULA® T2F (WAB, Muttenz, Switzerland) to
reach good homogenization. The amount of prepared mixture was stablished regarding
the final dimensions of the specimens, having a cylindrical geometry with a diameter of
12.7 mm and height of 20 mm, according to ISO 13314 [54] and ASTM E9 [55] standards.
Next, uniaxial cold compaction of mixtures was performed in a universal testing machine
Zwick/Roell Z100 (Zwick/Roell, Ulm, Germany) in two stages. The first one was at a
compaction pressure of 20 MPa (3 mm/min) and the second one at 500 MPa (5 mm/min),
using 2 min dwell time and 15 min unloading time.

Subsequently, specimens were sintered in a hot press HP20-4560-20 (Thermal Tech-
nology LLC, Santa Rosa, CA, USA) in two stages: first, at 100 ◦C for 1 min in vacuum
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(10−2 mbar), and then at 750 ◦C and 15 MPa pressure for 15 min in an argon atmosphere
(heating rate in both stages was 10 K/min). A graphite die was used, previously coated by a
boron nitride-sprayed film to avoid direct contact between the die and the green specimen.
The first stage was performed to remove impurities and humidity, and to start the elimi-
nation of the space-holder particles, and the second one to continue removing remnants
of the spacers and to sinter the green specimens. After sintering, the titanium samples
were ground to remove the boron nitride residues. Then, the samples were characterized in
order to study the microstructural aspects, porosity, and mechanical properties achieved
after the sintering stage.

2.3. Microstructural and Mechanical Characterization of Sintered Samples

The specimens were prepared for microstructural analysis and microhardness mea-
surements by conventional steps of metallographic preparation, according to ASTM E3 [28],
with a final step consisting of a mechanical-chemical polishing using colloidal silica and
hydrogen peroxide.

Size, morphology and porosity distribution, pores roughness, and bimodal microstruc-
ture were analyzed by image analysis (IA) of the micrographs obtained by optical mi-
croscopy (OM) in a Nikon Eclipse MA100N (Nikon Corporation, Tokyo, Japan) microscope,
and by SEM in a Quanta FEG-250 SEM (Thermo Fisher Scientific, Waltham, MA, USA).
IA was performed using Image Pro Plus software. The evaluated and studied porosity
parameters were: (i) total porosity (P(IA)), (ii) equivalent diameter of pores (Deq), and (iii)
pore shape factor (Ff = 4πA/(PE)2), where A is the pore area and PE is its perimeter. An Ff
value close to 1 suggests a rounded pore, while a value close to 0 suggest a needle-shaped
pore.

An analysis of variance (ANOVA) was carried out by a Tukey’s test using Statgraphics®

software, considering a significance level of p < 5%.
The microhardness measurements were performed in an HMV-G (Shimadzu, Kyoto,

Japan) tester, applying a 98.07 mN load for 10 s.
Young’s modulus, Ep, was estimated by the Nielsen’s equation [56], expressed as

follows:

Ep = ETi ×

⎡
⎢⎣

(
1 − P(IA)

100

)2

1 +
(

1
Ff

− 1
)

P(IA)
100

⎤
⎥⎦ (1)

where, ETi is the Young’s modulus for c.p. Ti grade IV bulk (~110 GPa [57]), P(IA) is the
percentage of total porosity of the sample, and Ff is the shape factor calculated from the
results of the image analysis.

In addition, the yield strength values were assessed from the correlation proposed by
Jha et al. [58], expressed as follows:

σy, f = 0.74 × σy,b

(
ρ f

ρb

)2.206
(2)

where, σy is the yield strength, ρ is the material’s density, and the subscripts f and b are
for the porous and bulky material, respectively. The density values were estimated from
the measured values of mass and volume of sintered specimens, and the yield strength
and density of Ti used were the ones provided by the raw material supplier. This is a
preliminary approach to estimate the yield strength due to the employed model and did
not consider the effect of bimodal microstructure.

3. Results and Discussion

3.1. Characterization of Starting Materials

The results of the morphological analysis of the starting powders by SEM images
and the particle size distribution, obtained by laser diffraction analysis, are depicted in
Figure 1. The SEM images of the as-received titanium powders are shown in the Figure 1a,

52



Materials 2022, 15, 136

where an irregular shape is appreciated, typically from its processing via hydrogena-
tion/dehydrogenation. The mean particle size is 50 μm in a range of 10–100 μm (Figure 1e).
NH4HCO3 particles, Figure 1b, exhibit a polygonal and cubic morphology with a high
dispersion of particle size. Particle size distribution of spacer present a normal distribution
with a particle size between 50 μm and 400 μm (Figure 1); this distribution was the result
of the sieving stage performed during preparation. Some investigations have shown the
relevance of spacer particle size and morphology to generate a structure where the total
porosity is controlled in an appropriate manner [17,36,59].

Morphologies and the particle size of milled titanium powders, after 10 h (Ti10) and
20 h (Ti20), are presented in Figure 1c,g and Figure 1d,h, respectively. In the case of milled
Ti, a reduction in particle size and changes in the particle size distribution are obtained as a
consequence of the mechanical milling. A mean particle size of 10 μm in the range between
3 and 70 μm was confirmed for Ti10 and a bimodal distribution was evidenced for the
Ti20 with two mean sizes: 15 μm in the 3–30 μm range, and 0.6 μm in a range of 0.2–2 μm.
Despite the increase in milling time, the mean particle size of the main distribution of
Ti20 powders was larger than that of the Ti10 powders. This is due to the fact that, in the
initial stage of milling, the dominant phenomenon is fracture, whereas, after increasing
milling time, the active phenomena are fracture and cold welding [60], which results in
an agglomeration of particles and the formation of two distributions for the Ti20 powders.
This phenomenon has been recognized as the final stage of the particle–particle interactions
in dry-milling processes [61].

The XRD patterns of the as-received and milled Ti powders are shown in Figure 2,
providing structural information. In the case of the as-received powder, only diffraction
peaks that correspond to the Ti-hcp phase were detected. On the other hand, both milled
powders (Ti10 and Ti20) exhibited the Ti-hcp peaks, accompanied by several peaks and a
“hump” visualized as 2θ = 35◦– 42◦. The Ti-hcp peaks of both milled powders are broader
in shape than the Ti-hcp peaks of the as-received powders, which suggest that, after milling,
the crystallite size of this phase may decrease. This effect is frequently observed in high-
energy milled powders due to the continuously welding and fracture processes occurring
between them during the process [62]. Studying the pattern of both milled powders in
detail, the diffraction peaks of Ti-γ were identified (in 2θ = 36.2◦, 42.1◦, and 61.2◦), which
is a metastable phase (FCC) with the Fm3m space group, which should not be confused
with the Ti-β phase, which is also a cubic structure (BCC) but has an Im3m space group
and should have diffraction peaks in 2θ = 38.5◦, 55◦, and 69◦, peaks that are missing in the
pattern. It has been reported that the formation of this metastable phase by ball-milling
is driven by the accumulation of partial dislocations and stacking faults induced by high
plastic deformation and nanocrystalline grain size [63–67]. In addition, the presence of
diffraction peaks of YSZ is associated with the contamination that comes from the milling
media.
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Figure 1. SEM images of: (a) as-received titanium powders; (b) NH4HCO3 particles; (c) Ti10 milled
powder; (d) Ti20 milled powder. Particle size distribution of: (e) as-received titanium powder; (f)
NH4HCO3 particles; (g) Ti10 milled powder; (h) Ti20 milled powder.
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Figure 2. XRD patterns of titanium powders: as-received (black), Ti10 (blue), and Ti20 (red).

3.2. Microstructural Characterization of Sintered Samples

The results from the optical microscopy of the obtained samples are shown in Figure 3.
Figure 3a represents an optical microscopy of the c.p. Ti specimen with 50 vol.%. In this
sample, a titanium matrix with a very low porosity is observed, with isolated pores with
sizes close to 20 microns. According to the results, the porosity is well below that obtained
with the conventional powder metallurgy technique, where 50% spacer generates porosities
between 40% and 45% [59]. However, as indicated in Table 2, the porosity obtained is less
than 2%. This means that hot pressing has eliminated both the spacer and the porosity that
it could have generated, so that it would not be named a “metal foam” with a final porosity
of 45–60% pores. In addition, in Figure 3b–e, the micrographs of the Ti10 and Ti20 samples
are shown, respectively. In general, a porous matrix with a bimodal microstructure, with
higher porosity compared to the c.p Ti, is observed. The addition of spacer particles and
milled powders promotes a porous structure that exhibits irregular pores with rounded
borders. These pores reach a mean size of between approximately 40 and 250 μm, and
they are surrounded by a fine-particle structure; pores with a lower size are homogenously
and randomly distributed throughout the titanium matrix. It is observed that the porosity
percentage goes up as the milling time and the percentage of milled powders increase. It
can be stated that porosity depends equally on both factors. An increase in the pore size
with the milling time is also noticed, where the maximum pore sizes were achieved for
those samples that contain the Ti20 powder. In addition, the porosity in the sample was
affected by the amount of milled powder used to produce the bimodal microstructure,
where the small pores go up when the milled powder percentage increases.

Table 2. Morphological parameters of pores.

Sample Name P(IA) (%) Deq (μm) Ff

Ti10–50 1.5 ± 0.4 84 ± 8 0.70 ± 0.16
Ti20–50 12.5 ± 3.8 121 ± 6 0.75 ± 0.11
Ti10–75 13.2 ± 0.4 100 ± 4 0.75 ± 0.07
Ti20–75 35.5 ± 1.5 141 ± 4 0.80 ± 0.09

The differences in pore size could be a consequence of the particle size distribution of
the used powders. In this sense, it is possible that smaller particles were used to redistribute
its mass to larger particles [68]. If a small particle forms a neck with large particles and
redistributes its mass with them, and these large particles were restricted in movement
together (as is the case when surrounded by denser regions), then the smaller particle
would break away (de-sinter) from one of the larger particles and be absorbed by the
other. In consequence, pore growth takes place to reduce the surface to volume ratio
of a powder compact when the compact is restricted from shrinking, as is the case for

55



Materials 2022, 15, 136

the bimodal microstructure, where pore growth occurs in regions where densification is
locally restricted by the denser zones (unmilled powders), although these partially dense
zones are globally subjected to densification particles [68]. Furthermore, it is known that
agglomerates have a strong influence on densification because they prevent the effective
transfer of heat and pressure to the particles during sintering [69–72]. Another de-sintering
cause in the powder compact could be the presence of inclusions [73]. This behavior could
be caused by the contamination of the ground powders during the milling process, caused
by the release of ZrO2 from the milling medium. This lack of sintering is related to the fact
that these contaminants are refractory materials [74]. Furthermore, the oxide content in the
milled powders hinders the particle–boundary motion of coarse particles during sintering,
hereby lowering the particle coalescence [75].

Backscattering Electron–SEM images (BSE-SEM) of sintered samples are shown in
Figure 3f–j, where the microstructure of the titanium sample (Figure 3f) was compared
with those compacts prepared from the mixed powders (Figure 3g–j). On one hand, in the
sample of pure titanium with 50 vol.% NH4HCO3 (Figure 3f), a typical microstructure of
c.p. Ti with equiaxial grains and some micropores in the matrix was observed. However,
the spacer and the pores, which should have been generated from it, had disappeared due
to the densification action of the HP process. On the other hand, the samples prepared
from the mixed powders exhibited a bimodal particle microstructure consisting of coarse
and fine grains, where the bimodal microstructure can be identified by the presence of
clusters of microporosities, which are caused by the fine particles. The coarse particles that
originate from the unmilled powders are randomly distributed and surrounded by porous
regions with fine particle microstructure. The porosity of compact prepared from the mixed
powders is higher than that observed in the c.p. Ti samples (Figure 3a,f). The porosity
increases as the amount of milled powder and milling time increases. It should be noticed
that only in Ti20–75 could the observed porosity values correspond to a porosity close to
that added by the spacer. Relatively large pores in the order of 250 microns are observed in
this sample (Figure 3e), but also small pores left by the spacer, as seen in Figure 3f. This
figure presents and describes the surface of a pore caused by the spacer with a relatively
small size, but it is also possible to distinguish the bimodal microstructure.

Interesting aspects about the bimodal microstructure and porosity in Ti20–75 samples
are presented in Figure 4. The bimodal microstructure is evenly distributed throughout the
entire specimen (Figure 4a), which indicates that a good homogenization was achieved dur-
ing the mixing process. Three zones were identified in the samples (Figure 4b) as follows:
(i) Zone A: fine particles zone, where the milled powders are predominant, surrounding a
coarse particle zone (Zone B); (ii) Zone B: coarse particle zone, promoted by unmilled pow-
ders; (iii) Zone C: an intermediate or mixed zone with both fine and coarse particles. The
formation of the three zones can possibly be attributed to assembly mechanisms between
the powder particles, forming clusters through agglomeration. Although different mecha-
nisms lead to the agglomeration of particles in a sample, in this case, the agglomeration
could occur during mechanical milling and even blending, where the particles collide and
can stick together as a result of completely random movement within the confined space
such as the grinding vessel or mixing vessel [76]. The agglomeration of the particles by
size was observed in the particle size distributions for the titanium ground at 10 h and 20
h (Figure 1g,h). Another mechanism that can carry out the agglomeration of the particles
during these milling or mixing events is known as gravitational agglomeration, which
depends on the size of the particles and their speed, where the particles that settle slower
are trapped by those that settle faster [76]. The latter may explain the mixed zone (Zone C,
Figure 4). In addition, the matrix composition in the different zones present in the bimodal
microstructure was evaluated by EDS analysis. The presence of ZrO2 is detected in Zones
A and C, comprised by milled powders, which is the result of the contamination of the
milling media.

56



Materials 2022, 15, 136

   

  
(a) (f) 

  
(b) (g) 

  
(c) (h) 

  
(d) (i) 

  
(e) (j) 

Figure 3. Optical micrographs of Ti samples: (a) c.p. Ti; (b) Ti10–50; (c) Ti20–50; (d) Ti10–75; (e) Ti20–75;
BSE-SEM images of Ti foams: (f) c.p. Ti; (g) Ti10–50; (h) Ti20–50; (i) Ti10–75; (j) Ti20–75.
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Figure 4. Microstructural aspects of synthesized Ti20–75 specimen: BSE-SEM images (a) general view
of bimodal microstructure; (b) characteristic microstructure of sample with three zones: Zone A—fine
particles; Zone B—coarse particle; Zone C—mixed zone. SE-SEM images (c) Macro-pore surface; (d)
Micro-pore surface; (e) EDS analysis for the different zones present in bimodal structure: Zone A,
Zone B, and Zone C.

Two types of porosity were distinguished, as is observed in the Secondary Electron–
SEM (SE-SEM) images shown in Figure 4c,d: the porosities were promoted by the spacer
particles with a pore size of around 100 μm, a rough surface, rounded borders, and were
interconnected (Figure 4c), and the porosities inherent to the powder metallurgy process
with a pore size of around 10–50 μm and a rough surface were surrounded by the Zones A
and B (Figure 4d).

The results of image analysis are summarized in Figure 5, where the stacked frequency
distribution histograms of the pore size for each of the consolidated specimens are presented.
Each bar of the histograms represents a quantity of pore counts with size in the comprised
range. It is important to remember that all of the study samples in this graph have a 50%
spacer added. The objective, then, is to evaluate the effect of the amount of ground powder
and the grinding time on the pore size and on the porosity that could be obtained despite
the use of the HP process. This figure shows the accumulated pore size corresponding
to spacers with significant amounts of sizes between 100 and 150 microns, where it is
possible to observe that specimens with higher amounts of fine powders (Ti10–75 and Ti20–75,
Figure 5b) show higher frequencies of larger pores. The mentioned effect on porosity is
observed in Figure 3d,e, where there are bigger pores in specimens using 75 wt.% of milled
powders. A similar behavior has been documented by Dirras et al. [75], who produced
Ni samples using different particle sizes and observed a “shielding effect” by introducing
coarse particles onto a fine-particle matrix because the coalescence of coarse particles was
hindered.

In addition, the pore size distribution shows that the samples Ti10–50 and Ti10–75 (10 h
of milling time) exhibit porosities up to 200 μm, while the samples with the Ti20 powder
have 80% of its total porosity in this range, and the remaining 20% is between 200 and
400 μm.
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(a) (b) 

Figure 5. Pore size distribution: (a) Ti10–50, Ti20–50 (50% milled powder); (b) Ti10–75, Ti20–75 (75%
milled powder).

To complement this analysis of the porosity size, Table 2 presents the image analysis
data, showing the porosity percentage, the mean equivalent diameter, and the shape
factor values expressed in terms of mean value ± standard error. This value of porosity
corresponds to that obtained only with the spacer. To do this, a criterion was applied where
the pore size data was filtered, eliminating all the pores that were below 50 μm. Porosity
percentage increases with the amount of milled powders, where the highest porosity was
achieved for Ti20–75 (~36%). Although the porosity obtained is less than the percentage
of the added spacer, 50% NH4HCO3, it is important to remember that the hot-pressing
technique is used to obtain compacts with high densification. In this case, it is not only
intended to introduce porosity in the consolidated titanium matrix, but it also seeks to
improve the properties of the matrix and cycle times and reduce the temperature necessary
for consolidation. The equivalent pore diameter was found in a range comprised between
84 ± 8 and 141 ± 4 μm. The ANOVA indicates that statistically significant differences exist
in the pore size (p-value < 0.05), which confirms the suggested difference observed in the
optical micrographs. There are influences of the milling time as well as of the amount of
milled powder on the equivalent pore diameter in the specimens. By means of a Tukey’s
test, it was determined that the greatest significant difference of the equivalent diameter is
about 60 μm. The pores shape factor was found in a range comprised between 0.70 and
0.80. In this case, the ANOVA indicates that there are no statistically significant differences
(p-value > 0.05). This behavior is attributed to the deformation strengthening mechanism,
where the milled powders have lost their ductile behavior; thus, the deformation is carried
out mainly by the coarse particles. Another cause is the reduced size of the particles
that have a greater surface energy, which results in a faster sintering that hinders the
rearrangement of particles along the matrix.

3.3. Mechanical Characterization of Sintered Samples

Vickers microhardness distribution found in the consolidated samples with bimodal
microstructure is shown in Figure 6. The mean values of microhardness measurements
ranged between 589.4 ± 43.3 HV and 850.6 ± 62.2 HV, where the highest is found for Ti20–75.
These values exceed the c.p. Ti microhardness mean value (301 HV), being even higher
than the reported values for the c.p. titanium components with a nanocrystalline structure
or ultrafine-grained components consolidated by SPS [77], high-pressure torsion [78], or
multi-pass ECAP [79], which are comprised in a range of 230 to 250 HV. They are closer to
the ones reported for titanium components with a bimodal microstructure consolidated
by SPS (660 to 853 HV) [45]. As it is observed, the microhardness distribution varies in
function of the processing parameters: (i) when the amount of milled powder increases,
the frequency of higher microhardness values increases, while (ii) the longer the milling
time, the higher the mean value of microhardness. This increase in microhardness with
the milling time and quantity of ground powder is mainly attributed to the accumulation
of deformation energy [80], but also it could be influenced by the contamination with the
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milling medium, which in turn depends on the time, intensity, atmosphere of milling,
and the difference in the strength/hardness of the powders and milling medium [81].
Table 3 summarizes the statistical analysis of each microhardness distribution. From the
ANOVA, it was determined that both parameters have a significant effect (p-value < 0.05)
on the microhardness value. However, the amount of ground powder is more significant in
increasing the microhardness, as shown in Table 3.

 
 

(a) (b) 

 (c) (d) 

Figure 6. Vickers microhardness distribution for samples: (a) Ti10–50; (b) Ti10–75; (c) Ti20–50; (d) Ti20–75.

Table 3. Summary of statistical analysis of microhardness values (HV).

Sample
Milling
Time (h)

Milled
Powder (%)

Porosity (%) Max. HV Min. HV Mean HV
Std. Error

HV

c.p. Ti 0 0 - 430.8 232.1 312.9 11.2
Ti10–50 10 50 1.5 ± 0.4 890.3 374.5 589.4 43.3
Ti20–50 20 50 12.5 ± 3.8 1348.6 227.3 721.6 75.7
Ti10–75 10 75 13.2 ± 0.4 1109.4 516.7 811.6 52.5
Ti20–75 20 75 35.5 ± 1.5 1674.5 456.9 850.6 62.2

In addition, the mechanical properties estimated from the porosity and shape factor
obtained from the image analysis are summarized in Table 4. These values are expressed
in terms of mean value ± standard error. As it is observed, the elastic modulus decreases
as the milling time and/or content of the milled powder increases, following the trend of
increasing porosity. Yield strength has similar behavior due to the fact that it depends on
the density value, and this is directly related to the porosity level. Nonetheless, the yield
strength was estimated from a model which does not consider the strengthening effect
due to deformation during the milling stage of the powders, or the presence of a bimodal
structure, hence it is necessary to develop models in order to predict this behavior, which
can be contrasted with experimental data.
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Table 4. Estimated mechanical properties from bulk properties by means of Nielsen’s method [56]
(Ep) and Jha’s correlation [58] (σy,f).

Sample Ep (GPa) σy,f (MPa)

Ti10–50 106.0 ± 0.2 312.8
Ti20–50 80.9 ± 8.4 314.5
Ti10–75 79.4 ± 1.5 317.8
Ti20–75 41.8 ± 4.1 234.1

Previous studies have determined that the optimal porosity for an implant to efficiently
stimulate bone ingrowth is in the range of 20–50% [82] with a pore size of 100–400 μm [83].
Furthermore, taking into account that the elastic modulus of the cortical bone is in a
range from 20 to 25 GPa and that its ultimate tensile strength is about 195 MPa [3], it is
ascertained that the Ti20–75 specimen shows the characteristics suitable for bone replacement
applications. The fatigue behavior of the specimens presented in this work is planned
for future experiments, since metal fatigue [84] is one of the main causes of implants’
mechanical failure.

4. Conclusions

In this study, the porous titanium samples with a bimodal microstructure were suc-
cessfully synthesized by hot pressing with NH4HCO3 as a space-holder. The effects of the
milling time for obtaining fine powder as well as its amount over the microhardness and
porosity were investigated. The conclusions are shown as follows:

• It has been determined that the processing route via the space-holder technique and
hot pressing consolidation is effective in producing titanium samples with a porosity
of 36% with a bimodal microstructure, whose microhardness has similar values to
those obtained in nanocrystalline or ultrafine-grained microstructures synthesized by
SPS. The microhardness value depends on the amount of fine powder that constitutes
the matrix, and it is the result of deformation strengthening mechanisms and a small
grain size;

• The obtained porosity in the titanium samples processed by this route depends on the
milling time as well as the amount of fine powder due to the changes in particles size
and distribution, deformation/rearrange capability of the powders, and the presence
of agglomerates and contamination, all parameters which affect the compaction and
sintering processes. However, when the milled powders for 20 h were used, larger
pores were reached, whose sizes reached up to 400 μm. The Ti20–75 sample presents
appropriated mechanical properties for cortical bone replacement applications.
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Abstract: Currently, gelatin-based films are regarded as promising alternatives to non-environmentally
friendly plastic films for food packaging. Nevertheless, although they have great biodegradability,
their weak mechanical properties and high solubility limit their applications. In this way, the use
of nanoparticles, such as FexOy-NPs, could improve the properties of gelatin-based biofilms. Thus,
the main objective of this work was to include different concentrations of FexOy-NPs (0.25 and 1.0%)
manufactured by green synthesis (GS) and chemical synthesis (CS) into gelatin-based biofilms in
order to improve their properties. The results show that FexOy-NPs can be distributed throughout the
biofilm, although with a greater concentration on the upper surface. In addition, the incorporation
of FexOy-NPs into the biofilms improves their physicochemical, mechanical, morphological, and
biological properties. Thus, it is possible to achieve suitable gelatin-based biofilms, which can be
used in several applications, such as functional packaging in the food industry, antioxidant and
antimicrobial additives in biomedical and pharmaceutical biomaterials, and in agricultural pesticides.

Keywords: biofilms; gelatin; nanoparticles; iron oxide; antioxidant activity; antibacterial activity

1. Introduction

A film is a very thin (thickness < 1 mm), transparent, and, in many cases, stretchable
plastic with different uses [1]. It is normally made of polyethylene (PE) or polypropylene
(PP), which offers great flexibility, making it perfect for wrapping products of different
shapes and sizes [2]. The most interesting properties of these films are their transparency
(which allows one to see inside the package), their flexibility and adaptation to all kinds of
shapes and sizes, and their impermeability, which prevents the passage of air and moisture,
acting as a barrier and protecting the interior [3]. These properties are very important in the
food industry, as they help to extend the shelf life of food by preventing oxidation–reduction
reactions and interaction with microbes [4].

In recent years, the film sector has been affected by an increase in demand due to two
fundamental factors: the need for safety in the transport of products, thereby increasing
the need for wrapping the merchandise, and the current trend towards better presented
products, which has considerably increased the use of films as an element with hygienic
and aesthetic characteristics [5]. Nevertheless, the low biodegradability of these packaging
materials is generating a great pollution problem, being unsuitable for the food industry.
In this way, natural biopolymer-based films are currently being investigated, such as
those made of gelatin, chitosan, cellulose, or cellulose derivatives, which confer them
good biodegradability without releasing toxic substances [6,7]. Among the raw materials,
gelatin has great potential to be used in diverse industrial applications: (1) in the food
industry, to protect food from certain factors such as drying, light, and oxidation, since it
may be used in biofilms to incorporate a wide range of additives, including antioxidants,
antimicrobials, antifungals, nutrients, and flavorings [8]; (2) in the cosmetics sector, e.g.,
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in hair gels, shampoos, and other cosmetic products [9–12]; (3) in the biomedical sector,
for intrinsic activities like antidiabetic, antihypertensive, anticancer, antimicrobial, and
antioxidant activities, as well as in wound care and healing, tissue engineering, and gene
therapy [13,14]; (4) in the pharmaceutical industry and medication delivery, e.g., as a
gelling agent for plasma expanders, to manufacture soft and hard gelatin capsule shells,
microencapsulation of pharmaceuticals and oils, emulsion stabilization, medicated sponges,
scaffoldings, creams and gels, wound care, slow-release, and vaccinations [15,16]; (5) in
the photography sector, as a protective coating that extends the life of photographs [12,17];
and (6) other applications such as paints and fertilizers [10]. All this is possible due to
the fact that gelatin presents easy processability to form films, high flexibility, suitable
gas barrier properties, high availability, and low cost [18,19]. Nevertheless, the greatest
problem of gelatin-based biofilms is their high water solubility and vapor permeability,
along with weak thermal and mechanical strength [20,21]. Many strategies have been
suggested to overcome these problems. However, the most important strategy is the
incorporation of nanomaterials as reinforcing fillers [22]. In this way, a variety of metal oxide
nanoparticles, nanocellulose, and nanoclays have been incorporated into gelatin-based
biofilms, such as zinc oxide nanoparticles [23], gelatin–silver NP antimicrobial composite
films [24], titanium dioxide (TiO2-NPs) [25], gelatin biofilms reinforced with chitosan-
NPs [26], montmorillonite [27], chitin NPs [28], and magnetic iron oxide NPs [29]. These
nano-sized composites have been used for the manufacture of gelatin-based nanocomposite
biofilms. In this sense, researchers are focusing their efforts on discovering alternatives to
antibiotic feed additives that do not compromise productivity, since the usage of antibiotic
feed additives has been a subject of increasing concern. Nanoparticles have recently been
used to replace the high-cost organic source [30].

Furthermore, iron oxide nanoparticles (FexOy-NPs) have been widely used in biomed-
ical applications due to their particular, unique, and magnetic characteristics, as well as
their acceptable biocompatibility and bioavailability [31]. FexOy-NPs have a high inhibition
capacity against the growth of different foodborne pathogens, such as Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa [32]. These NPs have proven to be capable of
killing bacteria by producing reactive oxygen species (•OH, •O2

−), damaging bacterial
DNA and proteins, leading to impaired mitochondrial function while keeping non-bacterial
cells unharmed [2,18,20]. It is worth mentioning that FexOy-NPs are nonhazardous and
non-cytotoxic at concentrations lower than 0.1 mg/mL [33]. Additionally, Faria et al. re-
ported the oral therapeutic potential of iron oxide NPs to treat iron deficiency anemia [34].
In this context, FexOy-NPs are considered a suitable additive to incorporate into films and
improve their antimicrobial activity.

FexOy-NPs can be synthesized by chemical or green approaches, which produce
different characteristics. Chemically synthesized FexOy-NPs are more hazardous and
have a higher tendency to agglomerate and to show lower stability. As a result of the
introduction of green nanotechnology, researchers are focusing more on environmentally
beneficial green or biological methods of producing FexOy-NPs. Thus, the nanoparticles
synthesized by green methods are smaller, less agglomerated, more stable, and less toxic
than those synthesized by chemical methods [35,36]. In addition, the green synthesis of
these NPs can improve their purity and functional properties due to the high presence of
active groups coming from polyphenols, which are used for their synthesis.

In this way, the main objective of this work was to develop gelatin-based biofilms
with different concentrations of FexOy-NPs (0.25 and 1.0%). Green (GS) and chemical (CS)
FexOy-NPs were used to compare their influence on the biofilm properties. To this end, the
physicochemical, mechanical, microstructural, and functional properties of the different
biofilms were evaluated.
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2. Materials and Methods

2.1. Materials

The gelatin protein used in this study was food gelatin type B 200/220 g blooms
supplied by Manuel Riesgo, S.A. (Madrid, Spain), being a food gelatin that contains
sulfur dioxide (<10 ppm). Gallic acid (C7H6O5) and DPPH (2,2-diphenyl-1-picrylhydrazyl)
were purchased from Sigma Aldrich (Darmstadt, Germany). All the reagents were of
analytical grade.

FexOy-NPs were synthesized according to a previous work with slight modifica-
tions [37]. Briefly, it consists of colloidal precipitation in which 20 mL of Phoenix dactylifera L.
extract, which is rich in polyphenols (green) or NaOH (chemical) (used as reductors) were
mixed with 20 mL of FeCl3·6H2O (used as a precursor). The resulting 40 mL of mixture
was heated under continuous stirring for 2 h at 50 ◦C. Then, the obtained precipitate was
filtered, washed, and dried in an oven for 8 h at 100 ◦C. Finally, they were calcinated in a
muffle for 5 h at 500 ◦C.

CS FexOy-NPs had a mean size of 49 ± 2 nm, a 2.20 Fe2O3:Fe3O4 ratio, and 47%
crystallinity. GS FexOy-NPs had a mean size of 32 ± 1 nm, a 0.84 Fe2O3:Fe3O4 ratio, and
69% crystallinity.

2.2. Biofilm Processing Method

Biofilms were fabricated by the casting procedure [3]. To this end, gelatin was firstly
dissolved in distilled water (2% w/v), subjecting it to magnetic stirring for 2 h at 60 ◦C and
600 rpm. Subsequently, different concentrations of FexOy-NPs (0.25 and 1.0% w/w) with
respect to the initial gelatin were dispersed in the solutions by ultrasound for 0.25 h. Finally,
a constant volume (42.7 mL) of the solution was cast into Teflon plates (7.6 cm of diameter)
and dried at room conditions (22 ± 1 ◦C and 35 ± 1% RH) for 3 days. The biofilms were
peeled off and kept in a desiccator for further characterization. A reference biofilm was
manufactured without the dispersion of NPs. Figure 1 shows a scheme of the different
steps of this process.

Figure 1. Scheme of the gelatin-based biofilm processing method.

2.3. Physicochemical Properties
2.3.1. Water Solubility

For the determination of this parameter, the samples (2 × 2 cm2) were firstly weighted
(Wi) and then placed in an oven at 105 ◦C for 24 h. Later, the samples were immersed in
50 mL of distilled water for 24 h. Finally, the films were taken out and redried at 105 ◦C
for 24 h to obtain the final dry weight (Wf). The weight loss or water solubility percentage
(WS%) was calculated with Equation (1) [26,29]:

WS(%) =
wi − w f

wi
·100 (1)

2.3.2. Optical Properties

Another essential property of biofilms is their transparency, which restricts light
transmission while allowing visibility through the packaging material. To determine
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this property, UV–vis spectroscopy was used. Thus, 1 × 2 cm2 samples were measured
in a UV–vis spectrophotometer (Model 8451A, Hewlett Packard Co., Santa Clara, CA,
USA) at 600 nm. A blank was carried out with air [24,38]. The results were indicated as
transmittance (amount of light that can pass through the system).

2.4. Mechanical Properties

Static tensile tests were performed in order to evaluate the mechanical properties of
the biofilms. For this, a modification of the ISO 527-3:2019 standard [39] was used. The
samples were subjected to an increasing axial force at a speed of 10 mm/min until break
in an MTS Insight 10 Universal Testing Machine (Berlin, Germany). During these tests,
temperature and relative humidity were constant at 22 ± 1 ◦C and 35 ± 1%, respectively.
The maximum stress (σmax), strain at break (εmax), and Young’s modulus of each biofilm
were analyzed.

2.5. Morphological Properties
2.5.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to determine the microstructure of
the samples. The biofilms were analyzed on both sides (bottom and upper surfaces). In
addition, their thickness was measured using ImageJ software. The samples were firstly
covered with a thin gold layer to improve their conductivity and, thus, the quality of the
micrographs. Later, they were observed in a Zeiss EVO microscope (Pleasanton, CA, USA)
with an acceleration voltage of 10 kV and magnification of 3 KX [40].

2.5.2. Energy Dispersive X-ray Spectroscopy (EDX)

The elemental composition distribution of the biofilms was also evaluated. For this,
a EDX detector was attached to an SEM microscope [41]. In this way, the Fe distribution
was analyzed in both surfaces of each biofilm through mapping (by converting to 8-bit
grayscale and then Auto Threshold, where the obtained percentage was representative of
the color area of Fe).

2.6. Functional Properties
2.6.1. Antioxidant Activity

Antioxidant activity of the biofilms was determined using the protocol described by
Mehmood et al. (2020) with slight modifications [29]. Thus, 1 mL of film solution was
mixed with 1 mL of DPPH solution dissolved in methanol (40 ppm). This mixture was kept
in the dark for 30 min at 25 ◦C. Finally, the absorbance of each solution was read at 517 nm
in a spectrophotometer. Gallic acid was used as the positive control. DPPH inhibition (IP)
was calculated using Equation (2).

IP (%) =

(
A − B

A

)
× 100 (2)

where A and B are the DPPH absorbance without and with antioxidant agent, respectively.

2.6.2. Antimicrobial Activity

The antimicrobial activity of the different biofilms was evaluated using an agar dif-
fusion experiment [29]. In this way, cylindrical biofilms (9 mm of diameter) were firstly
sterilized by immersion in 96% (v/v) ethanol for 2 min, after which they were rinsed thrice
with sterile phosphate buffered saline (PBS). Then, they were placed in agar gels inoculated
with Staphylococcus aureus (S. au) and Escherichia coli (E. col). The antibacterial activity was
determined as the inhibition zone (diameters) surrounding the biofilm after 24, 48, and
72 h of incubation at 37 ◦C using ImageJ software.
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2.7. Statistical Analysis

At least 3 replicates of each sample were performed for each measurement. The results
were presented as mean values with standard deviations, which were calculated using
IBM SPSS statistic software. In addition, the significant differences were evaluated using a
one-way ANOVA with 95% confidence level (p < 0.05).

3. Results

3.1. Physicochemical Properties
3.1.1. Water Solubility

Water solubility (WS) is a critical parameter for food packaging applications. In
this sense, biofilms must be insoluble in water to improve water resistance and product
safety [26,29]. Table 1 shows the water solubility (WS) values of the different biofilms.
As can be seen, the reference biofilm (neat gelatin) reached the highest WS value (80.9%).
Higher WS of neat gelatin biofilms was due to the hydrophilic nature of gelatin [42]. Thus,
the incorporation of FexOy-NPs into the system improved its water resistance. Nevertheless,
the increment in the FexOy-NP concentration did not significantly improve their water
resistance. Therefore, it could be concluded that the incorporation of NPs could decrease
the solubility in water, regardless of the incorporated concentration. These results could be
due to the formation of strong hydrogen bonds between the biopolymer chains and NPs,
as has already been reported in previous works [42]. Likewise, Wongphan et al. (2022)
reported that the incorporation of enzymes into polymers could cause an interaction via
hydrogen bonding that enhances the hydrophobic groups by reducing the contrast, which
results in a decrease in the solubility [43]. These results are similar for GS and CS NPs.

Table 1. Physicochemical and mechanical parameters and antioxidant activity values of the biofilms
processed with different percentages (0.25 and 1.0%) of green (GS) and chemical (CS) FexOy nanopar-
ticles (NPs). Neat gelatin-based biofilm without NPs incorporated was used as reference. Different
superscript letters (a–d) of each column indicate significant differences (p < 0.05).

Sample C% (w/w)
WS
(%)

T600
(%)

Thickness
(μm)

σmax
(MPa)

εmax
(mm/mm)

Young’s
Modulus

(MPa)

DPPH
Inhibition

(%)

GS
FexOy-NPs

0.25% 66.8 ± 2.3 bc 45.2 ± 0.3 b 98.94 ± 0.8 c 14.8 ± 0.8 a 0.03 ± 0.01 a 494.2 ± 8.9 a 78.0 ± 1.9 ab

1% 64.1 ± 2.4 c 29.2 ± 0.2 d 105.6 ± 0.7 b 11.9 ± 1.7 b 0.02 ± 0.01 b 586.6 ± 148.9 a 84.7 ± 3.4 a

CS
FexOy-NPs

0.25% 69.6 ± 2.2 b 42.0 ± 0.6 c 104.9 ± 0.4 b 5.2 ± 0.6 d 0.03 ± 0.02 a 193.9 ± 94.0 bc 76.3 ± 2.7 b

1% 67.4 ± 1.5 bc 29.3 ± 0.3 d 109.1 ± 1.0 a 8.4 ± 1.6 c 0.02 ± 0.01 b 263.5 ± 24.6 b 79.6 ± 3.3 ab

Neat Gelatin 80.9 ± 3.2 a 60.0 ± 0.1 a 89.2 ± 1.0 d 4.6 ± 0.9 d 0.07 ± 0.04 a 67.3 ± 33.8 c 44.5 ± 0.7 c

3.1.2. Optical Properties

The transmittance of each biofilm is also presented in Table 1. The reference system
(neat gelatin) had 60% transmittance, which showed the great transparency of these biofilms.
The incorporation of FexOy-NPs into gelatin-based biofilms reduced the transmittance
values of the systems. Thus, this decrease was noted linearly with the increase of FexOy-NP
concentration. Moreover, GS NPs led to a lower reduction than CS NPs, although this
difference vanished at the highest NP content. The decrease in transparency brought about
by NPs could be associated with the increase in solid material, which hindered the mobility
of the biopolymer chains. Thus, the dispersion of fillers filled up free space preventing
the passage of the light through it. Similar results were obtained in other works with
gelatin-based biofilms containing silver or magnetic iron oxide NPs [24,29,44,45].

3.2. Mechanical Properties

Figure 2 shows the tensile profile of the different biofilms. As can be observed, the
neat gelatin system presented a short elastic zone followed by a plastic one. This plastic
zone decreased as the amount of FexOy-NPs in the biofilm increased. The comparison
of the different systems is better defined through the mechanical parameters shown in
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Table 1. In this way, the addition of the FexOy-NPs generated an increase in Young’s
modulus and maximum stress (σmax), being more pronounced in GS FexOy-NPs than
in CS FexOy-NPs. This result is due to the fact that the presence of immiscible particles
caused non-homogeneous networks and reduced extensibility of the films [45]. In contrast,
no significant differences were found between the incorporated GS and CS-NPs at the
same concentration for the strain at break (εmax) of the different films studied. Thus, the
incorporation of FexOy-NPs stiffened the biofilms, probably due to the increasing presence
of solid material in the biofilms and the increase of their thickness [29]. The incorporation
of GS and CS-NPs may reduce the cohesion between the polymer chains and result in the
reduction of strain at break [46]. On the other hand, the GS FexOy-NPs achieved greater
maximum stress and Young’s modulus than the CS FexOy-NPs. This result could be due
to the size of the NPs. In this way, smaller NPs generated a better interconnection in
the structure, which highlighted this effect [47]. Thus, the incorporation of NPs always
improved the mechanical resistance of the biofilms due to the strong network between NPs
and biopolymer chains.

Figure 2. Tensile test profile of the biofilms with different concentrations ((a) 0.25 and (b) 1.0% w/w)
of green (GS) and chemical (CS) FexOy nanoparticles (NPs). Neat gelatin-based biofilm without NPs
incorporated was used as the reference system.

Nevertheless, the increase in NP concentration showed much lower effects as com-
pared to their mere incorporation. Thus, no significant increase in Young’s modulus could
be observed for either of the two types of NPs, while the effect on σmax depended on the
NPs used. The maximum stress was reduced when increasing GS NP content or increased
when CS was used. These contradictory results could be attributed to the occurrence of
two opposite effects. On one hand, an increase in NPs may induce an enhancement of the
mechanical properties of the biofilms by promoting NP–protein hydrogen bonding. On the
other hand, it may also favor NP agglomeration, which may interfere with the formation
of these NP–protein domain arrangements [29]. Likewise, aggregation of nanoparticles
in biodegradable polymers was possible with increasing nanofiller concentrations, which
may lead to changes in the mechanical and barrier properties of the films [48].

3.3. Morphological Properties
3.3.1. Scanning Electron Microscopy (SEM)

Figure 3 shows the bottom and upper surface of the different biofilms. As can be seen,
the biofilm without NP incorporation (neat gelatin) presented a smooth and homogeneous
structure on both surfaces. On the other hand, the incorporation of NPs generated rough
surfaces with fissures and holes. Thus, the incorporation of NPs seemed to alter the
nanostructure of biofilms, being more evident in the case of green nanoparticles (GS FexOy-
NPs). This effect could be due to the functional groups present in GS FexOy-NPs (as they
come from the polyphenols used in their synthesis), which could alter the structure of
the biopolymer chains in the biofilms by charge interaction [49]. Furthermore, FexOy-
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NPs seemed to form more aggregates, probably due to the increase in concentration [48].
This effect was more evident in CS FexOy-NPs among films, which may be due to the
non-availability of stabilizing agents [32].

 

Figure 3. Scanning electron microscopy (SEM) images of the bottom and upper surfaces of the
biofilms with different concentrations (0.25 and 1.0% w/w) of GS and CS FexOy-NPs. Neat gelatin-
based biofilm without NPs incorporated was used as the reference system.

3.3.2. Energy Dispersive X-ray Spectroscopy (EDX)

EDX mapping confirmed the purity of biofilms and the synthesized NPs, since only
the elemental components of proteins (C, H, N, O) and NPs (Fe, O) were present in the
analyses. On the other hand, the distribution of Fe in the biofilms was evaluated through
the Fe distribution found in the EDX analyses. Figure 4 shows this distribution in both
surfaces (bottom and upper). Nevertheless, the colored area in each image was calculated
to improve the comparison between the systems (Table 2). As can be seen, there was
a homogeneous distribution of NPs in both surfaces of the biofilms, since Fe could be
observed in the whole images. Nevertheless, there was a higher NP concentration on the
upper surface than on the bottom surface, being more evident in the higher NP percentage
(1%). This behavior can be explained by the hydrophobicity of the NPs, which made them
migrate to the surface where they presented less steric repulsion, as well as by their density,
which made them float instead of sinking into the film solution [50]. Additionally, this
was explained by the strengthened Van Der Waals forces as particle size and concentration
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increased or that larger particles would exhibit higher surface tension, causing them to
settle on the surface [50]. On the other hand, a higher predisposition to the agglomerations
or aggregations of NPs could be observed at higher NP concentrations, causing them to fall
by gravity. Among the different NPs, CS NPs presented greater precipitate than GS NPs,
possibly due to their larger size. In addition, the highest concentration of CS FexOy-NPs
showed agglomeration of NPs in certain areas of the biofilm. This behavior was already
reported by Rufus et al. (2017) and Hosseini et al. (2015), who attributed it to an entropic
process [26,36].

 
Figure 4. Fe distribution observed by energy dispersive X-ray spectroscopy (EDX) in the bottom and
upper surfaces of the biofilms with different concentrations (0.25 and 1.0) of GS and CS FexOy NPs.
Neat gelatin-based biofilm without NPs incorporated was used as the reference system.

Table 2. Fe concentration (%) in the bottom and upper surfaces of the biofilms with different
concentrations (0.25 and 1.0) of GS and CS FexOy NPs.

Biofilms
Bottom Upper

Fe (%) Fe (%)

GS FexOy-NPs 0.25% 12.0 16.5

GS FexOy-NPs 1.0% 13.3 30.3

CS FexOy-NPs 0.25% 12.9 13.6

CS FexOy-NPs 1.0% 16.7 43.4

Neat Gelatin - -
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3.4. Functional Properties
3.4.1. Antioxidant Activity

As can be seen in Table 1, the incorporation of FexOy-NPs produced an increase in
antioxidant activity. In addition, the higher the FexOy-NP concentration, the higher the
antioxidant activity. Thus, these nanoparticles act as antioxidants, as was reported in
similar articles [29,51]. Regarding the different nanoparticles, the GS FexOy-NPs presented
higher DPPH inhibition than the CS FexOy-NPs. This behavior could be due to the greater
amount of antioxidant groups in them, conferred during their synthesis by polyphenols.
In this way, green synthesis did not only display advantages in the synthesis process by
reducing toxic waste and lowering costs, but it also allowed the generation of nanoparticles
that provided greater functionality in future applications. These results showed that the
gelatin-based FexOy-NPs displayed higher antioxidant activity than others reported in
the literature, such as those obtained by Zafar et al. (2020) using iron oxide nanoparticles
(IONPs) [29], and Shiv et al. (2019) using melanin nanoparticles [7]. It is worth being
mentioned that the IP% of the positive control (gallic acid) was from 94.9 to 98.4%.

3.4.2. Antibacterial Activity

The inhibition area produced by the different biofilms is collected in Table 3 through
its significant measure (diameter). An image of these inhibition areas can be observed in
the supplementary materials. As can be seen, the neat gelatin biofilms showed antibacterial
activity against Staphylococcus aureus, since a small zone of inhibition could be observed for
the first 24 h. This could be due to the presence of sulfur dioxide (<10 ppm), as it is food
gelatin. Nevertheless, this effect was lost in time when the bacteria grew. In this way, neat
gelatin only had the ability to act on the peptidoglycan layer of bacteria to generate their
lysis. However, it did not show the ability to act on the lipid layer, thus it only affected
gram-positive bacteria and not gram-negative bacteria [52]. The inclusion of FexOy-NPs
improved the antibacterial activity of biofilms. In this way, higher inhibition areas could
be observed, as well as an effect on both types of bacteria. Nevertheless, although the
difference in nanoparticle concentration on each of the surfaces of the biofilms was different,
the antibacterial activity did not seem to have significant differences on each of the surfaces,
making it a fully functional material. Regarding the synthesis of NPs, the GS FexOy-NPs
presented higher antibacterial activity than the CS FexOy-NPs. This could be due to the
smaller size of the green NPs, which conferred the biofilms a better capacity to inhibit
the replication of bacterial DNA [53,54], as well as the higher crystallinity shown by GS
FexOy-NPs [30]. Higher crystallinity allowed the released of Fe+2/Fe+3 to collide with the
negatively charged membranes of bacteria, destroying their protein structure and causing
them to die [55]. The incorporated antimicrobial function into biopolymer films could be
an efficient method to enhance the shelf-life extension capacity for biodegradable films [56].
On the other hand, all the samples showed a decrease in their inhibitory capacity over time,
being more notable in CS FexOy-NPs.
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Table 3. The inhibition areas (represented by their diameter in mm) produced by gelatin-based biofilm
with 1.0% GS and CS FexOy-NPs incorporated against Staphylococcus aureus (S. au) and Escherichia
coli (E. col). Neat gelatin-based biofilm without NPs incorporated was used as the reference system.
Different superscript letters (a–e) in a column indicate significant differences (p < 0.05).

Test Time (h) Biofilm
S. Au E. Col

Upper Bottom Upper Bottom

0 9 b 9 c 9 c 9 b

24
Neat Gelatin 9.4 ± 0.3 b 9.4 ± 0.3 c 0.0 e 0.0 c

GS-NPs 12.8 ± 1.5 a 13.5 ± 1.7 a 13.4 ± 2.3 a 15.5 ± 2.6 a

CS-NPs 12.9 ± 1.1 a 11 ± 1.3 bc 12.5 ± 2.0 ab 9.3 ± 2.4 b

48
Neat Gelatin 0.0 c 0.0 d 0.0 e 0.0 c

GS-NPs 12.3 ± 2.3 a 12.6 ± 1.6 ab 11.1 ± 0.7 b 14.6 ± 1.9 ab

CS-NPs 10.9 ± 2.9 ab 10.9 ± 2.5 bc 11.5 ± 0.4 ab 0.0 c

72
Neat Gelatin 0.0 c 0.0 d 0.0 e 0.0 c

GS-NPs 9.1 ± 0 b 9.5 ± 0.1 c 6.1 ± 0.5 d 8.3 ± 0.8 b

CS-NPs 0.0 c 0.0 d 6.7 ± 1.6 d 0.0 c

4. Conclusions

The incorporation of FexOy nanoparticles into gelatin-based biofilms improved their
properties even at a low concentration. Thus, the 0.25% (w/w) led to a reduction in the wa-
ter solubility and to an improvement in the antioxidant activity and mechanical properties.
An increase in NPs concentration led to opaquer or less transparent biofilms with greater
thickness, but not to a significant improvement in the other properties evaluated, which
may be due to the tendency of the nanoparticles to agglomerate at higher concentrations
caused by their hydrophobic nature. Therefore, their inclusion reduced the water solu-
bility of the biofilms and improved their mechanical resistance and functional properties.
Furthermore, the dispersion of the nanoparticles incorporated by the casting method led
to their heterogeneous distribution with differences in the distribution in both upper and
bottom surfaces of the biofilms. However, these differences did not alter the antibacterial
properties.

Finally, the green nanoparticles (GS FexOy-NPs) showed better antioxidant and an-
tibacterial activities than the CS FexOy-NPs, which must improve the added value of these
biofilms. This antioxidant activity of (GS FexOy-NPs) highlighted high antioxidant activity
(PI% = 84.7% compared to gallic acid as a standard with PI% = 96.65). A control on the
distribution of the nanoparticles in the biofilms and the use of the green nanoparticles led
to sustainable biofilms with a significant improvement of the functional properties. All this
makes these biofilms highly applicable for use as functional packaging to preserve food,
antioxidant and antimicrobial additives in multiple applications such as biomedical and
pharmaceutical biomaterials, as well as in agricultural pesticides. Nevertheless, further
characterization of these biopolymer films, including a biodegradability study, will be
required in future works as a previous stage to their use in packaging applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma15051966/s1. Figure S1: Image of inhibition area over time of neat gelatin-based biofilm
without FexOy-NPs incorporated. Figure S2: Image of inhibition area over time of gelatin-based
biofilm with 1.0% GS FexOy-NPs incorporated. Figure S3: Image of inhibition area over time of
gelatin-based biofilm with 1.0% CS FexOy-NPs incorporated.
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Abstract: In the last few years, electrospinning has proved to be one of the best methods for obtaining
membranes of a micro and nanometric fiber size. This method mainly consists in the spinning
of a polymeric or biopolymeric solution in solvents, promoted by the difference in the electric
field between the needle and collector, which is finally deposited as a conjunction of randomly
oriented fibers. The present work focuses on using cellulose derivatives (namely cellulose acetate
and ethylcellulose), based on the revaluation of these byproducts and waste products of biorefinery,
to produce nanostructured nanofiber through electrospinning with the objective of establishing a
relation between the initial solutions and the nanostructures obtained. In this sense, a complete
characterization of the biopolymeric solutions (physicochemical and rheological properties) and
the resulting nanostructures (microstructural and thermal properties) was carried out. Therefore,
solutions with different concentrations (5, 10, 15, and 20 wt%) of the two cellulose derivatives and
different solvents with several proportions between them were used to establish their influence on
the properties of the resulting nanostructures. The results show that the solutions with 10 wt% in
acetic acid/H2O and 15 wt% in acetone/N,N-dimethylformamide of cellulose acetate and 5 wt% of
ethylcellulose in acetone/N,N-dimethylformamide, exhibited the best properties, both in the solution
and nanostructure state.

Keywords: electrospinning; cellulose acetate; ethylcellulose; nanostructures; rheological properties;
thermal properties; microstructure

1. Introduction

Electrospinning is defined as the spinning of polymeric solutions or molten polymers
in the presence of strong electric fields. Thus, this technique allows the fabrication of fibers
with diameters between micro and nanometers. The application of a high electric force,
enough to overcome the surface tension of the polymeric solution, leads to the generation
of fibers from the solution that are finally deposited randomly over the collector, while the
solvent evaporates. These fibers move along the direction of the electric field, thus they
are unstable and may undergo elongation, depending on the set parameters [1,2]. There
are numerous variables that should be considered when designing an electrospinning
process, such as compositional parameters (solution concentration, viscosity, conductivity,
surface tension, molecular weight of the polymer, etc.), processing parameters (flow rate,
voltage, distance between the needle and the collector, etc.), and environmental parameters,
such as temperature and relative humidity [1–4]. In addition, electrospinning is a versatile
process that allows obtaining structured nanofibers, which are formed by micro- and nano-
sized fibers. Such nanofibrous membranes offer countless advantages over traditional
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fibers, such as an enormous surface area/volume ratio, surface flexibility, high porosity,
porosity control, pore interconnectivity, and superior mechanical performance compared
to other known forms of the material. In addition, a wide range of raw materials, such as
synthetic polymers, natural polymers, proteins, polysaccharides, etc. can be used to obtain
electrospun nanostructures [5]. Due to these characteristics, the use of nanofibers and
therefore electrospinning has increased in recent years, making them optimal candidates
for a wide variety of applications, including tunable hydrophobicity and water adhesion,
scaffolds for tissue engineering, air filtration media, controlled drug release, biosensors,
textiles, wound dressings, special membranes, and antimicrobial activities [6–8].

Cellulose (C6H10O5)n is the most important and abundant structural polysaccharide
and biomolecule in the world [9]. Cellulose was first synthesized in 1992 by Kobayashi and
Shoda, without using any enzyme of a biological origin [10,11]. Regarding its structure,
cellulose is a glucose polymer formed by β-type glucose molecules attached by β (1→4)
glycosidic bonds. Cellulose chains present a linear structure, united by hydrogen bonds.
These units are not located exactly in the plane of the structure, but adopt a saddle con-
formation with the successive glucose residues rotated at an angle of 180◦ with respect to
the molecular axis and the hydroxyl groups in the equatorial position, which provide high
mechanical resistance [12,13]. Due to its structure, cellulose is susceptible to considerable
modifications to give rise to new derivative compounds that may be more appropriate
than cellulose for certain applications [14]. There is a large variety of cellulose derivatives,
such as methylcellulose, cellulose acetate, and ethylcellulose, among others, with the latter
two being the most widely used [8,14–17]. These organic compounds are obtained from
cellulose, modifying its original structure by substituting external hydroxyl groups with
methyl, acetyl, or ethoxy groups, respectively [12].

The electrospinning of cellulose derivatives has been extensively studied in the last
decade. However, there have been enormous advances, particularly in the preparation of
composite materials based on the electrospinning of these derivatives, which have enor-
mous potential to turn several industrial sectors around [18]. Many researchers have stud-
ied electrospun cellulose derivatives nanofibers using different solvent systems [19]. The
different solvents used for electrospinning were: Acetone, dimethylacetamide, dimethylfor-
mamide, acetic acid, chloroform, methanol, water, or their mixtures in different proportions,
with acetone being the most commonly used solvent [20–22]. The main problem is that
the boiling point (56 ◦C) of acetone is low, and it evaporates quickly, which hinders the
long-term electrospinning required for the large-scale production of nanostructures for
various applications.

In recent years, cellulose derivatives electrospun nanostructures have been used as
scaffolds for tissue regeneration [23,24], as filter membranes, for catalytic processes, due to
their high surface area [25]. Cellulose derivatives fibers have also been utilized in the textile
industry, combining different types of fibers, with polymeric coatings [26]. However, the
main applications of cellulose derivatives nanostructures are medical applications [27,28],
such as the previously mentioned TE, bandage fabrication, drug-controlled release systems,
medical implants, and artificial organs [1,12]. Although cellulose derivatives nanostructures
potential applications have been investigated, no correlation between the properties of the
previous solutions and the properties of electrospun nanostructures has been established
yet. Thus, in the present work it is intended to establish a correlation between the physico-
chemical properties of the solution with the microstructural properties of the electrospun
nanostructures, for this purpose it will be evaluated how it affects the concentration of
natural and biodegradable polymers, as well as how it affects the solvent used.

Therefore, the main objective of this study was to relate the characteristics of the initial
solutions with those of the obtained nanostructures, using cellulose derivatives as raw
materials. For this purpose, solutions of ethylcellulose and cellulose acetate were prepared
using different weight concentrations as well as different solvents. They were rheological
and physically characterized. On the other hand, a complete microstructural, thermal,
and chemical characterization of the electrospun fiber mats was carried out. Properties
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of the initial solution and nanostructures have been correlated to establish relationships
between them.

2. Materials and Methods

2.1. Materials

The polysaccharides chosen in this study were cellulose acetate (AC) (Mw = 30,000 g·mol−1;
acetyl groups percentage = 39.8%; DS = 2.45) and ethylcellulose (EC) (Mw = 45,000 g·mol−1;
ethoxy groups percentage = 48%; DS = 2.45), which are low molecular weight cellulose
derivatives. Both materials were provided by SIGMA ALDRICH S.A. (Taufkirchen, Ger-
many). The selected solvents were acetone, provided by Honeywell (Offenbach am Main,
Germany), N,N-dimethyl-formamide (DMF), supplied by EMSURE (Darmstadt, Germany),
acetic acid provided by Panreac Química S.A. (Barcelona, Spain), and distilled water. These
solvents were chosen based on the great solubility of both cellulose derivatives in them.

2.2. Nanofabrication of Cellulose Derivatives
2.2.1. Solution Preparation

AC solutions were prepared by dissolving different concentrations of polymer (5, 10,
15 and 20 wt.%) into a 2:1 mixture of acetone/DMF or acetic acid/water, due to its high
solubility in these solvents [14], to evaluate the influence of the solvents in the procedure
and the properties of the systems. Each system underwent an agitation step at 500 rpm,
using a magnetic stirrer for 4 h.

In the same way, EC was dissolved at different concentrations (2.5, 5, 10, and 15 wt.%)
in a 2:1 acetone/DMF solvent, using the same protocol, in order to evaluate the differences
between both polymers. It is worth mentioning that acetic acid/water solutions were not
prepared for EC due to its low solubility in this solvent [15].

2.2.2. Electrospinning

The fabrication of the nanostructures of AC and EC was developed with a Fluidnatek
LE-50, electrospinning equipment (Bioinicia, Valencia, Spain). A total of 5 mL of each
solution were introduced into a syringe, equipped with a 21 G needle. The syringe was
fixed to the support, using the vertical setting, with a distance of 15 cm from the needle to
the collector. The high-voltage power source supplied 17 kV. Each experiment was carried
out at room temperature (22 ± 1 ◦C) and a controlled relative humidity of 45 ± 1%.

2.3. Characterization
2.3.1. Characterization of the Solutions

Once the solutions of each system were prepared, rheological properties, as well
as physical properties, such as density, surface tension, and electric conductivity were
characterized and analyzed.

Rheological Properties

Rheological measurements were carried out to determine the viscosity of the solutions
as a function of the shear rate. The measurements were carried out with a stress-controlled
rheometer AR 2000 (TA Instruments, New Castle, DE, USA). In the measurements, the
samples were placed into a cone/plate measuring geometry with 1.016◦ and a diameter of
60 mm, in order to minimize possible inertia effects and to avoid gliding. Each measurement
was taken at room temperature and the shear rate range studied was 0.02 to 100 s−1. In
order to establish a relationship between rheological and microstructural properties, specific
viscosity (ηsp) was determined using Equation (1):

ηsp =
η − η0

η0
, (1)

where η (Pa·s) is the viscosity of the solution and η0 (Pa·s) is the viscosity of the pure solvent.
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In addition, extensional viscosity measurements were carried out using a HAAKE
CaBER 1 (Thermo Haake GmbH, Germany) at room temperature. One bead of solution
was taken between two plates (4 mm of diameter) concentrically set. The plates were
separated vertically with a gap of 1 mm and a traction stress was applied to form a fluid
unstable filament, observing the evolution of the filament diameter (Dmin) with time,
using a micrometer and its interaction with a laser, which provides a way to estimate the
extensional viscosity (ηext).

Physical Properties

Density measurements were carried out using a Densito 30P digital densimeter (Met-
tler Toledo, Sevilla, Spain). Moreover, surface tension was analyzed using a force tensiome-
ter Sigma 703D (Biolin Scientific, Shanghai, China). The measurements of each system
were taken by temporal stability, utilizing a Wilhelmy platinum plate (39.24 mm wide
and 0.1 mm thick). Each measurement was recorded at room temperature. In addition,
conductivity measurements of the solutions were performed with an EC-Meter BASIC 30+
digital conductometer (Crison Instruments, Barcelona, Spain) by electrical stability.

2.3.2. Characterization of the Nanostructures
Chemical Properties

Chemical bonds were analyzed by Fourier-transform infrared spectroscopy (FTIR),
using a Hyperion 1000 spectrophotometer (Bruker, Santa Clara, CA, USA). The samples
were placed in an ATR diamond sensor to obtain their infrared profile. The measurements
were obtained between 4000 and 400 cm−1 with an opening of 4 cm−1 and an acquisition
of 200 scans. Baseline correction was performed by measuring without a sample.

Thermal Properties

Thermogravimetric analyses were carried out using TGA Discovery equipment (TA
Instruments, USA), evaluating the loss of weight of the systems with temperature, in order
to observe the thermal events that may take place. Sample quantities between 4 and 7 mg
were placed on platinum pans and heated from 25 ◦C to 600 ◦C, at 10 ◦C·min−1, under a
N2 atmosphere with a flow rate of 60 mL/h. Moreover, differential scanning calorimetry
analyses were also carried out, in order to determine the heat flow associated with the
different thermal transitions, using a SDT Q600 (TA Instruments, USA). The tests were
performed between −50 and 220 ◦C, with a heating rate of 10 ◦C·min−1 and N2 atmosphere
with a flow rate of 60 mL/h. AC and EC raw materials were also thermally characterized
in order to evaluate if electrospinning process produces changes in the thermal transition
of the final nanostructures in respect to the raw material.

Microstructural Properties

Prior to microscopy examination, samples (2–3 mm) were cut and treated with osmium
vapor (1%) for 8 h to fix the samples and facilitate their observation under the microscope.
Then, the fixed samples were covered by a thin film of Au to improve the quality of the
micrograph (improving sample conductivity). The microscopy examination was performed
using a Zeiss EVO scanning electron microscope (Stuttgart, Germany) with a secondary
electron detector at an acceleration voltage of 10 kV. A digital processing free software, FIJI
Image-J (National Institutes of Health, Bethesda, MD, USA), was used to determine the
pore size distribution and the mean pore size of the nanostructures.

2.4. Statistical Analysis

At least three replicates were carried out for each measurement. Statistical analyses
were performed with t-tests and one-way analysis of variance (p < 0.05), using PASW
Statistics for Windows (Version18: SPSS Inc., Endicott, NY, USA). Standard deviations
were calculated for selected parameters. The significant differences were established with
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a confidence level of 95% (p < 0.05), which are indicated with different letters in the
different tables.

3. Results

3.1. Characterization of the Solutions

As was previously mentioned, the electrospinning process depends on many variables
and physicochemical properties of solutions, such as viscosity, surface tension, and electric
conductivity. In particular, the viscosity of the solution can be adapted by modifying
the polymer concentration [29–31] and in fact, some correlations were applied in order
to find the minimal concentration that leads to adequate viscosity values to perform the
electrospinning process. Table 1 displays the values of shear viscosity of different solutions
of AC and EC, as well as other physicochemical parameters, namely, extensional viscosity,
density, surface tension, and conductivity. It is important to mention that every system
exhibited a Newtonian behavior in the applied shear rate range.

Table 1. Rotational viscosity (η), extensional viscosity (ηext), density (ρ), surface tension (γ), and
conductivity (σ) values of the different AC and EC solutions. Different letters in each column present
significant differences between the parameters (p < 0.05).

Systems η (Pa·s) ηext (Pa·s) ρ (g·cm−3) γ (mN·m−1) σ (μS·cm−1)

AC +
Acetic

acid/H2O
(2:1)

5 wt.% 0.004 a 0.011 A 1.067 α 29.75 I 184.0 a

10 wt.% 0.011 a 0.035 B 1.074 α 30.15 II 197.7 b

15 wt.% 0.185 b 0.575 C 1.087 β 31.25 III 174.3 c

20 wt.% 0.311 c 0.983 D 1.095 β 30.75 II 157.7 d

AC + Ace-
tone/DMF

(2:1)

5 wt.% 0.006 a 0.015 A 0.862 γ 30.35 II 128.1 e

10 wt.% 0.105 d 0.335 E 0.881 δ 31.54 III 113.1 f

15 wt.% 0.385 e 1.105 F 0.892 δ 32.15 IV 96.71 g

20 wt.% 0.523 f 1.529 G 0.902 ε 31.74 III 73.13 h

EC + Ace-
tone/DMF

(2:1)

2.5 wt.% 0.009 a 0.029 B 0.859 γ 30.58 II 144.5 i

5 wt.% 0.132 g 0.356 H 0.869 γ 32.51 IV 97.57 g

10 wt.% 0.678 h 2.104 I 0.877 γ 33.58 V 69.27 h

15 wt.% 1.115 i 3.395 J 0.886 δ 33.47 V 25.20 j

From these results, it can be observed that an increase of the polymer concentration
used to make the solution leads to an increase of viscosity, regardless of the solvents used
in the process. On the other hand, comparing the results obtained for the AC systems
with both combination of solvents, the solvents appear to influence viscosity, obtaining
higher viscosities when using acetone/DMF, due to the interaction between the solvents
and polymer. Finally, when comparing the effect of the polymer itself, i.e., using different
polymers (AC and EC) with the same mixture of solvents, it can be observed that the
viscosities of the EC systems are considerably higher, due to the structural properties of
each polymer [32]. EC + Acetone/DMF 20 wt.% was not included in Table 1, as it did not
provide relevant information, conversely to the 2.5 wt.% solution. The differences in the
physicochemical properties of the systems prepared with EC with respect to AC, using
in both cases as solvents a DMF/Ac mixture is mainly due to two factors. On the one
hand, the main factor is due to the molecular weight, since EC has a molecular weight
of 45,000 g.mol−1, while CA has a molecular weight of less than 30,000 g.mol−1. As is
well known, systems made with a polymer with a higher molecular weight have higher
viscosities, in addition to causing the displacement towards lower concentrations of the
critical concentration (Ce) from which these systems are in the semi-dilute entangled regime
and can generate micro and nanofibers during the electrospinning process [31,33].

On the other hand, the viscosity of the systems is affected by the length of the polymer
chain. In the case of systems made by EC, the chain of the ethyl functional group is slightly
longer than that of systems made with CA (ethoxy group). It is also important to mention
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that the content of ethyl groups in the raw material from which the systems were prepared
is higher than that of acetyl groups (48% of ethyl groups compared to 39.8% of acetyl
groups in AC), as can be seen in Section 2.1 [21,22].

As discussed above, the solution viscosity has often been adapted by modifying the
polymer concentration [29,30] and, in fact, some correlations were applied to find the
minimum polymer concentration (Ce) to reach the appropriate viscosity values to perform
the electrospinning process. For example, Aslanzadeh et al. [34] determined that a certain
viscosity threshold corresponding to the critical polymer overlap concentration is required
to obtain relatively uniform nanofibers. To obtain this Ce, specific viscosity ηsp was plotted
vs. polymer concentration (Figure 1).

 
Figure 1. Concentration dependence of the specific viscosity for different solutions of AC and EC
with different solvents.

Figure 1 shows the relationship between the specific viscosity (ηsp) and derivates
celluloses concentrations. The critical entanglement concentration (Ce) delimiting the
semi-diluted unentangled and the semi-diluted entangled regimes can be obtained as the
change in the slope of this plot. It must be highlighted that Ce strongly depends on the
polymer and the solvents used. On the semi-dilute unentangled, strong polymer-solvent
interactions predominate, which means that in this regime, no electrospun fibers would be
obtained; whereas at higher concentrations (C > Ce), the predominant process would be
electrospinning, thus obtaining nanofibers [29,30].

In addition to rotational viscosity, Table 1 displays the values of extensional viscosity,
density, surface tension, and conductivity obtained for each system. Extensional viscosity
(ηext) reflects the same behavior as the one shown by rotational viscosity, increasing with
polymer concentration regardless of the solvent mixture used. Moreover, when comparing
each system, similar results are observed, obtaining higher extensional viscosity values
for AC when using acetone/DMF as solvents; with the EC systems exerting higher values
than the AC systems. Density values are determined by the combination of solvents used,
obtaining higher values for AC + acetic acid/H2O and similar values for systems with
different polymers, however the same solvents. Regardless of the solvents used, increasing
the polymer concentration slightly increased density values [35,36]. On the other hand,
surface tension results did not show a clear deviation pattern for the studied systems, with
the ones obtained for the EC being slightly higher. Finally, conductivity values generally
decreased when the polymer concentration was increased, except for the case of the low
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polymer concentration AC + acetic acid/H2O solutions. This could be due to the fact that,
when increasing the polymer concentration in the solutions, the number of electric charges
also increases up to a maximum concentration, from which, despite the increase in the
number of charges, conductivity decreases due to the fact that the movement of the charges
becomes progressively more limited [29,30].

3.2. Characterization of the Nanostructures
3.2.1. Chemical Properties

Figure 2 shows the resulting FTIR spectra of both raw materials (AC and EC) without
electrospinning and a representative nanostructure processed with each solvent, namely
AC (10 wt.%) + acetic acid/H2O, AC (15 wt.%) + acetone/DMF and EC (5 wt.%) + ace-
tone/DMF. These systems are selected as representative because they are the concentrations
of each biopolymer immediate in each case to the overcoming of the threshold of the critical
concentration (Ce), from which each system is expected to present microstructural proper-
ties formed by micro and nanofibers, being able to speak already of nanostructures that are
composed by fibers.

Figure 2. FTIR spectra of both raw materials (AC and EC) and selected nanostructures of the different
systems. The dashed lines marked the most representative peaks that have been analyzed.

The AC spectrum shows the characteristic bands of esters at 1735 cm−1, due to the
existence of double bonds conjugated with the carbonyl group, at 1300 cm−1 and 1000 cm−1.
These bands can also be observed in the AC nanostructures, both using acetic acid/H2O
and acetone/DMF solvents combinations. The differences with the raw AC spectrum are
the intensity of the common bands, which are higher for the nanostructures, with respect to
the raw material, and the presence of the characteristic bands of the solvents used, namely
the ones of carboxylic acids in the case of using acetic acid and water as solvents or the
characteristic bands of ketones and amides when using the acetone/DMF mixture. On the
other hand, in the case of EC systems, characteristic bands of ethers, ketones, and amides
(2950–2800 cm−1) can be observed, due to the molecular structure of the polymer itself
and the solvents used [37–42]. The same increase in the common bands can be observed in
this case.

87



Polymers 2022, 14, 665

3.2.2. Thermal Properties

Table 2 displays the values of onset temperatures (Tonset), maximum temperatures
(Tmax), weight loss, and residues of the thermal events observed on each processed nanos-
tructure and in both raw materials, as well as the glass transition temperatures (Tg). The
thermal profile of TGA and DSC of the different systems are incorporated as supplementary
material (Figures S2 and S3). It is worth mentioning that AC (5 wt.%) + acetone/DMF
and EC (2.5 wt.%) + acetone/DMF were not included in Table 2, since it was not possible
to carry out TGA/DSC assays, due to the fact that neither of the nanostructures could
be removed appropriately. This was due to the fact that the nanostructures could not be
correctly separated from the aluminum foil enveloping the aluminum collecting plate. This
is an experimental limitation since the structure of these two systems consisted entirely of
micrometer-sized particles, which formed randomly arranged agglomerates, and when
attempting to remove these nanostructures, part of the aluminum foil was always extracted,
which could distort the thermal measurements.

Table 2. Onset temperature (Tonset), maximum temperature (Tmax), weight loss, residue percentage,
and glass transition temperature (Tg) values obtained for the different raw materials and nanostruc-
tured systems of AC and EC.

Systems Tonset (◦C) Tmax (◦C)
Weight

Loss (%)
Residue

(%)
Tg (◦C)

AC 272.0/345.4 285.6/367.9 81.9 18.1 171.1

AC + Acetic
acid/H2O (2:1)

5 wt.% 258.7/330.8 305.8/356.7 88.7 11.3 –
10 wt.% 259.9/335.3 307.2/358.8 88.1 11.9 190.1
15 wt.% 260.8/337.4 309.9/358.8 87.5 12.5 –
20 wt.% 261.6/337.7 311.9/359.8 87.3 12.7 –

AC +
Acetone/DMF

(2:1)

10 wt.% 257.2/322.8 314.4/356.8 87.9 12.1 –
15 wt.% 259.0/329.0 314.8/357.2 87.8 12.2 188.2
20 wt.% 260.0/334.7 315.4/359.3 87.5 12.5 –

EC 261.2/322.9 283.1/354.2 95.2 4.8 181.5

EC +
Acetone/DMF

(2:1)
5 wt.% 253.1/337.2 308.3/359.8 95.5 4.5 183.0

On the one hand, it must be highlighted that both Tonset and Tmax columns include
two values, which correspond to two different thermal events (Figure S1). The first one
appears at temperatures of 250–300 ◦C and corresponds to the degradation of acetyl and
ethoxyl groups of AC and EC, respectively. The other one occurs at about 350 ◦C and
corresponds to the degradation of cellulose [35,36]. Thus, the first values of these two
columns, the Tonset and Tmax, of the first thermal event and the second ones correspond to
values obtained for the second thermal event.

On the other hand, it can be noted that an increase of polymer concentration causes a
slight increment of both Tonset and Tmax. Moreover, this increment of polymer concentration
also provokes a higher generation of residues.

Furthermore, comparing the effect of the solvents on the different AC systems, it can
be observed that, using acetic acid/water as a solvent, higher Tonset, Tmax, and residue
values were obtained with respect to the values obtained for the acetone/DMF combination
(Figures S2 and S3). A similar behavior was observed when analyzing the effect of the
polymer, obtaining similar values for the AC and EC systems and the same tendency for
Tonset. Additionally, it can be noted that the residue percentages are lower for the processed
nanostructures than for the raw materials. This effect could be due to the fact that the
electrospinning process enables the formation of fibers with the polymer without dragging
the inorganic impurities (i.e., salts) of the raw materials The tendencies observed for the EC
systems were similar to those of the AC systems.
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Moreover, the Tg values of the processed nanostructures were generally higher than the
ones obtained for the raw materials, possibly due to the higher crosslinking degree, as the
new nanostructure is formed by an entangled nanofiber, whose movement is more limited.
Only selected nanostructures had their Tg measured, which were AC (10 wt.%) + acetic
acid/H2O, AC (15 wt.%) + acetone/DMF, and EC (5 wt.%) + acetone/DMF, since although
there were no significant differences with the other nanostructures of each system, the ones
selected had comparatively better properties than the rest.

3.2.3. Microstructural Properties

Figures 3–5 shows the analysis of the microstructural properties of every different
nanostructured system, displaying both SEM image and the distribution of the microstruc-
tural properties for AC + Acetic acid/H2O, AC + Acetone/DMF, and EC + Acetone/DMF
systems, respectively.

 

Figure 3. SEM images and distribution of microstructural properties of the nanostructures made with
different AC concentrations: (A) 5 wt.%, (B) 10 wt.%, (C) 15 wt.%, and (D) 20 wt.%, using acetic acid
and water as solvents.
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Figure 4. SEM images and distribution of microstructural properties of the nanostructures made with
different AC concentrations: (A) 5 wt.%, (B) 10 wt.%, (C) 15 wt.%, and (D) 20 wt.%, using acetone
and DMF as solvents.

Figure 3A–C shows an increase in the size of nanoparticles when increasing polymer
concentration, which means that these results are in line with the obtained rheological
properties of the solutions of each system, as the systems in Figure 3A,B were below Ce and
consequently, as expected, no fibers were obtained in these systems. Conversely, Figure 3C
is slightly above Ce, which is why, in these systems, both particles and fibers with very
small diameters were obtained in these systems. Finally, Figure 3D shows a distribution of
interconnected particles and fibers, with the latter being larger than the fibers obtained in
Figure 3C.

Figure 4 shows the results of microstructural analyses carried out for the AC systems
using acetone/DMF as solvents. Once again, the obtained results are consistent with the
previous rheological characterization of the solutions, as only particles can be observed in
Figure 4A, since this concentration of AC with this combination of solvents is lower than
Ce, whereas Figure 4B–D, whose concentrations are in the regime predominated by the
electrospinning, shows predominates and fibers with an increasing size as the polymer
concentration is increased.
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Figure 5. SEM images and distribution of microstructural properties of the nanostructures made with
different EC concentrations (A) 2.5 wt.% and (B) 5 wt.%, using acetone and DMF as solvents.

When comparing the influence of the selected solvents for AC systems, it can be
observed that, in solutions with acetic acid/H2O, particle formation is favored rather than
fiber spinning, due to the difficulty that the solution presented for the electrospinning
process. Conversely, AC solutions with acetone/DMF achieved a more abundant fiber
formation with irregular morphology. This is due to the difference in the physicochemical
properties of the solvents used, which leads to different interactions with CA, in this case,
therefore obtaining different physicochemical properties for the resulting solutions, which
explains the difference in the Ce when using different solvents [43,44]. This fact bears out
the importance of making a previous rheological characterization in order to obtain Ce and
to determine both regimes.

Figure 5 shows the results of the microstructural characterization results of the EC
systems. In Figure 5A, only irregular particles can be observed, without fiber formation.
Nevertheless, in Figure 5B, when Ce was exceeded, a heterogeneous distribution of fibers
was obtained. The rest of the EC systems were not included in this analysis due to the
fact that it was not possible of electrospun solutions with higher concentrations, since
maintaining the electrospinning parameters used in the other systems, resulted in the high
viscosity of the solutions made the formation of the Taylor cone impossible [45].

By comparing both raw materials (AC and EC) using the same solvents, it can be con-
cluded that, for the same polymer concentration, fibers and particles with larger diameters
were obtained for the EC systems (Table 3), highlighting the influence that the selected
polymer exerts on both the rheological properties of the solutions and the properties of the
final nanostructures. Moreover, the values of Table 3 corroborate those results observed in
diameter distribution for every system in Figures 3–5, that is the increment of particle and
fiber diameter when increasing the polymer concentration.

From the particle and fiber diameters of the different systems, it is possible to correlate
the specific viscosity of electrospun solutions with the mean diameter of both particles
and fibers (Figure 6). This correlation can be established from specific viscosities in the
semi-diluted unentangled regimes for particles (in other words, specific viscosities from
concentrations below Ce) (Figure 6A) and specific viscosities of solutions with concentra-
tions above Ce for fibers (Figure 6B). These correlations allow one to determine the values
of specific viscosity required to obtain certain diameters of particles or fibers.
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Table 3. Mean values of particles diameter, fiber diameter, and porosity obtained for the different
AC and EC systems. Different letters in each column represent significant differences between the
parameters (p < 0.05).

Systems
Particle Diameter

(μm)
Fiber Diameter

(μm)
Porosity

(%)

AC + Acetic
acid/H2O (2:1)

5 wt.% 1.70 ± 0.12 a – 24.29 ± 0.18 α

10 wt.% 3.40 ± 0.09 b – 22.72 ± 0.16 β

15 wt.% 3.05 ± 0.14 b 0.06 ± 0.01 28.19 ± 0.27 γ

20 wt.% 5.00 c ± 0.27 0.14 ± 0.01 A 25.30 ± 0.25 α,γ

AC +
Acetone/DMF (2:1)

5 wt.% 1.10 ± 0.04 d – 30.42 ± 0.28 δ

10 wt.% 3.10 ± 0.11 e 0.15 ± 0.01 A 26.65 ± 0.15 γ

15 wt.% 3.90 ± 0.19 f 0.16 ± 0.01 A 33.32 ± 0.38 ε

20 wt.% – 0.31 ± 0.03 B 25.67 ± 0.41 γ

EC +
Acetone/DMF (2:1)

2.5 wt.% 1.25 ± 0.03 d – 35.45 ± 0.21 ζ

5 wt.% 2.75 ± 0.08 g 0.19 ± 0.03 C 26.21 ± 0.26 γ

 

Figure 6. Empirical correlation between specific viscosity of solutions with (A) particle diameter and
(B) fiber diameter obtained for the AC and EC systems.

4. Conclusions

As a general conclusion of the study, a relationship between the initial solutions and
final nanostructures was established. It was corroborated that the chemical, thermal, and
microstructural properties (fiber size, particle size, and porosity) of the different cellulose
derivatives strongly depended on the physicochemical and rheological properties of the
solutions, which are provided for the different molecular weight of the raw materials and
the solvent used.

The results obtained show that solutions could be prepared with different cellulose
derivatives at different concentrations and different solvent ratios. In general, the solutions
of AC at 10 wt.% in acetic acid/H2O and 15 wt.% in acetone/DMF, and those of EC at
5 wt.% in acetone/DMF are the ones that present the best compositional and final properties
of the nanostructures obtained. In addition, the processing parameters established in
the electrospinning allow for obtaining AC nanostructures without difficulties in the
process. However, the EC solutions generated problems for electrospinning at higher
concentrations (10, 15, and 20 wt.%) whose viscosity values were too high to be processed
using the selected electrospinning parameters. Furthermore, an empirical relationship
could be established between particle and fiber diameters and the specific viscosity of
solutions, which allowed for determining the required value of specific viscosity (and,
therefore, polymer concentration) to obtain a certain particle or fiber size. Thus, these
results open the possibility of estimating the properties obtained in the nanofibers processed
by electrospinning through the characterization of the biopolymeric solutions. However,
future studies will characterize the nanostructures in depth to evaluate their functionality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14040665/s1. Figure S1: (A) TGA profile and (B) DSC
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analysis of EC (5 %) + acetone/DMF membrane as representative to show the selected parameters.
(1) and (2) refers to the thermal events that occurs during the heating process, namely the degradation
of acetyl and ethoxy groups of AC and EC, respectively (1) and the degradation of cellulose (2);
Figure S2: TGA analysis of electrospun nanostructures for systems made with: A) AC + Acetic
acid/H2O, B) AC + Acetone/DMF and C) EC + acetone/DMF; Figure S3: DSC analysis of AC,
AC (10 wt.%) + Acetic acid/H2O, AC (15 wt.%) + Acetone /DMF, EC and EC (5 %) + acetone/DMF.
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Abstract: Rice bran is an underutilized by-product of rice production, containing proteins, lipids
and carbohydrates (mainly starches). Proteins and starches have been previously used to produce
rice bran-based bioplastics, providing a high-added-value by-product, while contributing to the
development of biobased, biodegradable bioplastics. However, rice bran contains oil (18–22%), which
can have a detrimental effect on bioplastic properties. Its extraction could be convenient, since rice
bran oil is becoming increasingly attractive due to its variety of applications in the food, pharmacy
and cosmetic industries. In this way, the aim of this work was to analyze the effect of the different
components of rice bran on the final properties of the bioplastics. Rice bran refining was carried out
by extracting the oil and fiber fractions, and the effects of these two procedures on the final properties
were addressed with mechanical, functional and microstructural measures. Results revealed that
defatted rice bran produced bioplastics with higher viscoelastic moduli and better tensile behavior
while decreasing the water uptake capacity and the soluble matter loss of the samples. However,
no significant improvements were observed for systems produced from fiber-free rice bran. The
microstructures observed in the SEM micrographs matched the obtained results, supporting the
conclusions drawn.

Keywords: bioplastics; rice bran; rice bran oil; valorization; starch; injection molding

1. Introduction

Environmental pollution derived from conventional plastics produced from fossil
resources has become a global concern. Consequently, the production of environmentally
sustainable materials as an alternative is drawing the attention of the scientific commu-
nity [1–3]. Great effort has been made to develop biodegradable plastics from renewable
natural resources with the aim of producing biodegradable materials that resemble the
behavior of fossil-based polymers. It is estimated that, between 1950 and 2015, 8.3 billion
tons of plastic were produced worldwide and only 21% were recycled or incinerated, the
remaining 79% accumulated in landfills and surrounding areas [4]. In addition, conven-
tional plastics are not biodegradable, thus they remain in the environment for many years,
physically breaking into smaller particles occurs, releasing microplastics in landfills and
marine environments, entering food chains and, consequently, animal bodies, eventually
causing different diseases [5,6].

In this context, bioplastics, which can be either biobased or biodegradable, appear as a
promising alternative to replace or at least reduce the extensive use of conventional plastics
and their harmful waste [7,8]. Biodegradable plastics are usually made from biopolymers.
Furthermore, biopolymers derived from renewable sources, such as animals or plants,
can play an essential role in overcoming the challenges derived from the depletion of oil
resources and the environmental problems related to the increasing use of petroleum-based
plastics. These biopolymers can be natural fibers, cellulose, polysaccharides, proteins,
lipopolysaccharides, etc. [9,10].
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Natural polymers such as polysaccharides (starch, cellulose, pectin, hemicellulose)
and proteins (casein, zein, gluten, gelatin) are generally able to form intramolecular and
intermolecular interactions and cross-linking between polymeric constituents, forming a
semi-rigid three-dimensional network [11]. Furthermore, these biopolymers are present in
wastes and by-products from the agro-food industry. For example, rice (Oryza sativa L.) is
the major cereal crop grown in the world [12] and is generally processed by shelling and
polishing to remove the bran from the grain prior to commercialization. Although rice bran
constitutes about one-tenth of the rice weight, it is still underutilized. It is a low-added-
value by-product mainly used for animal feeding or as an organic fertilizer [12]. However,
the proteins and starches present in rice bran have previously been used to develop rice
bran-based bioplastics; their mechanical and functional properties depend on the processing
parameters and composition [13,14]. This valorization turns rice bran into a high-added-
value by-product, a new raw material, such as gluten or soybean flours [15,16], that can be
used to produce biobased, biodegradable plastic, benefiting both the environment and the
producing companies. However, there are no studies that evaluate the effect of the different
fractions of rice bran on their mechanical and functional properties.

Furthermore, rice bran is emerging as a potential by-product of rice processing also as
a result of the increasing demand for rice bran oil (RBO). Rice bran contains 18–22% oil,
similar to other edible vegetable oil sources such as soybean (15–20%) or tung (16–18%) [17].
Rice bran oil is unique among edible vegetable oils due to its composition (i.e., fatty acids,
phenolic compounds and vitamin-E) [18]. Among the health benefits of RBO, it reduces
oxidative stress and hypertension, has anti-cancer and anti-diabetic activities, can act as
anti-inflammatory or anti-allergic agent, etc. In this way, it has a variety of food and
non-food applications in pharmacy and cosmetics [18–20].

In this context, this research work aimed to analyze the effect of oil extraction, which
can have its own valorization route, on the properties of defatted rice bran-based bioplastics.
In addition, the fibers were also extracted to evaluate the influence of the different biopoly-
mer fractions on the properties of the bioplastics obtained. In this way, different systems
were obtained from virgin rice bran, defatted rice bran, and fiber-free rice bran, each of
them plasticized with a mixture of water with either glycerol or sorbitol. By these means,
the plasticizer effect was also analyzed for the different active matters employed. The
other processing parameters, raw materials proportion, mixing temperature and injection
pressure and temperature, were kept constant, selected based on previous studies. Through
these means, the effects of both the biopolymer fractions and the selected plasticizer were
successfully analyzed, achieving a better understanding of the mechanisms involved in the
development of protein- and starch-based bioplastics.

2. Materials and Methods

2.1. Materials

Vaporized indica rice bran (RB) was obtained from Herba Ingredients (San José de
la Rinconada, Spain). Deionized-grade water, sorbitol and glycerol were employed as
plasticizers. Both sorbitol and glycerol were provided by PANREAC S.A. (Barcelona,
Spain). All other reagents were supplied by Sigma-Aldrich (St. Louis, MI, USA).

2.2. Preparation of Defatted Rice Bran (DRB) and Fiber-Free Rice Bran (FRB)

DRB was prepared by suspending sieved RB (<500 μm) in hexane (1:10 w/v). The
mixture was vigorously stirred at room temperature for 24 h and, after this time, it was
centrifuged at 5000 rpm for 10 min. The supernatant containing both hexane and lipids
was carefully separated from the solid fraction, which was dried in a fume hood to remove
any residual hexane. This process was carried out twice, ensuring that >90% of the lipids
were removed.

Fiber removal was carried out following the methodology used by Singh et al. [12] by
first soaking DRB in deionized grade water (1:40 w/v) for 2 h. The pH was then adjusted
to 9.5 using a NaOH solution and the mixture was stirred at room temperature for 1 h.
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After this time, the slurry was sieved through a 125 μm mesh to separate the fibers and the
remaining mixture was centrifuged. The supernatant (containing some soluble protein)
was discarded and the solid fraction was washed with distilled water and lyophilized.

2.3. Chemical Composition

The chemical composition of RB was already characterized by Alonso-González
et al. [13]. The approximate composition of DRB and FRB flours was determined fol-
lowing the approved methods of A.O.A.C. [21]. The water content was determined by
mass difference after placing 3 g of sample in a conventional oven (Memmert B216.1126,
Schwabach, Germany) at 105 ◦C for 24 h. The lipid content was quantified using the Soxhlet
extraction method [22], where hexane was used as a solvent in contact with the sample.
The lipids were dragged in subsequent cycles until the whole lipid content was removed
and quantified by mass difference. The ash content was determined by heating a small
amount of sample at 550 ◦C in a muffle furnace (Hobersal HD-230, Barcelona, Spain) for 5 h
in air atmosphere. The sample was then cooled to room temperature in a desiccator before
being weighed again to calculate the mass difference. Protein content was determined as%
N × 6.25 [23] using a LECO TRUSPEC CHNS-932 nitrogen microanalyzer (Leco Corpo-
ration, St. Joseph, MI, USA). Finally, the starch and fiber content in the RB sample was
determined by analytical methods in an external laboratory and it was assumed that their
ratios were constant after defatting (i.e., DRB system) while their contents in the FRB were
determined by mass difference.

2.4. Sample Preparation

Samples were prepared according to the methodology followed by Alonso-González
et al. [14]. In this way, the active matter (RB, DRB and FRB) was introduced along with
plasticizers into a HAAKE POLYLAB QC mixer-rheometer (ThermoScientific, Waltham,
MA, USA), equipped with counter-rotating rotors, obtaining homogeneous blends. Two
different plasticizers, glycerol (G) and sorbitol (S), were evaluated in combination with
water (W) for each system. All blends contained 55% active matter and 45% total plasticizer,
maintaining the proportion of 2:1 water-G/S. The proportions were selected according to
previous studies [13,14]. The blends were mixed at 200 rpm and 80 ◦C for 1 h. The systems
are identified with the corresponding active matter (RB, DRB and FRB) and the plasticizer
used (G or S). In this way, a system developed from defatted rice bran using a mixture of
water and sorbitol would be DRBS.

Once mixed, the doughs were kept inside a desiccator until the moisture content was
adequate for further processing (between 10 and 40 wt.%). The final moisture content,
calculated during the drying process following the A.O.A.C. methods, varied for each
system. The doughs were finally processed by injection molding using a Haake pneumatic
piston injection molding equipment (MiniJet ThermoScientific, Waltham, MA, USA) to
obtain the bioplastic samples. The temperatures for the injection cylinder and the mold
were 50 ◦C and 150 ◦C, respectively. The injection pressure was 500 bar, which was applied
for 15 s, while the post-injection time and pressure were 200 s and 500 bar, respectively.
These conditions were selected according to previous studies [13,14]. By these means,
rectangular probes (60 mm × 10 mm × 1 mm) were obtained and employed for mechanical,
functional and microstructural characterization.

2.5. Bioplastics Characterization
2.5.1. Dynamic Mechanical Thermal Analysis (DMTA)

DMTA tests were carried out with a DMA850 rheometer (TA Instruments, New Castle,
DE, USA) on the rectangular probes using the film clamp in tension mode. First, the linear
viscoelastic range was determined by strain sweep tests. Subsequently, a strain within
the linear viscoelastic range was selected for the frequency sweep tests (between 0.01 and
20 Hz) performed at room temperature and the temperature ramp tests (between −10 and
160 ◦C). Temperature tests were carried out at constant frequency (1 Hz) at the heating

99



Polymers 2022, 14, 100

rate of 5 ◦C/min. By these means, the elastic modulus (E′), viscous modulus (E′′) and loss
tangent (tan δ = E′′/E′) were obtained for the whole studied range.

2.5.2. Tensile Tests

Tensile tests were performed with RSA3 equipment (TA Instruments, New Castle,
DE, USA) according to a modification of the ISO 527-2 method for the tensile properties
of plastics [24] using rectangular probes and measuring three replicates. Stress-strain
curves were obtained for all evaluated systems and Young’s modulus, maximum stress and
deformation at break were successfully determined with a deformation rate of 1 mm/min
at room temperature.

2.5.3. Water Uptake Capacity and Soluble Matter Loss

Water uptake capacity (WUC) was measured according to the ASTM D570 method [25]
using one-third of the rectangular samples mentioned above, that is, probes measuring
20 mm × 10 mm × 1 mm. The samples were subjected to a dehydrothermal treatment in a
conventional oven at 50 ◦C (Memmert UN 55, Schwabach, Germany) for 24 h to determine
the dry weight (Initial dry weight). Subsequently, they were immersed in distilled water
and weighted after 24 h of immersion (Wet weight). Finally, they were frozen at −40 ◦C
before lyophilization at −80 ◦C and vacuum atmosphere (0.125 bar) using a LyoQuest
freeze-dryer with a Flask M8 head (Telstar, Barcelona, Spain) and subsequently weighted
(Final dry weight). According to the methodology used, WUC and soluble matter loss (SML)
were determined by the following equations:

WUC (%) =
Wet weight − Initial dry weight

Initial dry weight
·100 (1)

SML (%) =
Initial dry weight − Final dry weight

Initial dry weight
·100 (2)

2.5.4. Scanning Electron Microscopy (SEM)

Selected bioplastics samples after water uptake and subsequent freeze-drying (1 mm
thick) were observed by SEM examination, showing the micrographs their microstructural
appearance. The equipment used was a ZEISS EVO microscope (Carl Zeiss Microscopy,
White Plains, NY, USA) at a voltage of 10 kV and a magnification of 500×. These samples
were previously coated by Pd/Au sputtering (13 nm) using a Leica AC600 metalizer. Finally,
the porosity of the samples was calculated using ImageJ software.

2.6. Statistical Analyses

At least three replicates of each measurement were carried out. Statistical analyses
were performed using t-test and one-way analysis of variance (ANOVA) (significance value
ρ < 0.05) using the STATGRAPHICS 18 software (Statgraphics Technologies, Old Tavern Rd,
The Plains, VA, USA). Standard deviations from some selected parameters were calculated.
Significant differences are indicated by different letters, that is, all mean values labeled
with the same letter did not show significant differences.

3. Results

3.1. Chemical Composition

The chemical composition of this variety of rice bran is similar to those obtained by
different authors in their research, the fiber and starch content being those with the highest
differences depending on the variety [26,27]. The effects of lipid and fiber extractions
on the chemical composition of RB are gathered in Table 1. First, the lipid extraction
produced a DRB system with only 1.8% lipids, which caused a proportional increase in
the rest of the components as happened in a similar study directed by [12]. Thus, the
chemical characterization revealed a composition of 15.9% moisture, 13.4% ashes, 16.8%
proteins and 27.9 and 24.2% fiber and starch, respectively. Previous studies revealed that
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the protein content consists mainly of variable fractions of glutelin, globulin, albumin,
and prolamin, while the starch content is the mixture of two biopolymers: amylose and
amylopectin [12,28]. However, the fiber removal process caused the lipid fraction to
increase proportionally again to 5.8%. Consequently, the rest of the fractions also increased
containing 16.8% moisture, 24.6% ashes, and 34.1% starch, leaving the remaining of 3.0%
fibers. The only exception would be the protein content, which appeared to decrease to
15.7% due to the removal of some soluble protein during the fiber extraction procedure.

Table 1. Chemical composition of the different active matters employed: rice bran (RB), defatted rice
bran (DRB) and fiber-free rice bran (FRB).

Composition RB DRB FRB

Moisture (%) 12.5 ± 5.0 15.9 ± 5.0 16.8 ± 3.4
Ashes (%) 10.5 ± 0.3 13.4 ± 0.5 24.6 ± 0.5
Lipids (%) 22.8 ± 1.3 1.8 ± 0.6 5.8 ± 1.6

Proteins (%) 13.2 ± 0.5 16.8 ± 0.5 15.7 ± 1.0
Fiber (%) 22.0 ± 1.0 27.9 ± 1.0 3.0 ± 1.0

Starches (%) 19.0 ± 1.0 24.2 ± 1.0 34.1 ± 1.0

3.2. Dynamic Mechanical Thermal Analyses (DMTA)

The frequency sweep tests of rice bran-based bioplastics are shown in Figure 1. As can
be seen, E′ is higher than E′′ for all processed systems, which confirms that the samples
processed by the injection molding process exhibit mainly elastic behavior. At the same time,
the values obtained for the viscoelastic moduli present a certain frequency dependence,
increasing as the frequency increases for all studied systems. Regarding the active matter,
the lowest recorded values were observed for RB systems, processed with either glycerol or
sorbitol as plasticizers (that is, RBG and RBS, respectively). However, this analysis shows
that the lipid and fiber extractions resulted in bioplastics with better rheological behavior
than the virgin RB, with the viscoelastic moduli increasing for all DRB- and FRB-based
systems, with no significant differences between them. In this way, the values of the
viscoelastic moduli overlay for the DRBS and FRBS systems, as well as for the DRBG and
FRBG. Finally, it can be observed that sorbitol produced bioplastics with higher viscoelastic
moduli than those processed with glycerol as a plasticizer. In fact, the two glycerol systems
with better rheological behavior, DRBG and FRBG, present practically similar E′ and E′
with respect to RBS.

Figure 2a,b show the temperature dependence of viscoelastic moduli (E′ and E′′) and
tan δ, respectively. As can be seen in Figure 2a, all systems exhibit the same behavior,
where, again, the elastic component is always above the viscous one within the whole
frequency range studied. Furthermore, in all cases, both E′ and E′′ decrease with increasing
temperature; the difference between them is the abruptness of this drop towards the end of
the experiment. First, the recorded values followed the same trend as in the previous case:
the two virgin systems (RBS and RBG) presented the lowest E′ and E′′ values, while the two
extraction methods appear to enhance their rheological behavior. In this way, the DRBS
and FRBS systems are above the RBS one, and the DRBG and FRBG systems are above the
RBG samples. However, although in Figure 1 both extraction methods seem to give similar
bioplastics, the DRB and FRB samples differ from each other in this case, since the FRBS and
FRBG underwent a less accused drop of the viscoelastic moduli with temperature being
above DRBS and DRBG during the last part of the studied range (T > 90 ◦C). In addition,
the same tendency as in Figure 1 is maintained with the sorbitol systems which exhibited
higher E′ and E′′ than the glycerol ones; however, in this case, there is a great difference
in their behavior depending on the plasticizer used. Thus, the viscoelastic moduli of the
glycerol systems seem to stabilize at the end of the experiment, maintaining their values,
whereas for the effect of the plasticizer used (sorbitol or glycerol), since the sorbitol-based
bioplastics continue to decrease for the whole temperature range studied.
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Figure 1. Frequency sweep tests performed between 0.1 and 20 Hz of the different studied systems
(RBS, RBG, DRBS, DRBG, FRBS, and FRBG) carried out at room temperature.

 

δ (−)

(a) (b) 

Figure 2. Temperature sweep tests between −10 and 160 ◦C performed on the different evaluated
systems at 1 Hz; (a) Elastic (E′) and viscous (E′′) modulus (b) Loss tangent (tan δ).

Figure 2b shows the evolution of the loss tangent with temperature. The observed
maximum values correspond to the glass transition temperature (Tg) of the plasticized
RB, DRB and FRB [29]. In this way, the influence of the biopolymer fraction as well as
the plasticizer used on the Tg of the systems can be analyzed. First, it can be observed
that glycerol led to a Tg earlier than sorbitol. In this way, the Tg of the RBG appeared
around 50 ◦C, while for the RBS is around 100 ◦C. A similar behavior was shown by
DRBG and FRBG, whose transition temperatures were nearly 80–90 ◦C, although their
equivalent sorbitol systems underwent the glass transition at 120–130 ◦C, approximately.
In addition, the effect of the biopolymer fractions can be observed in both the widths of
the peaks and the higher Tg with respect to the virgin RB. In this way, the two extraction
procedures, oil and fiber removal, led to narrower peaks with respect to virgin RB. The RBG
and RBS systems showed wider transitions. Additionally, it is possible to distinguish the
beginning of another peak (at the lowest temperatures studied) for the samples plasticized
with the water-sorbitol mixture that is related to the glass transition of the plasticizer
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mix [30]. For the samples plasticized with water-glycerol, this peak would be expected at
lower temperatures.

3.3. Tensile Tests

Figure 3 shows the stress-strain curves obtained for the different samples. As can be
seen, both extraction procedures enhanced the tensile response of the obtained bioplastics.
In this way, the response corresponding to the RBS samples is below those of DRBS and
FRBS, and the DRBG and FRBG systems are above the RBG curve. Moreover, when
comparing the three different active matters employed in this study, the samples with
better mechanical properties are those obtained from the defatted rice bran, since the
fiber-free samples did not induce further improvements in the mechanical properties. On
the other hand, it can be observed that the sorbitol systems exhibited higher stiffness and
withstood higher stresses, while the glycerol-based probes presented improved elasticity,
achieving, by these means, greater elongations.

Figure 3. Stress-strain curves obtained for the different evaluated systems at 1 mm/min and
room temperature.

The three parameters obtained from the strain-stress curves (that is, Young’s modulus
(YM), maximum stress (MS), and deformation at break (DB)) are gathered in Table 2, which
allows for a more accurate evaluation of the tensile properties. First, the values obtained
for the YM improved for the treated RB samples and for the systems containing sorbitol.
Therefore, the lowest value is associated with the RBG sample 53 ± 1 MPa, followed by its
two treated systems, namely DRBG and FRBG, which did not show significant differences
exhibiting 104 ± 2 and 106 ± 9 MPa, respectively. The systems plasticized with sorbitol
exhibited improved stiffness compared to the previous ones, beginning with the similar
values recorded for the RBS and FRBS systems (156 ± 6 and 171 ± 17 MPa), which were
exceeded by the DRBS, obtaining the highest value (227 ± 11 MPa). MS values followed a
similar trend with the lowest and highest values presented by RBG and DRBS, respectively.
The second-lowest was the FRBG system, followed closely by the RBS and DRBG systems
and, finally, the FRBS system. The last parameter, that is, DB, differed from the other two.
Although defatted samples induced better elongations (DRBS and DRBG), no significant
differences were observed for fiber-free systems. The RBS and FRBS values did not show
significant differences, either RBG nor FRBG. In addition, the elastic deformation of the
bioplastics was enhanced by glycerol instead of the improvements observed in the other
parameters for the sorbitol-containing samples.
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Table 2. Young’s modulus (YM), maximum stress (MS) and deformation at break (DB) of the different
evaluated systems obtained from the stress-strain curves.

System YM (MPa) MS (MPa) DB (mm/mm)

RBS 156 ± 6 C* 1.00 ± 0.10 FG 1.26 ± 0.18 J

RBG 53 ± 1 A 0.42 ± 0.04 E 2.03 ± 0.13 K

DRBS 227 ± 11 D 2.30 ± 0.30 I 1.82 ± 0.20 K

DRBG 104 ± 2 B 1.17 ± 0.03 GH 3.04 ± 0.26 L

FRBS 171 ± 17 C 1.33 ± 0.06 H 1.36 ± 0.23 J

FRBG 106 ± 9 B 0.90 ± 0.09 F 2.11 ± 0.13 K

* Different superscript letters within the column indicate significant differences (p < 0.05). Significant differences
are indicated by different letters, all mean values labeled with the same letter did not show significant differences.

3.4. Water Uptake Capacity and Soluble Matter Loss

The water uptake capacity (WUC) and soluble matter loss (SML) of the obtained sys-
tems are shown in Figure 4a,b, respectively. This figure indicates that the removal of lipids
and fibers has a detrimental effect on WUC, since treated samples exhibited lower absorp-
tion capacities (especially those without fiber). The only exception is the DRBS sample, with
a value of 148 ± 5%, while its native sample showed a lower value (131 ± 10%), although
the decreasing trend was again followed by the FRBS sample, with only 116 ± 3%. This
drop in the absorption capacities was more progressive for glycerol-containing samples
(RBG, DRBG, and FRBG systems). Thus, the highest value is associated with the RBG
sample, with 162 ± 24%, followed by the DRBG sample, with 122 ± 13%, and finally
the FRBG sample, with 108 ± 4%, which are the lowest results of all evaluated systems.
The WUC values obtained are similar to those observed by López-Castejón et al. [30] for
albumen/tragacanth-based bioplastics.

Figure 4. (a) Water uptake capacity (WUC) and (b) soluble matter loss (SML) of the different evaluated
systems. Different letters above columns indicate significant differences (p < 0.05).

However, the effects were less remarkable for the SML values. It seems that higher
WUC is associated with higher SML, although there were no significant differences. In this
way, the lowest values were those of the FRBS and DRBS systems with 27 ± 1%, followed
by the DRBG and FRBG systems, with 28 ± 1% and 29 ± 1%, respectively. Finally, the
two systems with the highest losses are the RBS and RBG systems, with 30 ± 2% and
31 ± 3%, respectively.
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3.5. Scanning Electron Microscopy (SEM)

Figure 5 shows the SEM micrographs obtained for the different bioplastics. Figure 5A,B
correspond to the samples obtained with the raw RB containing sorbitol and glycerol,
respectively. These two samples present microstructures with great flaws, large pores and
cracks with no continuous surface, showing 15.8 and 25.8% porosity, respectively. On the
contrary, the effect of employing treated rice bran is perfectly noticeable. In this way, the
defatted rice bran produces more continuous surfaces with smaller pores, which present a
more homogeneous distribution, as can be observed in Figure 5C,D. Although the pores are
smaller, the total porosity increases for these two samples to 40.4% for DRBS and to 39.4%
for DRBG. On the other hand, the effect is more pronounced in the last two micrographs,
i.e., E and F, corresponding to the fiber-free samples, which again exhibit homogeneous
surfaces with smaller pores, maintaining the total porosity in 38.4 and 38.1%, respectively.
Finally, when the two plasticizers used are compared, both sorbitol and glycerol seem to
produce similar porosities.

Figure 5. SEM micrographs of the different lyophilized bioplastics observed (A) RBS; (B) RBG;
(C) DRBS; (D) DRBG; (E) FRBS; (F) FRBG.

4. Discussion

4.1. Chemical Composition

The chemical composition of RB, DRB, and FRB gathered in Table 1 allows analyzing
the efficiency of the extraction methods. The lipid extraction was successfully carried
out, decreasing the fat content from 22.8% for the RB sample to 1.8% for the DRB sample.
Therefore, within 48 h after suspension in hexane, 92.11 ± 0.6% lipids were extracted at
room temperature. Although the lipid extraction could be optimized using the Soxhlet
device, removing most of the fat content in hours, the sample would reach higher tem-
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peratures, which could imply certain thermal modifications (i.e., earlier gelatinization)
that are avoided with the methodology used. Note that lipids have been reported to act
as plasticizer, increasing the mechanical properties of the final material generated [31].
Moreover, the hydrophobic character of lipids may also affect the water uptake capacity of
the bioplastics obtained, this will be discussed in Section 4.4. With respect to the removal
of the fibers, the methodology employed allowed the removal of the fiber fraction along
with some soluble protein. This removal of fiber must affect the final properties of the
bioplastic generated. It should be noticed that fiber used as filler can reinforce the structure
of polymers. However, an excessive amount also may affect the mechanical properties of
the final bioplastics [32]. The different systems studied will allow evaluating the effect of
the fiber fraction on the bioplastic formed.

4.2. Dynamic Mechanical Thermal Analyses (DMTA)

Figure 1 shows the frequency sweep tests of predominantly elastic probes, indicating
a frequency dependence. This dependence was already observed in previous studies
conducted on RB-based bioplastics [13]. This frequency dependence has been previously
related for uncross-linked polymers of high molecular weight [33], which is the case of
these polymers, where the biopolymer chains (i.e., proteins or carbohydrates), are not
specifically linked to each other. Thus, the systems plasticized with water/sorbitol (RBS,
DRBS and FRBS) led to higher E′ and E′′ than water/glycerol ones (RBG, DRBG and FRBG),
which according to the “lubricating” theory, the glycerol has a higher lubricating effect [34].
With respect to the active matter, the removal of the lipid fraction in the DRBS and DRBG-
based bioplastics produced probes with improved rheological properties, that is, higher
viscoelastic moduli. Thus, these results confirm that rice bran oil could act as a plasticizer,
which increases the biopolymer chain mobility, leading to reduced viscoelastic moduli.
Lipid removal appears to be beneficial for rheological behavior, since the viscoelastic
moduli increased. The improvement in rheological behavior could also be attributed to
the relative increase in the number of proteins and starches, that is, the active matter that
produces most biopolymers. In this way, although fiber removal could have a similar effect,
increasing total interactions, fibers are known to act as reinforcement in the biopolymeric
matrix [26], therefore, the two effects counteract each other, leaving bioplastics without
significant improvements in the rheological properties, as can be observed in the E′ and
E′′ values of the FRBS and FRBG samples. In this experiment, the DRB and FRB systems
maintained a similar behavior.

Some of the effects described above can also be observed in Figure 2a. First, the
removal of the lipids again led to enhanced rheological behavior, with the DRBS and DRBG
systems exhibiting viscoelastic moduli above the RBS and RBG systems, respectively, which
are associated with a higher proportion of active matter, producing more interactions among
the biopolymer chains. Moreover, the lack of RB oil reduced the mobility of the biopolymer
chain as a result of its plasticizer role. However, although no significant differences were
observed between the DRB and FRB systems when evaluating the frequency dependence,
fiber removal enhanced the rheological behavior with temperature, especially for the FRBS
samples, which were above the DRBS samples above room temperature, while the FRBG
system is only superior to the DRBG towards the end of the temperature interval studied.
Since fibers do not contribute to creating significant interactions in protein- and starch-based
biopolymers [35,36], the lack of fibers allows creating a more compact structure with better
behavior with temperature for higher protein and starch proportions. Finally, in terms of
the plasticizer effect, although sorbitol contributes to the production of bioplastics with
higher viscoelastic moduli, E′ and E′′, these systems experienced a more longer temperature
dependence than the systems containing glycerol (which even stabilized above 100 ◦C until
the end of the experiment). This behavior was previously observed in preliminary studies
(results not published yet).

In addition, analysis of the loss tangent (tan δ) behavior was performed in order
to assess the effect of the two extraction methods and the plasticizer used on the glass
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transition temperature of the bioplastic obtained. Figure 2b reveals that glycerol induced
an earlier transition compared to the sorbitol-containing system, indicating a higher plasti-
cizer efficiency for glycerol, which was also deduced from the biopolymer chain mobility
above-mentioned. This effect is also reflected in the delayed peaks deduced at the lowest
temperatures for the sorbitol-based systems. This higher plasticizer effect of glycerol was
also observed when these compounds plasticized whey-based films [37]. The narrow peaks
associated with the Tg of the DRB and FRB bioplastic using either glycerol or sorbitol as
the plasticizer might be related to the purer composition obtained with the two extraction
methods followed. As is well-known, purer substances undergo the glass transition in
small temperature ranges, while complex compounds exhibit wider transition ranges [38].
In addition, the two extraction procedures exhibited higher Tg compared to the virgin RB,
which might be due to the lack of oil in their composition, which also reflects its role as
plasticizer. Moreover, this plasticizer effect is also observed in the

4.3. Tensile Tests

The results collected in Figure 3 and Table 2 confirm the beneficial effects of lipid
removal on the mechanical properties of the final bioplastics. In this way, the plasticizer
behavior of rice bran oil was lost, while, the proportion of proteins and starches increased,
leading to stiffer, more resistant and more elastic samples (i.e., higher E, σ and ε for the
DRBS and DRBG samples). This effect has been previously reported when for crayfish-
PCL composites when increasing the active matter, which also led to an increase in the
tensile parameters [39]. As for the fiber content, its removal also resulted in improved
tensile behavior compared to virgin rice bran (RBS and RBG samples), the results for the
FRBS and FRBG systems are below those of the defatted ones (DRBS and DRBG). In this
case, as previously described, although there was a higher protein and starch content,
the reinforcing effect of the fibers was lost and the samples obtained showed poorer
tensile-strength properties. With respect to the plasticizer effect of sorbitol and glycerol, it
seems that glycerol forms a closer mixture with the active matter, having a more efficient
plasticizer effect and producing more elastic but less stiff samples. On the other hand,
as a solid material, sorbitol can also act as a filler, not achieving such high elongations
but leading to very stiff and resistant samples [40]. These results are in agreement with
those obtained from DMA tests, confirming the different roles played by each plasticizer
(glycerol or sorbitol). Although the tensile tests assume that the deformation of the material
is related to its elasticity, whereas the DMA tests consider that the response is a combination
of the elastic and viscous components, both assumptions reach the same conclusion for the
plasticizing effect. Thus, this agreement between oscillatory and continuous deformation
test has been also found for synthetic polymers such as epoxy foams [41].

4.4. Water Uptake Capacity and Soluble Matter Loss

The detrimental effect on WUC and the lower SML associated with defatted and
fiber-free samples may be related to the higher proportions of proteins and starches present
in these systems. In these samples, the interactions within the active matter were favored
in greater proportions, leading to samples with high physical integrity (low soluble matter
loss) that hold their structure during water immersion, although with a lower tendency to
absorb and retain water. As can be seen in Section 3.4, the effect is observed for the DRBS
and DRBG samples, but it was more pronounced in the FRBS and FRBG samples. Regarding
the effect of the plasticizer, glycerol seems to produce bioplastics with higher WUC and,
consequently, higher SML, as previously indicated, both parameters are related [42]. The
effect of the plasticizer can also be related to the higher hydrophilic character of the glycerol,
this higher affinity to water favors its penetration, and it also can justify the higher values
obtained for the SML parameter, since once solubilized, it can be released in the medium,
where the concentration difference is the driving force [43,44]. Moreover, it should be
also noted that rice-bran oil can be extracted with both polar (i.e., acetone) and non-polar
solvents (e.g., hexane, chloroform) [45]. Although we are not assuming that water extracts
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rice bran oil, it seems that polar solvent may interact with rice bran oil, facilitating water
diffusion through the biopolymer structure, which is required for water uptake [46].

4.5. Scanning Electron Microscopy (SEM)

The microstructures observed in Figure 5 can be related to the results obtained in
the previous sections regarding mechanical properties and the WUC. In this sense, the
improved mechanical properties associated with the purified samples (i.e., the defatted
rice bran, Figure 5C,D, and fiber-free rice bran, Figure 5E,F), correspond to more homoge-
neous microstructures with smaller pores and cracks that also present a more continuous
distribution compared to those of Figure 5A,B. Thus, the higher homogeneity found in the
micrographs evidenced a lower water uptake, since probe swelling created fewer pores
and cracks when more active matter was present. The higher interactions led to enhanced
mechanical properties observed. Thus, systems that usually have higher mechanical prop-
erties generally have a detrimental effect on water uptake [13], which was also obtained
in this study, where the higher porosities observed in the DRB and FRB samples were not
related to higher water absorption. Moreover, the glycerol-based samples (Figure 5B,D,F)
also seem to exhibit more pores than those obtained with sorbitol (Figure 5A,C,E), which
can be related to the above-mentioned of glycerol compared to sorbitol. Higher probe
porosity after water uptake as glycerol content increases was previously observed for
bioplastics [47].

5. Conclusions

This work evidences the beneficial effect of the removal of the lipid fraction on the
mechanical properties of bioplastic samples. The lipids imply a certain plasticizing effect,
which is lost in the DRB, also leading to a higher proportion of active matter and conse-
quently to better rheological and tensile properties. The higher amount of active matter
was later reflected in the WUC of the probes generated. Where also was observed the
hydrophilic character of glycerol since it was released in a larger extend than sorbitol (SML
values). However, although the removal of the fibers produces a higher proportion of
active matter, the reinforcing effect of fibers is eliminated, which causes either a detrimen-
tal or no significant effect on the final properties. The only exception is the rheological
behavior at high temperatures that was enhanced for these last samples. Finally, among
the two plasticizers used, glycerol exhibited a higher plasticizing efficiency, leading to a
lower glass transition temperature and producing bioplastics with higher deformability.
On the contrary, the sorbitol-containing systems exhibited higher stiffness and maximum
stress values.

Furthermore, the chemical characterization of the DRB and FRB revealed great quanti-
ties of ash content, which could also be removed via dialysis to obtain an optimized and
pure biopolymer. In this way, there are still many modifications and parameters to be
evaluated to develop suitable rice bran-based bioplastics. In addition, according to their
mechanical and functional properties, RB-based bioplastics could be selected as promising
candidates for the substitution of conventional fossil plastics in certain applications in
the future.
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Abstract: The seaweed Rugulopteryx okamurae, from the Pacific Ocean, is considered an invasive
species in the Mediterranean Sea. In this work, the use of this seaweed is proposed for the develop-
ment of bio-based plastic materials (bioplastics) as a possible solution to the pollution produced by
the plastic industry. The raw seaweed Rugulopteryx okamurae was firstly blended with glycerol (ratios:
50/50, 60/40 and 70/30), and subsequently, they were processed by injection molding at a mold
temperature of 90, 120 and 150 ◦C. The rheological properties (frequency sweep tests and temperature
ramp tests) were obtained for blends before and after processing by injection molding. The functional
properties of the bioplastics were determined by the water uptake capacity (WUC) values and further
scanning electron microscopy (SEM). The results obtained indicated that E’ was always greater than
E”, which implies a predominantly elastic behavior. The 70/30 ratio presents higher values for both
the viscoelastic moduli and tensile properties than the rest of the systems (186.53 ± 22.80 MPa and
2.61 ± 0.51 MPa, respectively). The WUC decreased with the increase in seaweed in the mixture,
ranging from 262% for the 50/50 ratio to 181% for the 70/30 ratio. When carrying out the study on
molded bioplastic 70/30 at different temperatures, the seaweed content did not exert a remarkable
influence on the final properties of the bioplastics obtained. Thus, this invasive species could be used
as raw material for the manufacture of environmentally friendly materials processed by injection
molding, with several applications such as food packaging, control–release, etc.

Keywords: Rugulopteryx okamurae; bioplastics; DMA; injection molding; seaweed

1. Introduction

Rugulopteryx okamurae (RO), also known as Dictyota marginata, Dilophus marginatus, or
Dictyota okamurae [1,2], is a species of brown algae belonging to the Dictyotaceae family, orig-
inally from the coasts of the warm and temperate northwestern Pacific Ocean (Korea, Japan,
China, Taiwan and the Philippines) [3]. This alga has been introduced from the Pacific
Ocean to the Mediterranean through the Strait of Gibraltar. The Spanish Mediterranean
coasts and those of the Strait of Gibraltar present a highly favorable environment for the
species, favoring its expansion and an increase in the derived impacts. Consequently, on 1
December 2020 it was included in the Spanish Catalog of Invasive Exotic Species since it
represents one of the main threats to biodiversity in the Mediterranean, due to its ability to
spread and adapt [4].

In 2020, García-Gómez et al. [5] reported that more than 3,000,000 m2 of the seabed
of the Strait Natural Park was occupied by this invasive seaweed at different depths. The
highest proportion of coverage occurs between 5 and 30 m, reaching 85–96%, while the
smallest was found at greater depths or practically on the shores, 30–40 or 0–5 m (around
42–45%). This invasive species not only has effects on the seagrass, but it should also be
noted that 5000 tons of this Asian seaweed were dislodged from the beaches of Ceuta in
2015, and 400 tons from the beaches of Tarifa only in July 2020 [6].

The great technological development from the twentieth century to the present has
caused an increase in environmental pollution. Among these advances, the industrial
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production of non-biodegradable plastic materials stands out [7]. At the beginning of
the 21st century, the average consumption of plastic was 15 kg/year per person [8]. This
also accounts for a large part of the pollution that is produced, both by the emission of
greenhouse gases during their manufacture and disposal, as well as by their accumulation
in landfills and a high presence in the oceans due to their low biodegradability [9]. Since
the 1950s, more than 7800 million metric tons have been produced, of which more than 10%
ends up in the oceans once disposed. This produces worrying impacts on the seabed, its bio-
diversity and people due to the consumption of fish contaminated with microplastics [10].
Thus, an annual consumption of 39,000 to 52,000 microplastic particles is estimated that
can negatively affect health [11].

Nowadays, an important part of this development is inconceivable without taking
care of the environment, and that is why there are increasingly more restrictive regulations
and a greater and growing interest in finding biodegradable materials with properties
similar to those of conventional plastics. The solution of conventional plastics is the use of
bioplastics, which can be defined as those plastics made from a renewable source or those
which are biodegradable [12,13]. This demand for bio-based raw materials will demand a
huge amount of resources, which could be supplied by both agri-food wastes or invasive
species with no applications in the local market. Underutilized invasive species would
provide adequate biomass for processing, which would reduce their environmental impact.
The present work proposes the use of the invasive seaweed RO from the bay of Algeciras
(located in the Strait of Gibraltar) as a raw material to produce bioplastics. The use of the
invasive seaweed RO to generate biodegradable materials would serve both to reduce the
impact of algae in the Mediterranean biodiversity and find an alternative to fossil-based
plastics that pollute the planet. Depending on their properties, algae are used for various
applications, such as in cosmetic or bioplastic packaging industries [14].

One of the problems when replacing conventional plastics with bioplastics are the
poorer mechanical properties of the latter during their processing and end use, which
can limit their potential. As a solution, a plasticizer is added to improve its mechanical
properties. According to IUPAC (International Union of Pure and Applied Chemistry),
a plasticizer is defined as “a substance or material incorporated into another material to
improve its flexibility, compliance or viability” [15]. Plasticizers generally have a high
boiling point and carbon chains of between 14 and 40 carbons, with a molecular weight of
between 300 and 600 [16]. Thanks to these characteristics, plasticizers can be inserted into
the structure of the polymers that make up plastics, reorganizing their three-dimensional
structure, reducing the intramolecular forces of the polymer and allowing its mobility [17].
Due to this function, the choice of plasticizer for the plastic to be developed is important,
as it will affect its final properties. Other parameters to consider when choosing a plasti-
cizer are the boiling or melting temperature, polarity or solvation. Moreover, little or no
toxicity, such as that of fatty acid esters or vegetable glycerol, is desired when selecting a
plasticizer [18].

The selection of the technique and conditions used when processing bioplastics is
also highly influential in their final properties. It should be noticed that Mass Flow Rate
(MFR) is also of extreme importance when selecting a processing technique for bioplastics.
Some authors have pointed out that some biodegradable plastics, such as polylactide
(PLA), experience a greater increase in MFR when increasing the processing speed than
conventional plastics, such as low-density polyethylene (LDPE) [19]. This clearly affects the
energy efficiency of the processing techniques. There are different techniques for processing
bioplastics, such as compression molding, extrusion or injection molding, among others.
Compression molding consists of two metal molds that apply a certain force on the sample
to produce the bioplastic. As the sample flows into the mold, it acquires its shape [20].
Extrusion is the most widely used technique for processing polymers, and consists of a
continuous process, where the polymer is transported through a barrel where it is heated to
enhance its flowability through a final, conveniently shaped orifice. The polymer cools as it
exits and results in a constant section solid [21]. Injection molding consists of the softening
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of a plastic material under the appropriate conditions and its subsequent introduction
under pressure into the cavities of a mold, in which it is brought to a temperature at which
the pieces can be extracted without deforming. The injection molding process can be
divided into two main stages: injection and compaction. First, the substance to be molded
is introduced into a tank that is heated to a certain temperature that allows the material to
flow for subsequent injection into the mold, by means of a piston which exerts a certain
pressure. This is typically called the injection stage. The compaction stage is the second
part of the process and occurs with the sample already inside the cavities of the mold,
which is heated to the molding temperature. In the case of biopolymers, the molding
temperature can be higher than that of the cylinder, so as to promote crosslinking and fix
the structure. During this stage, the injected homogeneous mixture is subjected to a certain
stable pressure by the piston until its extraction [20]. Among all the different techniques
available for dry bioplastic processing, this work selected injection molding due to its
versatility and scalability.

This processing technique has been already used to manufacture bioplastics from
gluten [22], soy protein [23] or blood plasma from the meat industry [24], among others.
Even if different examples of the development of bioplastics have already been reported [14].
There is no such information from the invasive macroalgae RO. The qualities that macroal-
gae offer (low cost, low toxicity, proper mechanical properties) make them a good candidate
for producing bioplastics [25].

The aim of this work has been the development and characterization of bioplastic
materials based on RO seaweed. To this end, RO was firstly blended with glycerol (ratios:
50/50, 60/40 and 70/30), and subsequently, bioplastics were processed at 120 ◦C. Sub-
sequently, the effect of mold temperature was also analyzed by sample processing at 90
and 150 ◦C (RO/GLY ratio: 70/30). The rheological properties (frequency sweep tests and
temperature ramp tests) were obtained for blends before and after processing by injection
molding, whereas the functional properties of the bioplastics obtained were assessed by
water uptake capacity (WUC) and electron scan microscopy (SEM).

2. Materials and Methods

2.1. Materials and Sample Preparation

The seaweed RO used in the present study was gently supplied by the Andalusian
Institute for Agricultural, Fisheries, Food and Organic Production Research and Training
(IFAPA, Puerto Real, Spain). The RO was hand-picked from the bay of Algeciras, and
subsequently freeze dried. Freeze-dried algae samples were ground in a kitchen blender
(Mambo10070, CECOTEC, Valencia, Spain) at maximum speed, obtaining a flour where the
diameters of most particles (~90%) were within the 10 to 100 μm range. GLY was used as
plasticizer (Panreac Química S.A (Castellar del Vallès, Spain). The proximate composition of
the seaweed is 18.47 ± 0.35% ashes, 13.48 ± 0.26% water, 9.76 ± 0.16% proteins (conversion
factor N-protein: 4.92 [26]) and 11.63 ± 0.22% lipids.

Bioplastics were obtained in a two-step method: (i) RO and glycerol (GLY) was mixed
in a two-blade counter-rotating batch mixer Haake Polylab QC (ThermoHaake, Karlsruhe,
Germany) at room temperature and 50 rpm until system homogeneity (60, 10 and 5 min for
RO/GLY ratios 50/50, 60/40 and 70/30, respectively); (ii) RO/GLY blends were injected in
the lab-scale Minijet Piston Injection Molding System (ThermoHaake, Karlsruhe, Germany),
obtaining 1 × 10 × 60 mm3 probes. The samples were processed at 60 ◦C (cylinder
temperature), whereas the mold temperature was set at 90, 120 or 150 ◦C. The injection
pressure was 500 bar (20 s), whereas the post-injection pressure was 200 bar (150 s). These
processing conditions were similar to those from plasma porcine protein [24].

Figure 1 shows the schematic process for the processing and characterization of
bioplastics.
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Figure 1. Scheme of the production process and characterization of bioplastics.

2.2. Methods
2.2.1. Rheological Characterization of RO/GLY Blends
Rheological Measurements

The RO/GLY blends obtained after the mixing stage were analyzed by dynamic
mechanical analysis (DMA) in compression mode. Frequency sweep tests (from 0.1 to
10 Hz) and temperature ramp tests (from −50 to 150 ◦C) were performed using a DMA850
(TA Instruments, Wakefield, MA, USA). All DMA tests were performed within the linear
viscoelastic region, which was determined prior to any measurement by strain sweep tests
at 1 Hz. Frequency sweep tests were performed at constant temperature (25 ◦C), whereas
temperature ramp tests were performed at a constant frequency (1 Hz). DMA tests were
performed using the 15 mm diameter parallel plates geometry.

2.2.2. Characterization of the RO-Based Bioplastics
Rheological Measurements

Final bioplastics were characterized by DMA tests with a tension clamp as geometry.
For these tests, rectangular probes (10 mm × 1 mm × 15 mm) were analyzed in the DMA
850 (TA Instruments, MA, USA). Frequency sweep tests (from 0.1 to 10 Hz) and temperature
ramp tests (from −30 to 180 ◦C) were performed using a DMA850 (TA Instruments, MA,
USA). All DMA tests were performed within the linear viscoelastic region, which was
determined prior to any measurement by strain sweep tests at 1 Hz. Frequency sweep tests
were performed at constant temperature (25 ◦C), whereas temperature ramp tests were
performed at a constant frequency (1 Hz).

Tensile Properties

Stress–strain curves were obtained in uniaxial tensile tests until fracture using a
RSA3 (TA Instruments, MA, USA). From these tests, three parameters were obtained:
Young’s modulus (E), maximum stress (σmax) and maximum strain (εmax). These tests were
performed using rectangular probes (60 mm × 10 mm × 1 mm) according to the standard
ISO 527-2 [27]. All tensile tests were carried out at a constant elongation rate of 1 mm·min−1

and room temperature.

Water Uptake Capacity (WUC)

Water uptake capacity (WUC) was determined as follows [28]: bioplastic samples
were first dried at 50 ◦C for 24 h and weight (w1); then, dried samples were immersed for
24 h in 100 mL of deionized water and weighed (w2). Finally, samples were lyophilized
for 24 h and weighed (w3). WUC and soluble matter loss (SML) were calculated using
Equations (1) and (2):

WUC (%) =
(w2 − w3)

w3
·100 (1)

SML (%) =
(w1 − w3)

w1
·100 (2)

Scanning Electron Microscopy (SEM)

Freeze-dried matrices obtained after WUC were cut into small pieces (~2.5 mm),
gold coated and, finally, examined by SEM, in a ZEISS EVO (Oberkochen, Germany).
A beam current of 18 pA and a working distance of 7.5–8.5 mm were employed in the
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microscope, with an acceleration voltage of 10 kV. Image analyses were obtained at 1000×,
500× and 200× magnification. Moreover, they were analyzed by the imaging software
ImageJ (Bethesda, MD, USA) [29].

2.3. Statistical Analysis

All measurements were carried out at least in triplicate. The statistical analysis was
carried out using the STATGRAPHICS Centurion XVIII software (The Plains, VA, USA).
The standard deviation for some selected parameters was included. Significant differences
(p < 0.05) were indicated by superscript letters.

3. Results and Discussion

3.1. Influence of the Rugulopteryx okamurae/Glycerol (RO/GLY) Ratio
3.1.1. Blends
Mixing

After freeze drying and milling, RO seaweed was thoroughly mixed with glycerol
(GLY) to obtain a homogeneous blend that was eventually injected. A picture of the
resulting blends can be found in the Supplementary Material (Figure S1. Visual appearance
of RO/GLY blends at different ratios (from left to right: 50/50, 60/40, 70/30)). Figure 2
shows the evolution of torque (A) and temperature (B) with mixing time for blends obtained
at different RO/GLY ratios (50/50, 60/40 and 70/30). An apparent increase in both torque
and temperature values was observed during the whole mixing stage as the ratio of
seaweed in the blends increased, and was especially noticeable for the 70/30 system. The
greater the RO/GLY ratio (i.e., the lower amount of plasticizer in the blend) resulted in a
lowering of the free volume among the polymeric chains present in the seaweed biomass.
As a consequence, there was greater friction which led to thermal energy dissipation that
was detected as a temperature rise [22]. Moreover, 50/50 and 60/40 systems achieve a
steady value for both torque (2.2, 2.8 N·m, respectively) and temperature (28.7 and 33.4 ◦C,
respectively) after around 10 min of mixing time. At that time, both torque and temperature
of the system with the greatest RO content (70/30) displayed much greater values (13.2 N·m,
43.4 ◦C, respectively) than the rest. Moreover, this system evolves into a sudden growth of
both parameters from around 8 min, which may be related to a certain strengthening of
the sample promoted by the greater proximity of the different compounds present in the
biomass.

Figure 2. Torque and temperature values for different RO/Gly systems during the mixing stage.
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Specific mechanical energy (SME) of every system at a specific time from the mixing
curves:

SME =
ω

m

tmix∫
0

M(t)δ(t) (3)

where ω (in rad/s) is the mixing speed, m (in g) the sample mass, M(t) (in N·m) the torque
and tmix (in s) the mixing time. In order to avoid the effect of the second strengthening in
70/30, a tmix of 5 min was selected for the estimation of SME shown in Table 1.

Table 1. Specific Mechanical Energy (SME) involved in the mixing of different RO/GLY systems (tmix:
5 min).

RO/GLY SME (kJ/kg)

50/50 208 ± 37

60/40 328 ± 50

70/30 805 ± 182

It is quite apparent that SME is greater as the seaweed content increases within the
formulation, with 60/40 and 70/30 systems 1.6 and 3.9 times higher, respectively, than the
system with the highest amount of plasticizer (50/50). It is well known that plasticizers ease
the processability of polymeric samples and lower torque and temperatures are expected
through the mixing due to a softening of the sample as their content increases [24].

Dynamic Mechanical Thermal Analysis (DMTA)

Figure 3A shows the effect of temperature from −50 to 150 ◦C on both viscoelastic
moduli for the blend with a RO/GLY ratio of 60/40. Due to excessive flabbiness (50/50) or
rigidity (70/30), blends with other RO/GLY rations did not lead to reliable experimental
data. All blends softened as they were heated, which was reflected in a global decrease
in both the elastic (E’) and viscous (E”) moduli when subjected to DMTA tests (data not
shown). A marked decrease higher than two orders of magnitude was observed in both E’
and E”, leading to a minimum approximately at 75 ◦C. From then on, a slight increase and
a tendency onto a steady value were observed. This behavior is qualitatively similar to that
displayed by other blends including biomass from different sources such as soy, plasma
porcine, among others [23,24,30]. Thermoplastic behavior generally implies a softening
of the material, as reflected by the decrease in both viscoelastic moduli. This is typically
associated with the fading of secondary interactions (e.g., hydrogen bonds) when heating a
polymer (i.e., proteins).

Figure 3. Evolution of elastic (E’) and viscous (E”) moduli with temperature (A) and with frequency
before and after heat treatment (B) for the blend with a RO/GLY ratio of 60/40.
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When observing the evolution of the loss tangent (tan δ) along with the heating
(Figure 3A), it is quite clear that in spite of the softening previously commented when
heating, the sample reinforced its elastic character over its viscous one. Thus, tan δ de-
creased from 0.58 to 0.26. Moreover, two peaks were also observed for tan δ, one around
0 ◦C and the other above 82 ◦C, which indicate thermal transitions of the material and
show the heterogeneity of the sample. As a matter of fact, when cooled down to room
temperature, greater E’ and E” were obtained due to the formation of physical interactions
(e.g., hydrogen bonds), as observed in Figure 3B for frequency sweep tests performed at
20 ◦C before and after the whole DMTA test.

Figure 3B shows the dependence of the viscoelastic moduli on frequency from 0.1 to
10 Hz before and after the heat treatment for a 60/40 RO/GLY ratio. The frequency sweep
tests confirm the marked elastic character, since the elastic moduli is above the viscous
moduli within the entire range of frequency studied. However, a slight dependence of the
viscoelastic moduli on frequency is manifested in the E’-frequency slope, being 0.25 before
the heat treatment and 0.16 after the heat treatment (Figure 3B). Despite the predominant
elastic behavior, the blends obtained are injectable, since they behave similarly to other
protein blends with successful injection molding results [31]. Moreover, these results also
evidence the effect of temperature on the microstructure of the blends, decreasing the
dependence on frequency, which reflects a lower protein chain mobility [32]. These results
evidence the suitability of thermal processing methods for these blends.

3.1.2. Bioplastics

Previous blends were injection molded obtaining different bioplastic materials. A
picture of the resulting bioplastics can be found in the Supplementary Material (Figure
S2. Visual appearance of RO/GLY bioplastics at different ratios (from left to right: 50/50,
60/40, 70/30) molded at 120 ◦C).

Dynamic Mechanical Thermal Analysis (DMTA)

Blends with different RO/GLY ratios (50/50, 60/40, 70/30) were subjected to injection
molding at a mold temperature of 120 ◦C, a temperature much higher than the minimum
detected in the DMTA tests of the blends (~75 ◦C). Figure 4 shows the DMTA tests carried
out from −30 to 180 ◦C for the different bioplastics obtained. As observed for blends, a
softening of all the bioplastics took place as they were heated, which can be associated with
the disruption of the secondary structure of proteins caused by the increase in temperature.
However, the decrease in the viscoelastic moduli observed in the bioplastic systems was
much less pronounced than in the blends, due to the strengthening induced in the samples
during the injection molding process at high temperatures and pressures. During this
softening, a peak in tan δ was observed at around 80 ◦C for all samples, pointing out
a thermal transition of these materials (data not shown). Moreover, contrary to blends,
no minimum was detected during the thermal treatment which implied that no further
strengthening would be expected through more exhaustive conditions. It seems that
the greatest thermosetting potential was already achieved during the injection-molding
processing of the seaweed-based blends. All bioplastics displayed a much more cohesive
structure than the original blends and could be tested correctly, tending towards steady
values at high temperatures (~125 ◦C). Thus, higher content in seaweed resulted in greater
viscoelastic moduli, observing a growing sequence for both E’ and E” with the RO/GLY
ratio (50/50 < 60/40 < 70/30) during the whole DMTA test. A similar response when
increasing the biomass content in bioplastics made from proteins and GLY has already
been observed [23,24]. The observed evolution of E’ and E” with RO/Gly ratio was also
found in injected bioplastics from microalgae, which was attributed to the promotion of
protein–protein interactions when the plasticizer content decreased [33,34]. It should be
noticed that López-Rocha et al. [33] did not find the mentioned biomass content-viscoelastic
properties correlation for blends, but also after the injection molding process. Samples
were submitted to drastic temperature and pressure conditions when injected, which
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promoted the strengthening of the samples in a more efficient way than just mixing at room
temperature. Therefore, when considering the value of the elastic modulus at 20 ◦C (E’20),
the 60/40 system experienced an increase from around 14 (blend) to 219 (bioplastic) MPa
as a result of the injection molding process.

Figure 4. Evolution of viscoelastic moduli with temperature (A) and frequency (B) for bioplastics
with different RO/GLY ratio (50/50, 60/40, 70/30).

Tensile Tests

Tensile tests were carried out on the bioplastics with different RO/GLY ratios at
constant elongation rate of 1 mm·min−1 to assess the effect of the biomass content on
their mechanical properties. Figure 5 shows the stress–strain curves produced by the
three systems studied, showing an initial linear elastic region at lower strains in which
the slope corresponds to the Young’s modulus, E. When certain yield stress was exceeded,
the slope began to descend as plastic deformation took place. Once the stress reached a
maximum value (σmax), the slope decayed abruptly, especially for the 70/30 system, which
implied the breakage of the probe at a maximum deformation εmax. In the systems studied,
it is observed that as the content of seaweed in the sample increased, and the rigidity
of the materials also increased, requiring higher stresses to achieve the same degree of
deformation, which implies greater resistance to breakage. Moreover, this plot also showed
the higher tenacity obtained for the ratio 70/30.

Figure 5. Stress–strain curves for bioplastics with different RO/GLY ratios (50/50, 60/40 and 70/30).
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Mechanical properties estimated from tensile tests for bioplastics with different RO/GLY
ratios (50/50, 60/40 and 70/30) are shown in Table 2. It is observed that both E and σmax
increased with the content of seaweed in the formulation of the bioplastic, displaying an
exponential increase that led to a remarkable increase for the 70/30 system. This evolution is
in line with that observed for the viscoelastic properties of the systems obtained previously
from the DMTA tests, although the evolution of E’ and E” with RO/GLY was more gradual
than for the tensile properties. Regarding the εmax, no clear evolution could be perceived,
and the 60/40 system displayed the greatest deformability. Other authors have found a
similar evolution for E and σmax when increasing biomass content in injection molded
bioplastics [24], although they also detected an increase in εmax. The lower εmax obtained
for 70/30 should be related to its greater rigidity due to the higher strengthening achieved
during injection molding, as commented before. This should be explained on basis of the
lack of plasticizer, which allowed greater interaction between the polymeric chains (e.g.,
proteins, carbohydrates) of the material, leading to a more rigid and resistant structure.
This phenomenon of εmax variation has been reproduced by other authors for starch-based
bioplastics. The plasticizer replaced existing intermolecular bonds in the material’s struc-
ture with hydrogen bonds, which reduces stiffness and allows flexibility, so the higher
the amount of plasticizer, the greater the deformation capacity [35]. However, when the
plasticizer concentration exceeds a critical value, the anti-plasticizer phenomenon can occur.
In these cases, too much plasticizer in the mix can excessively weaken the cohesion between
the polymer chains making it too brittle and resulting in less elongation [36].

Table 2. Mechanical parameters (Young’s modulus (E), maximum stress (σmax) and maximum strain
(εmax)) for bioplastics with different RO/GLY ratios (50/50,60/40,70/30). Different letters within a
column indicate significant differences (p < 0.05).

RO/GLY E (MPa) εmax (%) σmax (MPa)

50/50 0.40 ± 0.14 a 0.88 ± 0.07 a 0.089 ± 0.021 a

60/40 0.70 ± 0.10 b 1.49 ± 0.21 b 0.15 ± 0.03 b

70/30 2.61 ± 0.51 c 0.74 ± 0.12 a 0.68 ± 0.06 c

Similar profiles are observed in other bioplastics made with proteins such as soy
protein or porcine plasma protein [23,24].

Water Uptake Capacity (WUC)

Figure 6 shows the dependence of water uptake capacity (WUC) and soluble matter
loss (SML) on the RO/GLY ratio of bioplastics studied. There was a significant and
progressive decrease in WUC values when increasing the seaweed content in the bioplastic,
going from around 260% to 180% when the RO/GLY ratio increased from 50/50 to 70/30.
Similar values and evolution with biomass content were observed in bioplastics from a
microalgae consortium by López Rocha et al. [33]. The greater WUC displayed by the 50/50
system can be associated with its higher glycerol content, which promotes the formation
of a porous structure that may improve the absorption process, as hydrophilic GLY tends
to pass onto the aqueous immersion media [23,24]. The greater rigidity and resistance
measured for the 70/30 system inhibited the swelling of the bioplastic, limiting—as a
consequence—its ability to absorb water.
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Figure 6. Water uptake capacity and soluble matter loss for the RO/Gly systems: 50/50, 60/40 and
70/30. Different letters (a, b, c) within the same column parameter (WUC or SML) indicate significant
differences (p < 0.05).

Regarding the SML, a tendency to decrease as the RO/GLY ratio increased was
detected, being significant for the 70/30 system: both 50/50 and 60/40 bioplastics lost
around 60% of mass when immersed for 24 h, while the 70/30 bioplastic lost around 50%,
which is coherent with a greater number of interactions strengthening the material. Most
of the SML is due to the loss of glycerol, which has a highly hydrophilic behavior [37].
However, some of the biomass (~20–30%) was also lost during immersion as the SML was
always higher than the original percentage of GLY in the formulation.

Scanning Electron Microscopy (SEM)

Figure 7 shows the images obtained by SEM for each of the bioplastics generated
after a freeze drying process after studying the water uptake capacity. By increasing the
percentage of seaweed in the formulation, the surface became less porous, which was
much more noticeable in the case of the 70/30 system. Furthermore, the lower presence of
pores in the structure as the RO/GLY ratio increased was strongly affected by the WUC
results (Figure 6): the structure of the 50/50 system was more heterogeneous and showed
many structural irregularities and pores through which water can enter, while the 70/30
system showed a lower amount of pores and interstices. Moreover, this also agrees with
the viscoelastic and mechanical properties already reported, as the 70/30 system possessed
higher viscoelastic moduli, rigidity and resistance supported by a more compact structure,
with a lower porosity.

3.2. Influence of Molding Temperature in Bioplastic Properties

Bioplastics with a RO/GLY ratio equal to 70/30 were processed at different molding
temperatures (Tm: 90, 120 and 150 ◦C) to assess their effect on their properties. Previously,
some authors have already indicated that Tm is the processing parameter that commonly
affects the properties of bioplastics to a greater extent when injection molded [23].
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Figure 7. Scanning electron microscopy images of RO/GLY 50/50 (A), 60/40 (B) and 70/30 (C)
systems prepared at 120 ◦C with a magnification of 200×.

3.2.1. Dynamic Mechanical Thermal Analysis (DMTA)

Figure 8 shows the dependence of viscoelastic moduli on temperature (A) and fre-
quency (B) for 70/30 bioplastics molded at different temperatures (90, 120, 150 ◦C).

As observed in Figure 4A, all samples processed at different molding temperatures
displayed the same qualitative evolution: E’ and E” values, since they decreased when
heating the samples and tended to a plateau value around 120 ◦C. Other authors have
previously studied the effect of molding temperature in other bioplastic systems. Thus,
Fernández-Espada et al. studied bioplastics based on soy protein molded at 40, 80 and
120 ◦C, not obtaining significant differences in the evolution of E’ or E” moduli with
temperature [23]. However, no great quantitative differences were observed for the 70/30
sample when molded at different temperatures, which would indicate that all molding
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temperatures used during the holding stage in the injection molding process were high
enough to achieve the greatest thermosetting potential of seaweed bioplastics. It should be
noted that the sample molded at the highest temperature displayed slightly lower values
for both viscoelastic moduli during the whole temperature test, which could be related to
the possible degradation of the biomass at 150 ◦C.

Figure 8. Dependence of viscoelastic moduli on temperature (A) and frequency (B) for RO/GLY
70/30 bioplastics processed at different molding temperature (90, 120 and 150 ◦C).

The frequency sweep tests performed on the 70/30 samples molded at different Tm
were quite similar (Figure 4B), although the system molded at the highest temperature
showed slightly lower E’ and E” values. Moreover, a significant increase was observed
in the loss tangents values (tan δ) when increasing Tm for the 70/30 system (0.22 ± 0.04,
0.26 ± 0.01, and 0.32 ± 0.01 for 90, 120 and 150 ◦C, respectively), which implied a loss of
the elasticity of the material when molded at higher temperatures. The effects of molding
temperature in soy protein-based bioplastics have already been studied by Paetau et al. [38],
obtaining similar results. Increasing the temperature favors the crosslinking of the polymer
fibers, which makes the material stiffer to some extent. After a certain temperature, proteins
are degraded and a decrease in mechanical properties begins to be observed.

3.2.2. Tensile Properties

Figure 9 and Table 3 show the stress–strain curves and the main mechanical parameters,
respectively, (E, σmax, εmax) for bioplastics with a RO/GLY ratio of 70/30 processed at
different molding temperature (90, 120 and 150 ◦C). The stress–strain curves of the three
systems are similar in shape, with an initial linear elastic behavior, the slope of which
decayed slightly until reaching the maximum stress when the material ruptured. Greater
stresses are required to deform the sample processed at 120 ◦C when compared to the
rest of mold temperatures, which can resist stresses up to 0.7 MPa; twice the value of that
can be applied to the rest of the samples. The initial increase from 90 to 120 ◦C should
be related to a certain strengthening of the sample due to thermally induced interactions
(e.g., disulfide bonds), while the decrease in the stress–strain curve from 120 to 150 ◦C
should be associated with the previously commented degradation that negatively affects
the mechanical properties [23].
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Figure 9. Tensile properties of bioplastics (RO/GLY: 70/30) processed at different molding tempera-
ture (90, 120 and 150 ◦C).

Table 3. Mechanical parameters (Young’s modulus (E), maximum stress (σmax) and maximum strain
(εmax)) of bioplastics (RO/GLY: 70/30): for different molding temperature (90, 120 and 150 ◦C).
Different letters within the same column parameter (WUC or SML) indicates significant differences
(p < 0.05).

Molding
Temperature (◦C)

E (MPa) σmax (%) εmax (MPa)

90 1.60 ± 0.14 a 0.73 ± 0.002 a 0.33 ± 0.022 a

120 2.61 ± 0.51 b 0.74 ± 0.12 a 0.68 ± 0.057 b

150 1.47 ± 0.17 a 0.69 ± 0.32 a 0.36 ± 0.045 a

3.2.3. Water Uptake Capacity

Regarding the WUC, the WUC slightly decreases (Figure 10) the molding temperature
increases, being 189.1 ± 6.2% for the system molded at 90 ◦C, 181.5 ± 11.6% for the 120 ◦C
and 166.8 ± 2.0% for the 150 ◦C molded system. This effect of temperature on WUC
was observed in soy-based bioplastics [23] and was related to the formation of thermally
induced interactions that take place during the injection molding. The lowering in WUC is
observed from 90 to 150 ◦C, in spite of the lower viscoelastic moduli and rigidity measured
for the sample molded at 150 ◦C.

No significant differences were observed in the SML values of the systems with Tm,
as all values were around 51.5%, which implies that molding temperature does not exert
much influence on soluble matter loss. Different letters within the same column parameter
(WUC or SML) indicate significant differences (p < 0.05).

3.2.4. Scanning Electron Spectroscopy

Figure 11 shows the SEM images for bioplastics with a RO/GLY ratio of 70/30 pro-
cessed at different molding temperatures. Some differences were found between the
systems, with the structure of the bioplastic molded at 90 and 150 ◦C showing greater
irregularities and pores than the one molded at 120 ◦C. These imperfections may be related
to a lower degree of cross-linking, resulting in a lower dimensional stability. The smoother
and more compact structure observed for the system molded at 120 ◦C should be related to
its lower water uptake capacity and higher viscoelastic properties.
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Figure 10. Water uptake capacity and soluble matter loss of the RO/Gly systems 70/30 at different
molding temperature (90, 120 and 150 ◦C). Different letters (a, b) within the same column parameter
(WUC or SML) indicate significant differences (p < 0.05).

Figure 11. Scanning electron spectroscopy images of RO/GLY 70/30 bioplastics molded at 90 ◦C (A),
120 ◦C (B) and 150 ◦C (C) with a magnification of 200×.
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4. Conclusions

The invasive seaweed Rugulopteryx okamurae can be used to produce bioplastics
through injection molding employing glycerol as plasticizer. The higher the content of
seaweed, the greater the viscoelastic properties, rigidity and resistance the bioplastics
display. Thus, the sample with RO/Gly ratio of 70/30 displayed the higher values of those
properties when compared to 50/50 or 60/40 ratios.

Regarding the DMA response, typical thermoplastic behavior was shown, as samples
softened when heated until a plateau was achieved at high temperatures. The elastic
behavior always prevailed over the viscous one since the storage modulus of every system
remained above the loss modulus. The WUC was lowered as the biomass content increased,
due to the lower presence of the hydrophilic plasticizer employed. However, some biomass
was lost during the immersion of the bioplastic samples, which can be explained by the
relatively low mechanical properties of all systems when compared to those obtained from
other sources. In relation to this, the greater the mechanical stability of the material, the
lower WUC, because the polymers are expected to be more cross-linked and there are
greater impediments for water to be in the pores of the structure and bond. This also
resulted in a lower SML. The impact of the mold temperature was more noticeable in the
tensile test, where the system molded at 120 ◦C stood out slightly. A slight lowering of
water absorption capacity was detected when increasing the mold temperature, although
its effect was not very significant when compared to the effect of the formulation (RO/GLY
ratio).

The results obtained in the present work are very promising, although further re-
search should be performed to improve the mechanical properties of Rugulopteryx okamurae
seaweed-based bioplastics. The formulation of composites with other biodegradable poly-
mers and the studies of effects on different processing conditions may be a way to achieve
that purpose and to find new utilities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym14020355/s1, Figure S1: Visual appearance of RO/GLY blends at different ratios (from
left to right: 50/50, 60/40, 70/30). Figure S2: Visual appearance of RO/GLY bioplastics at different
ratios (from left to right: 50/50, 60/40, 70/30) molded at 120 ◦C.
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Abstract: This work focuses on the mathematical analysis of the controlled release of a standardized
extract of A. chica from chitosan/alginate (C/A) membranes, which can be used for the treatment
of skin lesions. Four different types of C/A membranes were tested: a dense membrane (CA), a
dense and flexible membrane (CAS), a porous membrane (CAP) and a porous and flexible membrane
(CAPS). The Arrabidae chica extract release profiles were obtained experimentally in vitro using PBS
at 37 ºC and pH 7. Experimental data of release kinetics were analyzed using five classical models
from the literature: Zero Order, First Order, Higuchi, Korsmeyer–Peppas and Weibull functions.
Results for the Korsmeyer–Peppas model showed that the release of A. chica extract from four
membrane formulations was by a diffusion through a partially swollen matrix and through a water
filled network mesh; however, the Weibull model suggested that non-porous membranes (CA and
CAS) had fractal geometry and that porous membranes (CAP and CAPS) have highly disorganized
structures. Nevertheless, by applying an explicit optimization method that employs a cost function
to determine the model parameters that best fit to experimental data, the results indicated that the
Weibull model showed the best simulation for the release profiles from the four membranes: CA,
CAS and CAP presented Fickian diffusion through a polymeric matrix of fractal geometry, and only
the CAPS membrane showed a highly disordered matrix. The use of this cost function optimization
had the significant advantage of higher fitting sensitivity.

Keywords: cost function; controlled release; Arrabidae chica Verlot; chitosan/alginate membranes

1. Introduction

Arrabidaea chica Verlot is a type of shrub found in tropical America, from the south
of Mexico to Brazil, being very common in the Amazon rainforest [1]. As the extract of
A. chica is an important source of tannins, flavonoids and anthocyanins, it presents different
medicinal properties, such as antioxidant, antiseptic, anti-inflammatory and antifungal
activities [2]. One of its main components is the anthocyanin ‘carajurina’, which can be
used as a marker for the detection and quantification of the extract of A. chica.

One of the strategies to deliver drugs and other medicinal substances is through
controlled release systems, which maintain the drug concentration in the blood or in target
tissues as long as possible at a desired value, being able to control the drug release rate and
duration [3]. Different biopolymers have been used to deliver drugs and other compounds
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for the treatment of skin lesions in a local, targeted and controlled manner [4]. One of the
most versatile biopolymers is chitosan, which is obtained mainly from shells of crustaceans,
such as shrimp [5]. In this regard, Servat-Medina et al. (2015) [6] synthesized chitosan
nanoparticles loaded with different concentrations of A. chica extract (10 to 25% relative
to chitosan mass) for the treatment of skin ulcers. Recently, in 2020, our group reported
synthesizing different types of chitosan/alginate (C/A) membranes to be used as controlled
release systems of A. chica extract, as an alternative for the treatment of skin lesions [7].
C/A membranes are attractive because they are insoluble in water, stable to pH variations
and capable of incorporating different bioactive agents into their matrix.

Mathematical modeling of drug delivery and predictability of drug release has been
a field of academic and industrial importance for several decades [8]. In 1961, Higuchi
published his famous equation allowing for a surprisingly simple description of the drug
release mechanism from an ointment base. Numerous models have been proposed since
then, including empirical/semi-empirical as well as mechanistic realistic ones [9]. Con-
sequently, many different mathematical approaches have been proposed to assess the
similarity between drug dissolution and mass transfer profiles [10].

A versatile mathematical tool is the cost function analysis, which is an optimization
process that consists of measuring the difference between real experimental data with the
prediction of a model. The objective of this analysis is to minimize this difference, that
is, to find the parameters that allow the model to fit the data as closely as possible [11].
The cost function can be performed for any type of mathematical model and compared
with various experimental data; regarding numerical optimization methods, local gradient
methods such as conjugate gradients [12,13] or global parameter population methods such
as genetic algorithms [11,14] or deep learning strategies [15] can be applied.

The method in this work focuses on the quantitative assessment of the controlled
release of a standardized extract of A. chica from C/A membranes. First, in vitro experi-
mental A. chica kinetic release profiles were obtained from four different formulations of
C/A membranes: a dense membrane (CA), a dense and flexible membrane (CAS), a porous
membrane (CAP), and a porous and flexible membrane (CAPS). Later, the mechanisms of
the extract release kinetics were determined comparing the r2 coefficient obtained using
five classic models from the literature [16]: Zero Order, First Order, Higuchi, Korsmeyer–
Peppas and Weibull model functions. Finally, as the main novelty of this work, the release
profiles were analyzed using an optimization method implemented by our group that
employs the cost function approach to determine the model parameters that best fit to the
experimental data.

2. Materials and Methods

2.1. Materials

Chitosan (C, from shrimp shells 96% deacetylated and MW = 1.26 × 106 g/mol),
medium viscosity sodium alginate (A, from Macrocystis pyrifera MW = 9.11 × 104 g/mol),
Kolliphor P188 (a pore-forming surfactant) and phosphate buffer solution (PBS) 0.01 M
(0.138 M NaCl, 0.0027 M KCl, pH = 7.4) were acquired from Sigma-Aldrich (Sao Paulo,
Brazil). Silpuran 2130 A/B (a silicone polymer) was obtained from Wacker Chemie AG
(Munich, Germany), and glacial acetic acid, calcium chloride dihydrate and sodium salt
from Merck KGaA (Sao Paulo, Brazil). The standardized Arrabidaea chica Verlot extract was
supplied by the Division of Chemistry of Natural Products of the Center for Chemical,
Biological and Agricultural Research (CPQBA) at the University of Campinas (Campinas,
Brazil). The used water was deionized in a Milli-Q System from Millipore.

2.2. Membranes synthesis

Four formulations of C/A membranes containing A. chica extract (10% in weight)
were obtained according to the protocol previously described by Pires et al. (2020) [7]. The
main synthesis differences are summarized as follows: (A) CA membrane: prepared with
chitosan 1% (m/v) in acetic acid 2% and alginate 0.5% (C:A = 1:2 v/v); (B) CAS membrane:
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synthesized with the same CA formulation, but including 10% of Silpuran 2130 A/B;
(C) CAP membrane: obtained by formulating CA membrane plus 10% in weight of the
Kolliphor P188; (D) CAPS membrane: It was synthesized by formulating CAS plus 10% in
weight of Kolliphor P188. In all cases, the membranes were cross-linked with calcium ions.

2.3. Morphology of the Membranes

Membrane samples containing the A. chica extract were microscopically observed and
photographed using a Nikon digital camera (COOLPIX model S3300). The cross section
morphology of the membranes was analyzed using a scanning electron microscope (model
Leo 440i, Leica). Samples of 2 cm × 1 cm were fixed on a suitable support and metalized
(mini-Sputter coater, SC 7620) by depositing a thin layer of gold (92 Å) on their surfaces.

2.4. Release Experiments

To obtain the release profiles, membrane samples (2 cm × 2 cm) containing the A. chica
extract were previously weighed and immersed in a 10 mL of PBS solution containing
20% ethanol at pH 7.4, 37 ◦C and 100 rpm. At predetermined time intervals up to 48 h,
1 mL of the solution was withdrawn for absorbance analysis using a spectrophotometer
(Thermo Scientific Evolution–220, Thermo Fisher Scientific, Waltham, MA, USA) at 470 nm
and then returned to the vial. The analytical curve was prepared using A. chica extract also
dissolved in a PBS solution containing 20% ethanol. All experiments were performed in
triplicate, and mean values were used. Sink conditions were maintained during the drug
release experiments and at predetermined time intervals, the supernatant solution was
completely renewed.

2.5. Mathematical Models

The mechanism of drug release was determined by fitting the mathematical models to
the experimental data using OriginPro 8.5 software. Five models were studied, the main
characteristics of which are outlined below [17–20].

In the zero-order model, the drug is released at a constant rate independent of concen-
tration, and dissolution from dosage forms that do not disaggregate and release the drug
slowly. This model is represented by the equation

Q(t) = Q0 + k0t, (1)

where Q(t) is the amount of drug released at time t, Q0 = Q(t = 0) is the initial amount of
the extract in the solution and k0 is the zero-order proportional constant.

In the first-order model, the release is a concentration-dependent process, and the
equation that gives the release behavior is

Q(t) = Q0

(
1 − exp(−k1t)

)
, (2)

where Q(t) and Q0 are again the amount of drug released at time t and the initial amount
of the extract in the solution, respectively, and k1 is the first-order release kinetic constant.

The Higuchi model implies more assumptions, such as that the initial drug concen-
tration in the matrix is higher than drug solubility; drug diffusion takes place only in one
dimension (edge effect must be negligible); drug particles are smaller than system thickness;
matrix swelling and dissolution are negligible; drug diffusivity is constant; and perfect sink
conditions are always attained in the release environment. The general release equation is
given by

Q(t) = kHt1/2, (3)

where Q(t) is the amount of drug released in time t per unit area, and kH is the Higuchi dis-
solution constant. It represents a Fickian diffusion of drugs without the matrix dissolution
taken into account.
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The Korsmeyer–Peppas model is a simple relationship to describe drug release from
a polymeric system. This semi-empirical model analyzes both Fickian and non-Fickian
release of drug from swelling as well as non-swelling materials; however, it is applied
just up to 60% of the drug amount released. The Korsmeyer–Peppas release equation is
given by

Q(t)
Q∞

= kKPtn, (4)

where the ratio Q(t)/Q∞ is the fraction of drug released at time t, kKP is the Korsmeyer–
Peppas kinetic constant, which characterizes the drug–matrix system and n is the exponent
that indicates the drug release mechanism.

The Weibull model is an alternative description for the dissolution and release pro-
cesses, and can be applied for most types of dissolution curves. The Weibull equation
expresses the cumulative fraction of the drug, Q(t), in a solution at time t, by the follow-
ing expression:

Q(t) = 1 − exp
(
−(t − Ti)

β/α
)

, (5)

where α is related to the specific surface of the dosage matrix form, β is mainly related
to the mass transport characteristics of the device and Ti represents the delay time before
starting the dissolution or release process, which in most cases is 0.

3. Cost function Analysis

3.1. Definition of Cost Function

We introduce the notation Q(e; t) for a general model that depends on the parameter
vector e. For example, for the Korsmeyer–Peppas model, the parameter set is specified as

e = (e1, e2) =
(
kKP, n

)
.

A standard technique that enables the interpretation of experimental data with a
quantitative model is the formulation as an inverse problem, where the direct problem is
formulated as a mathematical model, such that the distance of the model Q(e; ti) to the data(

ti, Q̂i
)
, i = 1, . . . , N

is described by a cost function [11,21]

F(e) =
n

∑
i=1

μi

∣∣∣Q(e; ti)− Q̂i

∣∣∣p
, (6)

where p ∈ {1, 2, . . . } accounts for different metrics of the distance between model and data,
and μi = μ(ti) contains weights of the data points. For p = 2 (in comparison to p = 1), we
have an underestimation respective overestimation of the measurement errors (under the
assumption that the model is correct) for small respective high distances between data and
model. Though, p = 2 applies the concept of least squares, which is more common, in spite
of the bias.

Regarding the weights, there are various choices, as the following prototypes, among
which there are multiple possible variants:

1. Equal weights μi ≡ 1 for all i.
2. Switch off at a threshold time t∗,

μi =

{
1 for ti < t∗

0 for ti > t∗,
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3. Adaptive weights, that gives higher emphasis to smaller times, such as, for example,

μ(ti) =
1

c + ti
, c > 0.

The switch off in case (2) at a threshold time t∗ applies, i.e., should apply, for model
approximations that do not satisfy asymptotic upper limits, such as the models of Higuchi
or Korsmeyer–Peppas, which are designed to be valid for lower times only. As their
unlimited asymptotic behavior is qualitatively wrong, above a threshold value the models
are quantitatively wrong. In favor of the Higuchi and Korsmeyer–Peppas models, the
weighting choice was case (2) with data switch off at t∗ = 8 h. For the Weibull model we
choose case (1).

The inverse problem is solved by minimizing the cost function,

(7)

that gives the optimal set of parameters e. The mathematical model can have the form
of differential equations that in turn include parametric functions, or the mathematical
model is expressed directly in terms of parametric functions. For the minimization of the
cost function, an issue might be (1) high correlations between the parameters, or (2) its
non-convexity. In the case of high parameter correlation that touch the scale of computa-
tional errors induced by the machine error, even the optimal numerical method cannot
compensate a wrong model choice; it is an issue of model choice. In the case of non-
convexity of the cost function, the optimization method needs to be chosen carefully, or
the experimentation with different optimization methods is subject of research, e.g., global
optimization methods, where populations of parameter sets are optimized, instead of local
methods with only one single parameter set.

3.2. Cost Function Minimization: Optimality Conditions

The goal is to minimize the cost function, that is, to find the parameters of each model
that fits the experimental data as closely as possible.

As a criterion of optimality [22], there is a necessary condition and a sufficient condi-
tion. For two-variable models, the necessary condition for optimality is that the gradient is
equal to zero in each of its components,

∇ f (e1, e2) =

⎛
⎜⎜⎝

∂

∂e1
f (e1, e2)

∂

∂e2
f (e1, e2)

⎞
⎟⎟⎠ =

(
0
0

)
. (8)

The sufficient condition of optimality is that the Hessian matrix

H(e1, e2) =

⎛
⎝∂e1e1 f (e1, e1) ∂e1e2 f (e1, e2)

∂e2e1 f (e1, e2) ∂e2e2 f (e2, e2)

⎞
⎠ (9)

is positive definite for a minimum, i.e., according to the definition

(10)

This definition can be written as

q2
1 fe1e1 + 2q1q2 fe1e2 + q2

2 fe2e2 > 0, ∀q1, q2. (11)
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A general criterion of a square matrix of any size to be positive definite is that all
eigenvalues are positive.

3.3. Equivalence of Optimization Methods

The comparison of model predictions with data,

fi(e) = Q(e, ti)− Q̂i, i = 1, . . . , N, (12)

defines a residual function , where we want to find its zeros, which can only
be calculated approximately if the system is overdetermined. An approximation criterion
is the sum of squares

F(e) =
N

∑
i=1

f 2
i (e), (13)

which is equivalent to the cost function (6), but for the specific choice of p = 2 and with
equal weights, i.e. case (1).

There are two different paths to obtain optimal parameters:

• Approximate the zeros of the overdetermined system (12).
• Calculate the zeros of the gradient of the cost function (13), defined as the sum of

squares of the residual.

An iterative procedure that solves an overdetermined system of nonlinear equations,
such as (6) is the Gauss–Newton algorithm. This means that an initial estimate of the vector
parameter must be provided.

4. Methodology: Implementation

The five mathematical models of Section 2.5 were tested in parallel. The generated
process was automated by subroutines (see Supplementary Materials).

Prior to the calculations, the derivatives and the gradients were obtained for one-
and two-variable models, respectively, in order to verify the fulfillment of the necessary
condition. The sufficient condition was satisfied, as for one-variable models the second
derivative, and for two-variable models the elements in the Hessian matrix were different
from zero.

In the implementation, the corresponding equations and the experimental data were
consistent enough to be called by the common cost function subroutine.

The algorithm for the cost function is given in the Algorithm S1 (see Supplementary
Materials for Algorithms). The following criterion has to be satisfied:

c =
N

∑
i=1

J

∑
j=1

|ui(tj)− ûij|2, (14)

where c is the cost function, N is the number of experiments for each membrane in a given
time t (in our case N = 3) and J is the number of data in the experiment. A syntax was
chosen from the model subroutine (Algorithm S2):

u = uModel( t̂ ) ,

where the vector of variables consisted of the observation times, to calculate the solution
of the model at given times. The description of steps to implement this methodology is
presented in Algorithm S4.

It is important to consider that a better fit is expected with the cost function used in
models with several parameters. However, that does not necessarily mean that the type
of model as such is better or that it effectively better explains the phenomenon. Moreover,
a higher number of parameters causes optimization algorithms to have problems when
approaching the ‘optimal’ data, given the higher correlation within the same parameters.
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5. Results and Discussion

The obtained membranes presented the geometrical form of a thin slab. Figure 1
shows photographs and SEM images of the membrane samples loaded with A. chica extract.
The observed intense red color in the photographs (Figure 1A–D) was due to the insoluble
anthocyanin pigments carajurin and carajurone included in the A. chica extract [23]. The
membranes produced without Kolliphor P188 surfactant turned out to be dense and
compact (CA and CAS). However, for the formulations synthesized using the surfactant,
the membranes were porous and thicker (CAP and CAPS). When the silicone Silpuran 2130
was included in the formulation, samples were soft and flexible to the touch (CAS and
CAPS). In summary, the general characteristics of the obtained membranes were as follows:
CA was dense, thin and rigid; CAS was dense, thin but flexible due to the silicone; CAP
was rigid but thick and porous due to air bubbles in its matrix generated by the surfactant;
and CAPS was thick and porous due to the surfactant, but flexible because of the silicone.

Figure 1. Photographs and SEM images of membrane samples loaded with A. chica extract: CA (A,E),
CAS (B,F), CAP (C,G) and CAPS (D,H).

A. chica extract release profiles are shown in Figure 2. Although all samples were
loaded with the same percentage of extract (10% in weight), CA and CAS membranes
released higher amounts of extract per mass of polymer than CAP and CAPS. The burst
release observed in the first minutes of the process can be attributed to the fraction of the
drug which is adsorbed or weakly bound to the surface area of the polymer rather than
to the drug incorporated into the polymer matrix [24]. Moreover, the lower amounts in
porous formulations can be explained by the higher dispersion of the mixture due to the
presence of the surfactant with a consequent increase in the interphases of the extract with
the polymers. For all cases, the maximum amount of extract released was reached at 24 h.
Re-absorption of the extract by the membranes was not observed because the maximum
released values of extract were maintained constant for up to 48 h.

To gain a deeper insight into the mechanisms that govern the release of A. chica
extract from the membranes, five mathematical models were fitted to the experimental
data: Zero-order, First order, Higuchi, Korsmeyer–Peppas and Weibull. Experimental data
were normalized and only evaluated up to 8 h because these models are semi-empiric and
better valid for the first stages of release; as mentioned previously in Section 3.1, where the
weights on the cost function switch off (7) at a threshold value of time t∗.

The switch off is an artificial fix for a model that is valid for short time intervals
and loses pertinence at bigger times. In order to avoid this artificial switch off, one can
select admissible functions for a semi-empirical model that satisfy physically reasonable
criteria. For the drug release model, these characteristics should address at least the
following components:
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1. Zero release at zero time.
2. Increasing cumulative release for advancing time.
3. Existence of an upper bound for the total release at sufficiently long period.

Figure 2. Experimental A. chica extract release profiles from the C/A membranes. Results represent
mean ± SD of three measurements.

These characteristics can be expressed as

Q(0) = 0,
∂Q(t)

∂t
> 0, lim

t→∞
Q(t) < ∞.

With help of these model design indications, we can assess the various models (see
Table 1 for a qualitative model comparison).

Table 1. Model evaluation: Satisfaction status of criteria by considered models.

Model Function Q(0) = 0 limt→∞ Q(t) < ∞

Zero-order equation Q(t) = Q0 + k0t NO NO

First order model Q(t) =
(

1 − exp(−k1t)
)

YES YES

Higuchi model Q(t) = kHt1/2 YES NO

Korsmeyer–Peppas model
Q(t)
Q∞

= kKPtn YES NO

The Weibull model Q(t) = 1 − exp
(
−(t − Ti)

β/α
)

YES YES

Simulations of the release profiles from each membrane using the indicated models
are shown in Figure 3. From these simulations, the kinetic parameters were extracted and
presented in Table 2. The r2 coefficient (coefficient of determination) was used to compare
the results between models. The value of r2 is usually between 0 and 1, and generally a
higher value means that the model fits the data better; some r2 equal to or higher than
0.95 is considered as a good fitting by linear regression. Therefore, according to the r2

values generated by each model (Zero-order, First-order, Higuchi, Korsmeyer–Peppas and
Weibull) for each membrane (CA, CAP, CAPS and CAPS), the models that best fit the
release profiles were Korsmeyer–Peppas and Weibull. In the case of the Korsmeyer–Peppas
model, r2 values of all samples were higher than 0.95, but in the case of the Weibull model,
the fitting for the CA and CAP membranes returned values of almost 0.95 and for the CAS
and CAPS membranes, values were higher than 0.95.
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Figure 3. Simulations of the release profiles from each membrane (CA, CAS, CAP and CAPS) using
the Zero-order, First-order, Higuchi and Korsmeyer–Peppas and Weibull models.

Table 2. In vitro release kinetics of A. chica from C/A membranes.

Sample Zero-Order First-Order Higuchi Korsmeyer-Peppas Weibull

k0 (h−1) r2 k1 (h−1) r2 kH (h−1/2) r2 kKP (h−n) n r2 α (-) β (-) Ti (h) r2

CA 0.1556 −0.1982 0.0015 −0.1924 0.3827 0.7979 0.5170 0.2872 0.9818 1.7645 0.5014 0.0000 0.9476
CAS 0.1574 −0.9428 0.0015 −0.9351 0.3937 0.5193 0.5897 0.2095 0.9792 1.2335 0.3793 0.0000 0.9507
CAP 0.1580 −1.7429 0.0015 −1.7154 0.4005 0.1652 0.6455 0.1519 0.9720 1.2636 0.2843 0.0000 0.9487

CAPS 0.1602 −2.1602 0.0016 −2.1497 0.4139 −0.0494 0.6889 0.1264 0.9701 1.7013 0.3009 0.0000 0.9531

Korsmeyer–Peppas is a model determined on the basis of experimental data and it
is a shortened version of the solution of the diffusion equation by Crank (1975) [25]. In
this model, the release mechanisms are dependent on the sample geometry (thin films,
cylinders, spheres). In that sense, when the Korsmeyer–Peppas model is applied to thin
films, such as the membranes of this study, if the release parameter n is less than 0.5, it
means that drug diffusion is occurring through a partially swollen matrix and through a
solution-filled network mesh [26]. If n = 0.5, the Fickian diffusion is controlling the release
and the solvent penetration is the rate-limiting step. On the other hand, if 0.5 < n < 1,
then this is related to a non-Fickian release, which is the release of the extract controlled
by both diffusion and erosion mechanisms. If n = 1, then the release corresponds to
the zero-order model, where the release of the extract is independent of time [9]. In that
sense, according to the results from the Korsmeyer–Peppas model, the n values for the
four types of membranes were lower than 0.5; this indicates that the release of the extract
was controlled by a diffusion occurring through a partially swollen matrix, which could
be produced by the polymer chains relaxation. Moreover, the kKP parameter is related to
the interaction between the extract and the constituent polymers of the membrane, and
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higher values mean higher rates of release. According to this, the kKP values obtained for
the samples presented the following tendency:

CAPS > CAP > CAS > CA.

This means that the porous membranes (CAPS and CAP) generated a faster release
probably due to the pores of the polymeric matrix, which facilitated the absorption of
water from the release medium (PBS). On the contrary, for membranes without pores
(CAS and CA), which are more compact and dense, the absorption of water would be
limited, and as a consequence, the release of the extract, too. As CAS and CA samples
obtained higher amounts of extract release than CAPS and CAP (Figure 2), this means that
faster release of CAPS and CAP was mainly controlled by the porous membrane cross-
linked structure rather than the concentration differential. On the other hand, although
the Weibull model has been criticized for the lack of a kinetic basis for its use and for the
non-physical nature of its parameters, according to different works, the Weibull function
demonstrated that the exponent β, for polymeric matrices, is an indicator of the mechanism
of transport of the drug through the matrix related to the exponent n of the power law
model [17,27–29]: a value of β less than or equal to 0.75 was associated with Fick diffusion
in either fractal or Euclidean space, while a combined mechanism (Fick diffusion and
swelling controlled transport) was associated with β values in the range 0.75 < β < 1. For
β > 1, drug release involves complex mechanisms, which imply that the release rate does
not change monotonically. In fact, the release rate initially increases nonlinearly up to an
inflection point and then decreases asymptotically.

According to the above, the results obtained for the Weibull β parameter (Table 2)
indicated that the mechanism of release was Fickian diffusion (β less than or equal to
0.75). However, it is also important to identify the polymeric matrix geometry in this
β range [27]: for β < 0.35, diffusion occurs in highly disordered spaces, differently than
the percolation cluster; for 0.35 < β < 0.69, diffusion occurs in a fractal substrate; for
0.69 < β < 0.75, diffusion takes place in a normal Euclidean space. These results suggest
that the non-porous membranes (CA and CAS) present a fractal structure, and the porous
formulations (CAP and CAPS) show highly disordered structures. Fractal organization
of CA and CAS samples could be originated during the association of alginate carboxylic
groups (-COO−) with chitosan amino groups (-NH3+) [7,30]; meanwhile, the polymeric
matrices of CAP and CAPS were highly disorganized by the pores formation.

As a summary, the release of A. chica extract from all membrane formulations occurred
by a Fickian difussion, what was confirmed by both Korsmeyer–Peppas and Weibull
models. Moreover, the Weibull model suggested that non-porous membranes (CA and
CAS) had fractal geometry and that porous membranes (CAP and CAPS) were highly
disorganized structures.

Furthermore, in this work, the cost function is presented as a tool to analyze different
mathematical models that simulate experimental data of release profiles of A. chica extract
from C/A membranes to a greater extent. Accordingly, Figure 4 shows the cost function
simulations applied to each model (Zero-order, First-order, Higuchi, Korsmeyer–Peppas
and Weibull) in each membrane type (CA, CAS, CAP and CAPS), and Table 3 presents the
parameters obtained. The lower the fitted cost function value (F), the more efficient the
model. Conversely, when the cost function value is higher, the model is less effective.

According to the results obtained by the cost function, F values in Table 3, the best
simulations were performed by

Weibull > Korsmeyer–Peppas > .
> Higuchi > First-order > Zero-order,

which is similar to the previous results. However, it is important to highlight that using
the cost function, the Weibull model fits better to the release profiles than the Korsmeyer-
Peppas model for all the membranes. Note that in the case of the Weibull model e1 and
e2 correspond to α and β, respectively, and the e3 value, which is Ti, was not reported
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because it is zero for all cases (Table 2). According to the cost function results, CA, CAS
and CAP formulations would present a Fickian diffusion through a polymeric matrix of
fractal geometry, and only the CAPS membrane would have a highly disordered matrix.
This partially different result compared to the case when the cost function is not applied
can be due to the fact that F values of the Weibull model are around 10 times lower—i.e.,
10 times mores precise—than the Korsmeyer–Peppas model. Without the use of the cost
function, the r2 of both models are very similar. In that sense, the cost function presents a
significant advantage, which is a higher fitting sensitivity.

Table 3. Summary of results of the cost function fitting.

Results CA CAS CAP CAPS

Zero-order
e1(k0) 0.153 ± 0.006 0.143 ± 0.005 0.162 ± 0.008 0.159 ± 0.004

F 89, 011 ± 6396 77, 665 ± 5433 99, 925 ± 9832 94, 746 ± 6789

First-order
e1(k1) 0.340 ± 0.013 0.360 ± 0.003 0.512 ± 0.007 0.561 ± 0.009

F 15, 192 ± 3755 17, 626 ± 311 36, 954 ± 2754 31, 566 ± 1140

Higuchi
e1(kH) 0.392 ± 0.700 0.390 ± 0.400 0.411 ± 0.100 0.381 ± 0.800

F 8076 ± 302 7995 ± 165 8901 ± 44 7615 ± 319

Korsmeyer-Peppas
e1(kKP) 0.514 ± 0.004 0.549 ± 0.010 0.61 ± 0.008 0.671 ± 0.003
e2(n) 0.321 ± 0.005 0.241 ± 0.006 0.192 ± 0.001 0.152 ± 0.003

F 2388 ± 102 2767 ± 73 3570 ± 97 4550 ± 67

Weibull
e1(α) 0.133 ± 0.003 0.13 ± 0.002 0.11 ± 0.003 0.09 ± 0.012
e2(β) 0.521 ± 0.005 0.51 ± 0.003 0.402 ± 0.005 0.32 ± 0.006

F 292 ± 2 271 ± 6 298 ± 5 316 ± 5

Figure 4. Cost function simulations of the mathematical models (Zero-order, First-order, Higuchi and
Korsmeyer–Peppas and Weibull) used in each membrane: CA, CAS, CAP and CAPS.
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6. Conclusions

This work consisted on studying the performance of in vitro experimental A. chica
extract release profiles obtained from four different formulations of chitosan/alginate
membranes: a dense membrane (CA), a dense and flexible membrane (CAS), a porous
membrane (CAP), and a porous and flexible membrane (CAPS). The mechanism of the
extract release kinetics was determined comparing classic models from the literature: Zero
Order, First Order, Higuchi, Korsmeyer–Peppas and Weibull. Furthermore, in order to
improve the mathematical analysis between the models, and as the main novelty of this
work, the cost function was presented as a tool to analyze these different mathematical
models that simulated the release profiles and were compared to experimental data. Our
method explored how some metrics and weights of the cost function impact on the results
of the release models that describe experimental information for drug delivery release
processes. Our results indicated that the use of the proposed model parameter optimization
by the cost function, which better fits the experimental data, had the significant advantage
of showing a higher fitting sensitivity.
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Abstract: Double emulsions are a type of multiple emulsions, which can be defined as a multi-
compartmentalized system where the droplets are dispersed into the continuous phase containing
other emulsions. Although double food-grade emulsions have been manufactured, there is a lack of
scientific background related to the influence of different processing conditions. This work analyses
the influence of processing variables in (W1/O/W2) double emulsions: passes through the valve
homogenizer, pressure applied, lipophilic emulsifier concentration, the ratio between the continuous
phase (W2) and the primary emulsion (W1/O), and the incorporation of xanthan gum (XG) as a
stabilizer. The results obtained show that these emulsions can be obtained after selecting suitable
processing conditions, making them easily scalable in industrial processes. In terms of droplet size
distribution, the input of higher energy to the system (20 MPa) during emulsification processing led to
emulsions with smaller droplet sizes (D3,2). However, more monodispersed emulsions were achieved
when the lowest pressure (5 MPa) was used. As for the number of passes, the optimal (emulsions
more monodispersed and smaller droplet sizes) was found around 2–3 passes, regardless of the valve
homogenizer pressure. However, emulsions processed at 20 MPa involved lower encapsulation
efficiency (EE) than emulsions processed at 5 MPa (87.3 ± 2.3 vs. 96.1 ± 1.8, respectively). The
addition of XG led to more structured emulsions, and consequently, their kinetic stability increased.
The results obtained indicated that a correct formulation of these W1/O/W2 double emulsions
allowed the optimal encapsulation of both hydrophilic and lipophilic bioactive compounds. Thus,
the development of food matrices, in the form of multiple emulsions, would allow the encapsulation
of bioactive compounds, which would result in the development of novelty food products.

Keywords: droplet size distribution; emulsification; multiple emulsions; polyglycerol polyricinoleate
(PGPR)

1. Introduction

Functional food products are based on the presence of functional ingredients (bioactive
compounds) in the food matrix; the possibility of developing this new generation of food
products requires the employment of strategies able to preserve the desired components
during their storage and after their intake thorough the intestinal tract [1]. One approach
for the development of these functional foods includes the use of current technologies
applied to emulsion-based products, making them a reliable alternative to the current
food market [2]. In this way, the most versatile path to modify the composition of food
arises from the possibility of introducing bioactive ingredients during its preparation [3].
Based on the solubility of these ingredients, they could be classified into two big families:
lipophilic and hydrophilic compounds [4]. The former ingredients (e.g., carotenoids,
E-vitamin, etc.) are soluble in the oil phase of conventional emulsions, although their
encapsulation in nanoemulsion-based systems has been demonstrated to improve not
only the physical stability but also their absorption after intake [3]. However, hydrophilic
components (e.g., polyphenols, peptides, etc.) cannot be included in the continuous phase
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of conventional emulsions since their biodisponibility is reduced after digestion [5]. An
alternative for introducing these bioactive components in food matrices is to include them
in the primary emulsion of double emulsions, protecting them from chemical changes
during digestion [6,7].

In this context, the development of double emulsions as food matrices opens up new
possibilities in the design and development of functional foods [8]. These food matrices
could be used as carriers of water-soluble bioactive components. However, technological
strategies must be applied to adapt current food processing methods in the development of
this type of emulsion, optimizing the presence of bioactive compounds [8].

Double emulsions are a type of multiple emulsion, which can be defined as a multicom-
partmentalized system where the droplets disperse into the continuous phase containing
other emulsions [9]. These systems are characterized by the coexistence of oil-in-water
(O/W) and water-in-oil (W/O) emulsions, in which the dispersed phase (in the form of
droplets) is the continuous phase of the primary emulsion (which means that it has smaller
droplets of the other phase disperse into it) [10]. Thus, the most common case is water-
in-oil-in-water emulsions (W1/O/W2), although those of oil-in-water-in-oil (O1/W/O2)
can also be used in specific applications (i.e., they exhibit a fine texture, showing a smooth
touch upon application) [6,11]. Once produced, double emulsions are subjected to several
coalescence and diffusion phenomena that consequently impact product properties, such
as texture or encapsulation performance [12].

The use of multiple (double) emulsions in food matrices brings unexplored opportu-
nities to introduce bioactive compounds in food products and, consequently, in human
consumption habits. Although double food-grade emulsions have been already man-
ufactured, there is a lack of scientific background related to the influence of different
processing conditions.

The general objective of this work is to analyze the influence of processing variables
that affect the development of double emulsion (W1/O/W2). The encapsulation efficiency
(EE, parameter to be optimized) was assessed by tartrazine, whose use as a marker was ini-
tially proven. The different variables studied were: passes through the valve homogenizer,
pressure applied, lipophilic emulsifier (polyglycerol polyricinoleate, PGPR), the ratio be-
tween the continuous phase (W2) and the primary emulsion (W1/O), and the incorporation
of a hydrocolloid (xanthan gum) as a stabilizer of the double emulsions generated.

2. Materials and Methods

2.1. Materials

The lipophilic surfactant polyglycerol polyricinoleate (PGPR) was supplied by Campo-
betica (Malaga, Spain). This emulsifier was used for the stabilization of primary emulsions
(W1/O). BiPro® whey protein isolate (WPI), supplied by AGROPUR (Longueuil, QC,
Canada), was the emulsifier used for the stabilization of secondary emulsions (W1/O/W2).
Xanthan from Xanthomonas campestris was provided by Merck (Branchburg, NJ, USA).
Chemical reagents (i.e., HCl, NaOH, NaCl, Tartrazine and Trizma) were purchased from
Sigma–Aldrich company (St. Louis, MO, USA). The oil used (sunflower oil) was purchased
from a local market. Emulsions were prepared using deionized water.

2.2. Methods
2.2.1. Preparation of W1/O/W2 Double Emulsions

Firstly, the primary W1/O emulsion was prepared. For these emulsions, the aqueous
phase was stabilized at pH 7.0 using Trizma (50 mM). NaCl was added for ionic-strength
control (50 mM), and tartrazine was used as a marker (0.06 wt.%). This aqueous phase (W1)
was dispersed into the continuous oily phase, which contained PGPR (1, 3 or 5 wt.%). The
W1/O ratio of these primary emulsions was, in all cases, 20/80. This primary emulsion
was prepared by applying high energy to obtain small-sized droplets. Thus, the oil and the
W1 phase were blended and mixed using a rotor-stator homogenizer (Utraturrax® T-25,
IKA, Staufen, Germany) at 8000 rpm. Subsequently, the emulsion obtained was passed
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through a high-pressure homogenizer at 50 MPa (Emulsiflex 2000-CS, Avestin, Ottawa, ON,
Canada). Once primary emulsions were prepared, secondary emulsions were generated
by mixing the primary emulsion with an aqueous WPI solution (0.5 wt.%) at pH 7, W2.
In order to adjust the osmotic pressure balance between the aqueous phases W1 and W2,
NaCl was also added to this outer aqueous phase. Soft processing conditions (i.e., low
energy input) were used in this case to avoid the breakdown of primary emulsions. The
W1/O primary emulsion was mixed with the outer phase (W2) using the same rotor-stator
mixer, but at 1000 rpm. These pre-emulsions were also passed through the Emulsiflex valve
homogenizer, selecting, in this case, 5 and 20 MPa. The (W1/O)/W2 ratios of multiple
emulsions were 10/90, 25/75 and 40/60. These double emulsions were prepared according
to the method proposed by Lynch [13]. Moreover, the influence of the addition of xanthan
gum (XG) as a stabilizer was also tested. These emulsions were prepared following the
same procedure described above with a (W1/O)/W2 ratio of 40/60 (processed in absence
of XG). Once emulsions were generated (using 5 wt.% PGPR according to the highest EE
value), XG dissolved into W2 was added up to reach the (W1/O)/W2 ratio of 25/75. XG
solution was dispersed into (W1/O)/W2 emulsions by soft magnetic stirring. The final XG
concentration studied was 0.125 and 0.25 wt.%. Supplementary Table S1 summarizes the
systems performed in this research.

2.3. Characterisation of Emulsions
2.3.1. Droplet Size Distribution

Droplet size distribution (DSD) of the double emulsions (W1/O/W2) was determined
with the particle size analyzer based on laser diffraction Mastersizer 2000 (Malvern, UK).
To facilitate the rupture of possible flocs, 0.5 mL of emulsion samples were diluted in a 1%
SDS (sodium dodecyl sulfate) solution. Immediately after this, the droplet size distribution
of the deflocculated systems was determined [14]. The mean Sauter diameter (D3,2) and
volumetric diameter (D4,3) were calculated according to Equations (1) and (2):

D3,2 =
∑ nid3

i

∑ nid2
i

(1)

D4,3 =
∑ nid4

i

∑ nid3
i

(2)

where ni is the number of droplets that have di diameter.
The span parameter (Equation (3)) was calculated to analyze the DSD profiles:

Span =
d(90)− d(10)

d(50)
(3)

where d(90), d(10) and d(50) refer to the 10, 50 and 90 volume percentile of droplets with
diameters smaller or equal to these values.

The Flocculation Index (FI, Equation (4)) was calculated to study the flocculation
phenomena occurring during emulsion storage:

FI (%) =

∣∣∣D4,3 − D4,3 (SDS)

∣∣∣
D4,3

× 100 (4)

where D4,3 and D4,3 (SDS) are the volumetric diameter without and with SDS solution.

2.3.2. Rheological Properties

Linear viscoelastic properties were analyzed by means of small amplitude oscillatory
shear (SAOS) tests using the AR-2000 rheometer (TA Instruments, New Castle, DE, USA).
All measurements were carried out within the linear viscoelastic range (LVR), which was
determined by means of strain sweep tests. These tests were performed at 1 Hz and from
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0.01 to 10% strain. Mechanical spectra were obtained from frequency sweep tests (from
0.1 to 30 Hz) at a constant strain (1%). These tests were carried out using a low inertia
aluminum smooth plate (60 mm) at a gap of 1 mm. The temperature was fixed at 25 ◦C by
a peltier system

2.3.3. Emulsion Stability

The overall stability of emulsions was assessed using a vertical scan analyzer Tur-
biscan MA 2000 (Formulaction, Toulouse, France) through backscattering measurements
of a pulsed light source (λ = 850 nm) as a function of the height of the cylindrical glass
tube containing the sample [15]. Emulsions were stored at 5 ◦C and measured at room
temperature. Then, the profiles of backscattering of light from emulsions (ΔBS/100%)
versus the height were plotted as a function of storage time.

2.4. Encapsulation Capacity
2.4.1. Measurement of Marker Concentration in the Outer Aqueous Phase (W2)

One of the most important steps in the determination of the marker concentration is to
ensure that the concentration determined for the marked is not affected by the presence of
the protein used, the processing conditions or the storage time. In this section, experiments
were carried out to ensure the correct measurement of the marker in the final double
emulsions [16].

The first determination consisted of checking the correct determination of the marker
(tartrazine) in the presence of a WPI solution. The marker was dissolved in Trizma buffer
(50 mM, pH 7) at the same concentration as it was added to the inner aqueous phase
(W1) in the double emulsion (0.06 wt.%). Subsequently, this solution was added to the
outer aqueous phase W2 at the same ratio as in the final double emulsions. The W2 phase
contained 0.5 wt.% WPI protein since this is the protein concentration used in the W2
of the final double emulsions. W1 + W2 were mixed at room temperature for 30 min
using a magnetic stirrer. The concentration of the marker in the overall solution was
calculated by measuring the absorbance at 435 nm of the corresponding solution using
a spectrophotometer (Thermo Scientific, Waltham, MA, USA), using the WPI in Trizma
buffer as the blank reference. Tartrazine solution was also added to a Trizma buffer solution
(without WPI) and treated, but in this case, using the buffer solution as the blank reference.
The value of absorbance obtained was interpolated in a calibration curve obtained after
dissolving different known concentrations of the marker in Trizma buffer at pH 7 (W1).

Measurements were carried out on the same day of W1 + W2 mixing and after
7 storage days in an oven at 45 ◦C. The marker measurable concentration (MCm(%)) in the
WPI solution was calculated according to the Equation (5):

MCm(%) =
CmWPI

Cmb

× 100 (5)

where CmWPI is the concentration of the marker measured in the W1 + W2 (with WPI)
mixtures and Cmb is the concentration of the marker according to the dilutions carried out
(without WPI).

2.4.2. Measurement of the Recovery Yield (Ry) of Marker

The recovery yield is defined as the concentration of marker used, which is present in
the aqueous phase recovered after separating the cream phase and an aqueous phase by
centrifugation. The percentage of recovery yield is relative to the concentration of marker
in the outer aqueous phase after emulsion preparation [16].

For these measurements, a conventional oil-in-water emulsion (O/W2) was prepared
using the same oil phase (O) and the same outer aqueous phase (W2) as in the W1/O/W2
double emulsion (ratio 10/90). The oil phase (O) was gradually added to the aqueous
phase (W2) while they were mixing using an Ultraturrax® homogenizer (IKA, Staufen,
Germany) at 9500 rpm and 1 min. Subsequently, the pre-emulsion was passed through a
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high-pressure homogenizer (Emulsiflex 2000-CS, Avestin, Ottawa, ON, Canada). These
O/W2 conventional emulsions were diluted in the W1 phase (reaching the ratio eventually
used in W1/O/W2 double emulsions). The W1 contained either (i) the marker at 0.06 wt.%
for the determination of marker recovery or (ii) without the marker for the sample blank.

According to Dickinson et al. [17], this procedure ensured that the marker was com-
pletely present in the outer aqueous phase. Consequently, this emulsion can be used as
the standard where 100% of the marker was present in the outer aqueous phase (W2). The
determination of aqueous phase color requires a transparent medium. Thus, an aliquot of
the emulsions was diluted with the W1 phase (1:1), the mixture was homogenized by a
soft stirring and, subsequently, it was separated by centrifugation (15,000× g at 4 ◦C for
30 min) in a cream phase (which contained the oil droplets) and an aqueous phase. The
aqueous phase was filtered (0.2 μm syringe microfilter), and the concentration of the marker
presented in the resulting filtered aqueous phase was calculated by the measurement of
the absorbance at 435 nm in a spectrophotometer (Thermo Scientific) using the subnatant
obtained from O/W2 emulsion with added Trizma buffer without the added marker as a
reference blank.

The value of the absorbance obtained was compared with the concentration of the
marker in the outer aqueous phase (which depends on the ratio (W1/O)/W2). The recovery
yield can be calculated according to Equation (6) [16]:

Ry (%) =
CmOAP(1,7)

Cmb

× 100 (6)

where CmOAP(1,7) was the concentration of the marker used present in the outer aqueous
phase (recovered after centrifugation) after 1 and 7 days of emulsion aging. Cmb was the
concentration of the marker used in the outer aqueous phase. This latter concentration was
determined by an equivalent dilution of the aqueous marker solution with Trizma buffer
as occurred in the emulsion.

The concentration of the marker present in the outer aqueous phase was calculated on
the same day of emulsion preparation and 7 days later to determine the influence of aging
on the Ry parameter.

2.4.3. Encapsulation Efficiency (EE) Measurement

The EE of the double W1/O/W2 emulsion was calculated by the determination of the
concentration of the marker in the outer aqueous phase (W2) just after the preparation of
the emulsions.

The EE of double W1/O/W2 emulsions was prepared according to the experimental
procedure indicated in Section 2.2.1. Once double emulsions were prepared, they were sub-
jected to the phase separation explained in Section 2.4.2. Double emulsions were prepared
with the marker (tartrazine) diluted in the W1 and in the absence of the marker to obtain
the blank for the measurement of the absorbance of the aqueous phase. The concentration
of the marker in the outer aqueous phase (W2) was measured by the same method as
described above for measuring the recovery yield but replacing the O/W2 emulsion with
the W1/O/W2 emulsion. The EE (%) was calculated with respect to the concentration of
the marker present in the aqueous phase obtained after emulsion separation (W1 + W2)
according to Equation (7):

EE(%) = 100 − CmOAP

Cmb

× 100 (7)

where CmOAP is the marker concentration measured in the aqueous phase (which has been
recovered from the double emulsions), Cmb is the marker concentration initially added to
the inner aqueous phase.

The EE was calculated on days 0 and 15 to determine the influence of storage time on
this parameter.
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2.5. Statistical Analysis

Emulsions were prepared in duplicate. Three replicates were carried out for each
measurement. Significant differences were determined by performing ANOVA tests using
STATGRAPHICS Centurion XVIII software version number (Statgraphics Tecnologies Inc.,
The Plains, VA, USA).

3. Results and Discussion

3.1. Evaluation of Tartrazine as a Marker for Double Emulsions Stabilized by WPI

The effectiveness of tartrazine as a marker for encapsulating hydrophilic compounds
in W1/O/W2 double emulsions must be addressed before any experiment. To this end,
it is essential to identify a marker added to the internal aqueous phase (W1), whose
concentration in the outer aqueous phase (W2) can be determined after double emulsion
preparation. Moreover, changes in the concentration of the marker should not be elucidated
in the outer aqueous phase during double emulsion storage [16].

Table 1 shows the marker measurable concentration (MCm) and recovery yield (Ry)
for the marker used in this work (tartrazine) in the aqueous phase recovered when 100%
of the marker is in the outer aqueous phase (W2). Table 1 indicates that the marker used
can be accurately measured in the external aqueous phase (W2) of the double W1/O/W2
emulsion by measuring the absorbance of the outer aqueous phase following the proce-
dure indicated in Section 2.4 since the marker concentration measurable (MCm) reached
100 ± 0.5%. Moreover, there are no changes in the concentration of tartrazine after 7 days
of external phase (W2) storage containing tartrazine at 45 ◦C (MCm = 98.8 ± 0.2%).

Table 1. Marker concentration measurable (MCm) and recovery yield (Ry) for the marker (tartrazine)
in the aqueous phase recovered standard where 100% of the marker is in the outer aqueous phase
(W2). Different letters within a row indicate significant differences (p < 0.05).

Day MCm (%) Ry (%)

0 100.0 ± 0.5 a 95.5 ± 1.5 a

7 98.8 ± 0.2 b 98.9 ± 0.2 a

As for the recovery yield (Ry), this table also reveals that the marker selected (tar-
trazine) can be used for the evaluation of this parameter since the 95.5 ± 1.5% tatrazine re-
mains in the inner aqueous phase (W1) the same day emulsion preparation, and 98.9 ± 0.2%
after 7 days, where no significant differences were found (p < 0.05). These results also show
that the tartrazine marker does not preferentially migrate with the cream phase formed
after emulsion centrifugation. The high level of marker present in the recovered aqueous
phase after centrifugation suggests that tartrazine is equally distributed throughout the
aqueous phase of the entire emulsion.

These results indicate that tartrazine does not associate with WPI and that this marker
can be used for the evaluation of emulsion efficiency (EE) for the double W1/O/W2
emulsion generated hereinafter. These parameters were more suitable than the values
found when methylene blue and B12 vitamin were used as markers in double emulsions
stabilized by sodium caseinate [16].

3.2. Processing Conditions, Optimization Passes and Valve Homogenizer Pressure
Droplet Size Distribution Measurements

The ratio 25/75 was used for double emulsions ((W1/O)/W2) during the optimization
of the number of passes through the high-pressure homogenizer (from 1 to 5). The homog-
enization pressures evaluated were 5 and 20 MPa. The PGPR concentration used for these
emulsions was 5 wt.%.

Figure 1 shows the droplet size distribution (DSD) of the W1/O/W2 emulsions ob-
tained after processing the secondary emulsion at 5 MPa (A) and 20 MPa (B) as a function
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of emulsion passes through the valve homogenizer. All measurements plotted were car-
ried out in the presence of 1% SDS (deflocculating agent) to avoid DSD influenced by the
bridging flocculation phenomena [14]. When the homogenization pressure was 5 MPa
(Figure 1A), unimodal DSD profiles were obtained in all cases; however, the distribution
becomes narrower as emulsion passes increased. Thus, the distributions always started
around 2 μm; however, the highest droplets moved from c.a. 40 to 20 μm, where the
reduction of droplet sizes most important took place after passes 1 and 2. This reduction in
droplet size can be expected since there is an increase in the energy input during emulsion
processing as the number the passes increases [18].

Figure 1. Droplet size of W1/O/W2 multiple emulsions obtained after processing the sec-
ondary emulsion at 5 MPa (A) and 20 MPa (B), as a function emulsion passes through the
high-pressure homogenizer.

On the other hand, when the homogenization pressure increased up to 20 MPa
(Figure 1B), the unimodal DSD was obtained only for one emulsion passing through the
valve homogenizer. A higher number of passes involved the emergence of other tenuous
droplet populations at the ends or the beginning of the main peak. Thus, for passes 2 and
3, shorter droplets were obtained due to the above-mentioned increase in energy input.
However, this tendency changed for passes 4 and 5, where higher droplet populations were
found. This behavior has been related to excessive processing energy, leading to a higher
coalescence rate after passing the emulsion through the valve homogenizer [19]. In this
sense, a comparison of Figure 1A,B show that an increase in pressure leads to a shift of the
droplet size distribution profiles towards smaller sizes, although giving rise to apparently
wider distributions. Moreover, an excess of energy (caused by the number of passes) led to
an increase in droplet sizes due to coalescence. A similar influence of valve homogenizer
pressure was found by Floury et al. [18] for conventional emulsions stabilized by whey
protein isolate.

In order to quantify the tendencies observed by droplet size distributions after process-
ing the emulsions at two different homogenizer pressures (5 and 20 MPa) and passes (up to
5). Table 2 summarizes the Sauter mean diameter, the span parameter and the flocculation
index (D3,2, span and FI, respectively) for all emulsions studied in this section. The values
observed in this Table confirm the results previously observed in the drop size distribution
curves since an increase in the number of steps led to a significant decrease in Span (higher
droplet polydispersity). As for the D3,2, the increase in passes involved a decrease in this
parameter, especially for the multiple emulsions processed at 5 MPa. However, more than
three passes did not involve significant differences (p < 0.05).
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Table 2. Parameters (D3,2, Span and FI) from droplet size distribution as a function of the number of
emulsion passes through the high-pressure homogenizer and the two pressures studied (5 MPa and
20 MPa). Different superscript letters within a column indicate significant differences (p < 0.05).

Passes
5 MPa 20 MPa

D3,2 (μm) Span FI (%) D3,2 (μm) Span FI (%)

1 5.2 ± 0.3 a 2.2 ± 0.1 a 5.2 ± 3.2 a 4.1 ± 0.3 a 1.9 ± 0.4 a 20.0 ± 8.0 a

2 4.7 ± 0.2 b 1.8 ± 0.1 b 9.5 ± 2.1 b 2.3 ± 0.2 b 2.2 ± 0.3 a 13.2 ± 6.8 b

3 4.0 ± 0.1 c 1.6 ± 0.2 c 3.6 ± 2.2 a 1.9 ± 0.2 b 2.6 ± 0.2 b 6.4 ± 4.2 c

4 4.3 ± 0.2 c 1.4 ± 0.1 c 14.0 ± 4.1 c 1.9 ± 0.1 b 2.2 ± 0.3 a 6.0 ± 4.0 c

5 4.5 ± 0.2 c,d 1.2 ± 0.1 d 9.0 ± 2.9 b 2.0 ± 0.3 b 4.0 ± 0.2 c 28.0 ± 8.2 a

The FI parameter accounts for the electrostatic interactions of oil droplets. Flocculation
can modify the rheological behavior of emulsions, creating a network that prevents phase
separation when highly concentrated emulsions are prepared. However, it can also promote
droplet coalescence. In general, low flocculated emulsions were obtained. The standard
deviation obtained in this parameter suggests that this flocculation was not too strong, and
the system was deflocculated/flocculated by the simple mechanical agitation when the
measurement was performed [20].

Thus, in terms of droplet size distribution, the input of higher energy to the system
(20 MPa) during emulsification processing led to emulsions with smaller droplet sizes
(D3,2). However, more monodispersed emulsions were achieved when the lowest pressure
(5 MPa) was used. As for the number of passes, the optimal (emulsions more monodis-
persed and smaller droplet sizes) was found around 2–3 passes, regardless of the valve
homogenizer pressure.

The processing parameters selected were also based on the EE of the multiple emul-
sions generated. In fact, the objective of the present work is to maximize this key parameter.
Thus, Table 3 shows the EE for emulsions as a function of the number of emulsion passes
through the high-pressure homogenizer and the two pressures studied (5 MPa and 20 MPa).
This table evidences a clear reduction in the EE when the homogenization pressure increases.
In this sense, the encapsulation pressure was higher when emulsions were processed at
5 MPa than when they were processed at 20 MPa (i.e., 96.1 ± 1.8 vs. 87.3 ± 2.3 for
three passes).

Table 3. Encapsulation efficiency (EE) for the emulsions as a function of the number of emulsion
passes through the high-pressure homogenizer (steps) and the two pressures studied (5 MPa and
20 MPa). Different superscript letters within a column indicate significant differences (p < 0.05).

Passes
EE (%)
5 MPa

EE (%)
20 MPa

1 97.0 ± 2.1 a 86.1 ± 3.1 a

2 97.6 ± 1.2 a 54.1 ± 6.1 b

3 96.1 ± 1.8 a 87.3 ± 2.3 a

4 95.4 ± 1.5 a 74.3 ± 5.6 c

5 97.0 ± 1.1 a 87.3 ± 2.9 a

No significant differences (p < 0.05) were found when the emulsions were processed
at the lower pressure (5 MPa). On the other hand, when emulsions were processed at
the highest pressure (20 MPa), a significant decrease in EE with the number of passes
was found. However, this tendency was not clear for the emulsions processed at this
pressure. Schuch et al. [21] evaluated the influence of processing conditions on the EE in
double emulsions. They found that the EE directly depended on the size of W1/O (primary
emulsions) since the bigger the primary emulsion droplets, the higher the encapsulation
efficiency. However, an excess of energy in secondary emulsions led to a decrease in
this parameter.
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From these results, and their comparison with the results obtained from droplet
size distributions, hereinafter, the emulsion will be processed at 5 MPa and three passes
through the high-pressure homogenizer. These conditions generated emulsions with a
high encapsulation efficiency, at the same time as the droplet size profiles obtained were
unimodal, which has been related to higher emulsion stability than polydispersed droplet
size distributions [22].

3.3. Processing Conditions Optimization, Influence of PGPR
Droplet Size Distribution Measurements

The optimization of PGPR concentration in double emulsions was carried out using
emulsions containing 25/75 of the (W1/O)/W2 ratio. Moreover, according to the previous
results obtained, the pressure in the valve homogenizer was 5 MPa, and emulsions were
passed through it three times.

Figure 2 shows the droplet size distribution of W1/O/W2 multiple emulsions obtained
after using 1, 3 and 5 wt.% PGPR for the primary emulsion. All measurements were carried
out in the presence of 1% SDS. The DSD profiles reveal practically single-mode curves,
exhibiting a maximum value around 5 μm. In the case of 3% and 5% of PGPR, the curves
obtained were practically the same. However, the system containing 1% of PGPR showed a
widening in the 1 μm range, resulting in a greater droplet dispersion.
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Figure 2. Droplet size distribution of W1/O/W2 multiple emulsions obtained after using 1, 3 and
5 wt.% PGPR for the primary emulsion.

Narrower distributions are desired in emulsions since it determines the potential
destabilization processes (such as coalescence and further creaming) [23,24]. This change
in DSD profile was also obtained by Altuntas [25] for double emulsions stabilized by
PGPR–lecithin mixtures, which evidences the importance of PGPR in double emulsions.

Table 4 summarizes parameters from droplet size distribution (D3,2, Span and FI)
as well as EE to evaluate the influence of PGPR in these emulsions. This table indicates
that the lowest D3,2 was obtained for the system containing 1 wt.% PGPR. However, this
system also led to the highest Span value (higher polydispersity). Eisinaite et al. [7] found
similar results; they observed that the initial droplet size of the double emulsions first
increased with the increase in the amount of PGPR and then decreased. They suggest that
this behavior could be a result of a combined effect: at higher concentrations of PGPR,
the water transfer capacity was higher and swelling was promoted, while the interfacial
tension of the droplets was lower, which leads to less swelling.
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Table 4. Parameters from droplet size distribution (D3,2, Span and FI) as well as encapsulation
efficiency (EE) at three different PGPR concentrations (1, 3 and 5 wt.%). Different superscript letters
within a column indicate significant differences (p < 0.05).

% PGPR D3,2 (μm) Span FI (%) EE (%)

1 2.9 ± 0.1 a 1.9 ± 0.2 a 15.2 ± 8.2 a 69.1 ± 4.1 a

3 4.3 ± 0.1 b 1.5 ± 0.2 b 16.8 ± 9.3 a 84.1 ± 3.8 b

5 4.0 ± 0.1 b 1.6 ± 0.2 b 3.6 ± 2.2 b 96.1 ± 1.8 c

Moreover, the flocculation index (FI) calculated for these freshly prepared emulsions
indicates that it decreased as the PGPR concentration increased. This result is not de-
sired since flocculation phenomena can increase the viscosity of concentrated emulsions;
however, in diluted emulsions, it can conduct droplet coalescence [26].

This Table also indicates that a decrease in PGPR led to a significant decrease in EE,
finding the best results for the emulsion containing 5 wt.% PGPR (96.1 ± 1.8%). These
results agree with other studies where double W1/O/W2 emulsions were prepared with
various concentrations of PGPR (0.5–5% wt.%) in the oil phase. Eisinaite et al. [7] found
that the emulsions showed good physical stability, with encapsulation efficiency close to
100% only at high concentrations of PGPR (> 2 wt.%). According to these results, the PGPR
selected for the further emulsions manufactured was 5.0 wt.%

3.4. Processing Conditions Optimization, Influence of (W1/O)/W2 Ratio

Hereinafter, double emulsions were operated under the following operating condi-
tions: low pressure for the valve homogenizer in the final double emulsion (5 MPa), three
passes through it and 5 wt.% PGPR in the oil phase for the primary emulsion (W1/O). This
section analyzes the ratios 10/90, 25/75 and 40/60 between the primary emulsion W1/O
and the aqueous phase of the secondary emulsion, W2, as a function of the aging time.

3.4.1. Droplet Size Distribution and Backscattering Measurements

Figure 3 shows the DSD profiles obtained for the W1/O/W2 multiple emulsions for
three different O/W ratios when the secondary emulsion is prepared: 10/90 (Figure 3A),
25/75 (Figure 3B) and 40/60 (Figure 3C). Moreover, the droplet stability of the emulsions
prepared over storage time was also analyzed. All measurements plotted were carried out
in the presence of 1% SDS. The DSD profiles obtained for all double emulsions generated
were fairly similar, obtaining a unimodal distribution and the droplet sizes were within 2
and 20–30 μm. Moreover, these DSD profiles remained unaltered as a function of storage
time, indicating high stability of the three ratios analyzed (10/90, 25/75 and 40/60) over
storage time.

Figure 3. Droplet size distribution of W1/O/W2 multiple emulsions obtained after three different
O/W ratios for the secondary emulsion: 10/90 (A), 25/75 (B) and 40/60 (C).
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In order to evaluate the evolution of the droplet size of the emulsions, Table 5 shows
parameters from DSD measurements (D3,2, span and FI) of W1/O/W2 multiple emulsions
obtained after evaluating three different O/W ratios for the secondary emulsion (10/90,
25/75 and 40/60) over 30 days storage time. These parameters did not vary significantly
over time, where the FI obtained indicates poorly flocculated emulsions. These results
suggest that suitable emulsions with the desired stability were obtained regardless of the
(W1/O)/W2 ratio, indicating that the WPI concentration used in the W2 phase (0.5 wt.%)
was appropriate for the stabilization of the double emulsions [27].

Table 5. Parameters from droplet size distribution (D3,2, span and FI) of W1/O/W2 multiple emul-
sions obtained after evaluating three different O/W ratios (10/90, 25/75 and 40/60) for the secondary
emulsion over 30 days storage time. Different superscript letters within a column indicate significant
differences (p < 0.05).

Day
10/90 25/75 40/60

D3,2 (μm) Span FI (%) D3,2 (μm) Span FI (%) D3,2 (μm) Span FI (%)

0 4.1 ± 0.2 a 1.8 ± 0.2 a 10.2 ± 3.8 a 4.8 ± 0.2 a 1.8 ± 0.3 a 7.8 ± 3.1 a 5.8 ± 0.2 a 1.9 ± 0.2 a 13.7 ± 5.0 a

1 4.2 ± 0.1 a 1.7 ± 0.2 a 12.1 ± 3.1 a 4.6 ± 0.1 a 1.6 ± 0.2 a 12.2 ± 4.0 b 5.6 ± 0.1 a 2.1 ± 0.2 a 10.3 ± 4.1 a

15 4.4 ± 0.1 a 1.8 ± 0.1 a 6.9 ± 4.1 b 5.0 ± 0.2 a 1.7± 0.3 a 11.1 ± 4.2 b 5.6 ± 0.2 a 2.1 ± 0.1 a 6.1 ± 3.2 b

30 3.8 ± 0.3 a 1.8 ± 0.2 a 7.4 ± 2.7 b 4.9 ± 0.2 a 1.8 ± 0.1 a 12.6 ± 5.2 b 5.8 ± 0.1 a 1.7 ± 0.2 b 9.7 ± 3.7 b

Moreover, comparing the three systems between them, it can be concluded that
the emulsion with the lowest proportion of primary emulsion (10/90) has the lowest
Sauter mean diameter (D3,2). Thus, as the proportion of primary emulsion increased, the
droplet sizes increased slightly, finding the highest D3,2 values and the wider DSD for the
40/60 system. With regard to these results, it can be found in the literature that an increase
in the dispersed phase comes hand-in-hand with increasing the droplet size [28–30], as
long as the emulsifier concentration and emulsification energy remain constant.

In order to analyze the stability of emulsions against creaming, Figure 4 shows the
differential profiles of the backscattering variations (ΔBS%) when samples destabilize as a
function of time.
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Figure 4. Changes in backscattering profiles (DBS%) as a function of sample height with storage
time of W1/O/W2 multiple emulsions obtained after three different O/W ratios for the secondary
emulsion: 40/60 (A), 25/75 (B) and 10/90 (C). The arrows indicate the storage time.
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At the beginning of the experiment, the backscattering of light was rather constant
along with the entire height, as there was an even distribution of droplets throughout the
system. Over time, droplets move upwards due to gravitational forces, which causes a
decrease in the backscattering at the bottom of the emulsions (clarification) since the droplet
concentration decreases. Conversely, an increase in the backscattering was detected at the
top of the tube due to an increase in the droplet concentration (creaming). Clarification
phenomenon is observed for all emulsions; however, creaming was only observed for the
10/90 and 25/75 systems.

3.4.2. Rheological Characterization

Figure 5 shows complex moduli (G*) of multiple emulsions as a function of frequency
obtained for three different (W1/O)/W2 ratios for the secondary emulsion: 10/90, 25/75
and 40/60.
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Figure 5. Complex moduli (G*) of multiple emulsions as a function of frequency obtained for three
different (W1/O)/W2 ratios for the secondary emulsion: 10/90, 25/75 and 40/60.

This Figure shows an increase in the values of the complex modulus (G*) values when
the proportion of the primary emulsion (W1/O) increases (from 10/90 to 40/60), which
eventually results in an increase in the viscosity of the system. This same behavior has been
previously found for conventional emulsions stabilized by proteins and was attributed to
the formation of a network as a consequence of the closeness of the protein-stabilized oil
droplets [31]. Moreover, the dependence of the complex moduli (G*) can also be analyzed,
where an ideal gel-like response was related to a low dependence of G* with frequency [32].
Thus, the highest dependence of G* on frequency was observed for the system with the
lowest W1/O content, indicating that this system not only had lower values of complex
modulus but also that the system had a poorer rheological response.

Table 6 shows complex moduli at 0.2 Hz (G*0.2) as a function of time (1, 15 and
30 days) obtained for W1/O/W2 multiple emulsions at three different O/W ratios for the
secondary emulsion (10/90, 25/75 and 40/60) to quantify the dependence of the G*0.2 on
the concentration of the dispersed phase and the storage time.

This Table confirms a decrease in G* when the W1/O decreases, as well as a decrease in
the value of G* over storage time for the three systems studied. The decrease in rheological
functions with storage time has been previously observed for systems that suffered from
destabilization, either by phase separation (creaming) or by coalescence [33]. In the systems
studied in this work, the phenomenon of coalescence must be ruled out, as shown by the
independence of the droplet size over time (Table 5). Thus, these results suggest that the
structural stability of the systems could be increased by the addition of a hydrocolloid that
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structures the emulsions generated and prevent them from changing in their structure over
storage time.

Table 6. Complex modulus at 0.2 Hz (G*0.2) as a function of time (1, 15 and 30 days) obtained for
W1/O/W2 multiple emulsions at three different O/W ratios for the secondary emulsion (10/90, 25/75
and 40/60). Different superscript letters within a column indicate significant differences (p < 0.05).

Day
EE (%)

10/90 25/75 60/40

1 93.3 ± 2.0 a 99.8 ± 0.2 a 97.2 ± 1.1 a

15 95.2 ± 2.5 a 95.0 ± 1.2 b 94.7 ± 1.5 b

30 93.0 ± 3.1 a 91.0 ± 2.0 c 95.0 ± 1.2 b

3.4.3. Encapsulation Efficiency

Table 7 shows EE as a function of time (1, 15 and 30 days) obtained for W1/O/W2
multiple emulsions at three different O/W ratios for the secondary emulsion (10/90, 25/75
and 40/60). This table shows suitable results in all cases where EE was higher than 90%
in all cases, regardless of the storage time. Only a slight release of the marker was seen in
all systems.

Table 7. Encapsulation efficiency (EE) as a function of time (1, 15 and 30 days) obtained for W1/O/W2

multiple emulsions at three different O/W ratios for the secondary emulsion (10/90, 25/75 and
40/60). Different superscript letters within a column indicate significant differences (p < 0.05).

Day
G*0.2 (Pa)

10/90 25/75 40/60

1 0.023 ± 0.002 a 0.055 ± 0.002 a 0.079 ± 0.001 a

15 0.015 ± 0.003 b 0.038 ± 0.004 b 0.026 ± 0.003 b

30 0.014 ± 0.002 c 0.015 c ± 0.002 c 0.025 ± 0.002 b

These results would confirm the suitability of the processing conditions used for these
emulsions since time emulsions did not suffer a significant decrease in this parameter
after one-month storage. These results indicate that the formulation of these W1/O/W2
double emulsion systems in the three ratios studied allows the optimal encapsulation of the
marker. Thus, the development of food matrices, in the form of multiple emulsions, would
allow the encapsulation of bioactive compounds, which could result in the development of
novelty food products.

3.5. Processing Conditions Optimization, Addition of Xanthan Gum

Up until now, the results indicate that the double emulsions generated had moderate
stability together with an excellent EE. However, the structural stability of these systems
could be increased by the addition of a hydrocolloid that would structure them and avoid
destabilization phenomena such as emulsion creaming and further flocculation that could
lead to unintended coalescence over storage time.

This section addresses the analysis of the microstructural characteristics of emulsions
after the addition of xanthan gum (XG). It can be noticed that the EE (%) of these systems
was not determined since the addition of XG led to turbid emulsions after the centrifugation
stage was carried out, which prevented reliable absorbance measurements. However, it
is reasonable to assume that the EE measures will not be affected by the addition of XG
because it was dispersed by soft magnetic stirring after the double emulsion preparation.

3.5.1. Droplet Size Distribution and Backscattering Measurements

Table 8 shows parameters from the DSD measurements (D3,2 and span) of W1/O/W2
multiple emulsions obtained at two different xanthan gum (XG) concentrations (0, 0.125 and
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0.25 wt.%). These results agree with the results previously obtained for 40/60 (W1/O)/W2,
confirming that the processing conditions followed did not influence the emulsions gener-
ated. Thus, the DSD parameters in Table 8 for the final 25/75 emulsions are practically the
same as the parameters obtained for the 40/60 system (shown in Table 5) since these 25/75
double emulsions come from the dilution of 40/60 double emulsions. As for the influence
of aging on these emulsions, this table shows that neither D3,2 nor Span parameters have
undergone significant changes after one-month emulsion storage. The results indicated
that the emulsions did not seem to be affected by coalescence phenomena over the storage
time analyzed (which agrees with previous results) [26].

Table 8. Parameters from Droplet size distribution (D3,2 and span) of W1/O/W2 multiple emulsions
obtained at two different xanthan gum (XG) concentrations: 0, 0.125 and 0.25 wt.%.

Day
0 wt.% XG 0.125 wt.% XG 0.25 wt.% XG

D3,2 (μm) Span D3,2 (μm) Span D3,2 (μm) Span

0 4.3 ± 0.2 a 1.6 ± 0.2 a 4.3 ± 0.2 a 1.5 ± 0.3 a 4.1 ± 0.2 a 1.7 ± 0.3 a

1 4.6 ± 0.1 a 1.7 ± 0.3 a 4.0 ± 0.3 a 1.6 ± 0.3 a 4.1 ± 0.3 a 1.8 ± 0.2 a

15 4.0 ± 0.3 a 1.5 ± 0.3 a 3.9 ± 0.3 a 1.6 ± 0.2 a 3.8 ± 0.4 a 1.7 ± 0.3 a

30 3.9 ± 0.3 a 1.8 ± 0.3 a 3.8 ± 0.4 a 2.0 ± 0.2 b 3.8 ± 0.3 a 2.0 ± 0.3 a

In order to analyze the stability of these emulsions against creaming, Figure 6 shows
the changes in backscattering profiles (ΔBS%) at two different XG concentrations (0, 0.125
and 0.25 wt.%). These graphs show that an increase in XG concentration gives rise to
an increase in stability against creaming; this phenomenon disappeared completely at
the highest concentration studied (0.25% XG). These results indicate that the addition of
the hydrocolloid causes an increase in stability as a consequence of the structuring of the
system [34].
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Figure 6. Backscattering profiles of W1/O/W2 multiple emulsions obtained at two different xanthan
gum (XG) concentrations: 0 (A), 0.125 (B) and 0.25 (C) wt.%.

Previous results indicated the occurrence of microstructural changes in these emul-
sions. Consequently, rheological tests were carried out to investigate if the addition of
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XG reduces it. Bulk rheology helps the understanding of the physical origin of emulsion
creaming and flocculation [35].

3.5.2. Rheological Characterization

Figure 7 shows viscoelastic moduli (G′ and G′′) of W1/O/W2 multiple emulsions as a
function of frequency obtained at three different XG concentrations (0, 0.125 and 0.25 wt.%)
in the same day emulsion preparation. The rheological response obtained corresponds
to a weak gel-like structure, where the elastic component is predominant (G′ > G′′), even
for the lowest XG concentration. This response has been previously observed for diluted
emulsions (which is the case) due to the lack of emulsion flocculation [28].
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Figure 7. Viscoelastic moduli (G′ and G”) as a function of frequency of W1/O/W2 multiple emulsions
obtained at three different xanthan gum (XG) concentrations (0, 0.125 and 0.25 wt.%) obtained the
same day emulsion preparation.

The influence of XG on structuring the W1/O/W2 multiple emulsions generated is
corroborated since an increase in XG concentration involved an increase of the viscoelastic
moduli (G′ and G′′). Thus, the emulsions with the lowest XG concentration exhibited the
weakest microstructure (lower viscoelastic moduli), and the emulsion with the highest XG
concentration exhibited the highest G′ and G” values. The gel-like behavior of emulsions
has been attributed either to the packing effect of droplets surrounded by proteins and/or
the formation of a biopolymer network [36].

4. Conclusions

The results show that multiple W1/O/W2 emulsions can be obtained after selecting
suitable processing conditions, which in turn, makes them easily scalable for industrial
processes. This has great importance since these emulsions could be used for encapsulation
of both hydrophilic and lipophilic components. The analysis of the processing conditions
showed that several passes of the emulsion through the valve homogenizer led to narrower
droplet size distributions. However, excessive processing resulted in droplet coalescence
due to an excess of energy input, which involved larger droplet sizes. Thus, in terms
of droplet size distribution, the input of higher energy to the system (20 MPa) during
emulsification processing led to emulsions with smaller droplet sizes (D3,2). However, more
monodispersed emulsions were achieved when the lowest pressure (5 MPa) was used. As
for the number of passes, the optimal (emulsions more monodispersed and smaller droplet
sizes) was found around 2–3 passes regardless of the valve homogenizer pressure. However,
emulsions processed at 20 MPa involved lower EE values than emulsions processed at
5 MPa (87.3 ± 2.3 vs. 96.1 ± 1.8, respectively).
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Although microstructural properties of emulsions can be modulated by the ratio
between the primary and secondary emulsions ((W1/O)/W2 ratio), all the emulsions
generated without XG presented similar stability and EE (~95%). This result suggests
that different products exhibiting different textures (i.e., mayonnaise, salad dressings,
milkshake, etc.) could be developed based on these emulsions. However, emulsions
without XG resulted in a higher destabilization over storage time.

These results indicate that the formulation of these W1/O/W2 double emulsion
systems allows the optimal encapsulation of the marker. Thus, the development of food
matrices, in the form of multiple emulsions, would allow the encapsulation of bioactive
compounds, which could result in the development of novelty food products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11091367/s1, Table S1. Correlation of systems analyzed in
this research, evaluating two parameters: the concentration of the oil phase ratio in the secondary
emulsion as well as the effect of the thickening agent. Figure S1. Images of double emulsion droplets
(emulsion containing 25/75 of (W1/O)/W2) obtained from optical microscopy.
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Abstract: Composting is an important waste management strategy, providing an economical and
environment-friendly approach to sanitizing and stabilizing biosolids for land soil amendment.
However, the resulting product can contain a large number of organic pollutants that may have
adverse effects on the ecosystem. This paper presents the occurrence of eight widely used organic
pollutants (four linear alkylbenzene sulfonates (LAS C10-C13), nonylphenol and its mono- and di-
ethoxylates (NPE) and a di(2-ethylhexyl)phthalate (DEHP)) in full-scale composting processes. LAS
homologues were detected at the highest concentrations (range of ∑LAS: 2068–9375 mg kg−1 dm),
exceeding the limit fixed in the EU Directive draft. The concentration levels of the NPE and DEHP
were significantly lower (up to 27.5 and 156.8 mg kg−1 dm, respectively) and did not exceed their
fixed limits in the EU Directive draft. Ecotoxicological risk assessment for when compost is amended
onto soils has also been evaluated. The concentrations measured represented a medium-low risk for
most compounds, although it was not enough in the case of LAS C11 and C13 and NP.

Keywords: linear alkylbenzene sulfonate; nonylphenol ethoxylates; di(2-ethylhexyl)phthalate;
occurrence; composting processes; risk assessment

1. Introduction

Every year, a large amount of sewage sludge (≈15 million tons of sludge (dry matter
[dm]) in the European Union (EU) 28) requiring disposal is produced as a result of wastew-
ater treatments [1]. Approximately 40% of the produced sludge is used for agricultural
purposes as a source of organic matter and nutrients. However, this percentage has large
variations between the EU member states (from 0% in Malta or the Netherlands to more
than 50% in countries like Spain or France) [1,2]. In Spain, particularly in the Andalusia
region, this practice is even more pronounced (64%), since the decline in soil quality occurs
due to loss of the organic fraction [1–3].

Sewage sludge is rich in nutrients such as nitrogen and phosphorus and contains
valuable organic matter. Composting provides an economical and environment-friendly
approach to sanitizing and stabilizing biosolids for land soil amendment and enrichment,
since its agronomic value is increased as a result of fermentation and maturation [4].
However, one of the issues with this practice is the presence of a large number of organic
pollutants that, even when present at low concentrations, may have adverse effects on
the ecosystem and which may even be concentrated during the process. In the European
Union, the application of sludge onto soil is regulated by Directive 86/278/CEE, which
establishes a limit of 10 tons (Tn) of dry matter (dm) of treated sewage sludge per hectare
and year. This directive sets limit values for seven heavy metals in sewage sludge used
in agriculture. Currently, it is considered out of date and has been earmarked by the
commission as a candidate for revision for around 10 years [3,5]. In 2000, the elaboration of
the “3rd draft of the working document on sludge” set stricter limits on heavy metals and
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also studied the possibility of analyzing some priority organic compounds such as linear
alkyl sulfonates (LAS), nonylphenol (n)ethoxylates (NPE) and phthalates, among others, in
sludge [6–9]. These compounds can enter the sewage system through both industrial and
domestic sources. One of the most controversial aspects of the document is the question of
which organic contaminants should be monitored and if limit values for these compounds
in sludge should be set for land applications of sludge. There are no unanimous criteria
for the classes of pollutants that must be controlled in sewage sludge or for limiting the
concentrations that determine the applicability or lack thereof for these sludges with crop
soils. Some limit values for the concentrations of these compounds in sewage sludge
applied to the soil have been fixed in some particular countries, such as Denmark (DEHP,
LAS, NPE and PAH), Sweden (NPE, PAH and PCBs) or Austria and Germany (PCBs and
PCDD/F) [2].

The presence of these organic compounds at detectable amounts (from μg kg−1 to
mg kg−1 dm) in treated sewage sludge has led to concerns that land applications of
biosolids may result in the accumulation of contaminants in the soil and their subsequent
translocation through the food chain [10]. With this work, we wanted to reveal the necessity
of introducing programs to monitor the presence of priority organic pollutants in sewage
sludge and reduce the potential sources that may enter the environment. The aim of this
work was to investigate the occurrence, removal and environmental risk assessment of
eight priority organic pollutants (four LAS homologues (C10-C13), nonylphenol (NP) and
its mono- and di-ethoxylates (NP1EO and NP2EO) and a di(2-ethylhexyl)phthalate (DEHP))
in two piles of sewage sludge along the composting process in a full-scale study.

2. Materials and Methods

2.1. Chemicals and Reagents

HPLC-grade acetone, acetonitrile, methanol and water were supplied by Romil Ltd.
(Barcelona, Spain). Analytical grade formic acid and ammonium formate were obtained
from Panreac (Barcelona, Spain).

A commercial LAS mixture containing C10 (12.3%), C11 (32.1%), C12 (30.8%) and C13
(23.4%) was obtained from Petroquímica Española (PETRESA). Technical-grade NP and
DEHP were supplied by Riedel-de Haën (Seelze, Germany). The solutions, individual stock
(1000 mg L−1) and mixture (10 mg L−1) were prepared in methanol and stored at 4 ◦C.

Oasis MCX cartridges (60 mg) for solid phase extraction (SPE) were acquired from
Waters (Milford, MA, USA).

2.2. Biosolid Samples

The composting process for two piles of biosolids (pile A and B) was carried out in
dynamic full-scale batteries that were thermally controlled. Aeration was facilitated by
mechanical turning. This composting system is the most widely used system. The material
is piled up, mixed and turned periodically, thus avoiding compaction and delivering
oxygen to the system. Each pile of biosolid was composted for 127 days. The two piles were
equal and were measured to ensure the representativeness of the results. Eight samples
of each composting pile were taken during the composting process: 3 during the dryness
phase on days 0 (initial product), 10 and 21, 3 during the fermentation phase on days 37,
65 and 85 and 2 during the maturation phase on days 99 and 127 (final product). Each
sample (1 kg) was composed of 5 aliquots of biosolids (using a gripping device) from
different parts of the pile. Once in the lab, the samples were lyophilized (0.01-mbar vacuum
after being frozen at −18 ◦C for 24 h) and sieved (<0.1 mm).

2.3. Determination of Sludge Characterization Parameters

The parameters measured to characterize the sludge samples were the pH, conductiv-
ity, soluble salts, nitrogen Kjeldahl (NK), crude protein, carbon (C), organic matter, C/N,
Ca, Mg, total phosphorus (TP), extracted phosphorus (EP), total potassium (TK), extracted
potassium (EK), moisture, temperature and heavy metals Pb, Fe, Mn, Ni, Cu, Cr, Cd, Zn, Co,
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Al and Hg. Standard methods for wastewater analysis and standard techniques compiled
by APHA-AWWA-WPCF were used [11].

2.4. Analysis of LAS, NPE and DEHP

LAS, NPE and DEHP were extracted by ultrasonic solvent extraction (USE) following
a previously published method [12]. Aliquots of 2 g of biosolids were put in contact with
two aliquots of acetone (3 mL) and one aliquot of methanol (3 mL) for each extraction step
(10 min). The supernatants were separated by centrifugation (4000 rpm, 20 min), combined
and cleaned up by SPE with Oasis MCX cartridges. The samples were passed through the
SPE cartridges (previously conditioned) at a flow rate of 1 mL min−1. Next, an aliquot
of 5 mL of the cleaned extract was evaporated to dryness and reconstituted in 1 mL of a
methanol:water mixture (1:1, v/v).

Analytical determination was performed on an Agilent 1200 series HPLC coupled to a
6410 triple quadrupole (QqQ) mass spectrometer (MS) (Agilent, USA) using a previously
developed method [13]. For compound separation, a Zorbax Eclipse XDB–C18 Rapid
Resolution HT (50 × 4.6 mm i.d.; 1.8 μm) column (Agilent, USA) was used. The mobile
phase was composed of an aqueous 15 mM ammonium formate solution (0.1% v/v formic
acid) (solvent A) and acetonitrile (0.1% v/v formic acid) (solvent B). Chromatographic
elution started with a linear gradient from 75% to 100% of solvent B in 5 min at a flow-rate
of 0.6 mL min−1 and held to 5 min. The column was thermostated at 35 ◦C.

The analytical method was previously validated. Table 1 shows a summary of some of
the most significant parameters of the method. Method detection (MDL) and quantification
(MQL) limits were calculated as the concentrations corresponding to signal-to-noise ratios
of 3 and 10, respectively, by means of spiked samples at low concentration levels. External
calibration was used for quantitation. Quality control was applied by analyzing the
procedural blanks, standard solutions and spiked samples in duplicate every 10 samples to
evaluate possible contaminations and instrumental analysis variability.

Table 1. Recovery (R), precision (% expressed as relative standard deviation (RSD)), method detection
limits (MDLs) and method quantification limit (MQL) in compost samples.

Compound
R

(%)
RSD
(%)

MDL
(μg kg−1 dm)

MQL
(μg kg−1 dm)

LAS C10 79 4.4 0.18 0.61
LAS C11 97 4.5 0.51 1.69
LAS C12 97 4.2 0.50 1.66
LAS C13 99 5.0 0.39 1.32
NP1EO 77 8.6 1.52 5.07
NP2EO 94 1.5 0.32 1.05

NP 73 4.8 0.31 1.04
DEHP 76 8.3 6.94 23.1

2.5. Ecotoxicological Risk Assessment

Ecotoxicological risk assessment (ERA) was assessed using risk quotient (RQ) values in
soil amended with compost. The RQ was calculated as the quotient between the predicted
environmental concentration in the soil (PECsoil) and the predicted no-effect concentration
(PNEC). The PECsoil values provided an estimation of the concentration of a substance
expected in the soil after a one-dose application of compost (Equation (1)):

PECsoil = Ccompost · APPLcompost/DEPTHsoil · RHOsoil (1)

where, according to the European Union Technical Guideline Document [14], Ccompost is
the concentration measured in the compost (μg kg−1 dm), APPLcompost is the application
rate of dry compost onto soils (0.5 kg m−2 year); DEPTHsoil is the mixing depth (0.20 m)
and RHOsoil is the bulk density of wet soil (1700 kg m−3) for agricultural soils.
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PNECs are usually calculated using the lowest acute Lethal Concentration 50 (LC50)
or Effective Concentration 50 (EC50) toxicity data in fish, Daphnia magna or algae and
dividing them by an assessment factor of 1000 to consider the worst case scenario.

It should be noted that the data collected from the literature on the toxicity of the
selected compounds in terrestrial organisms were very limited. According to the European
Union Technical Guideline Document, PNECsoil was estimated through the PNECwater and
partition coefficients (Kd) approach (Equation (2)) [15], assuming that the sensitivity of the
terrestrial organisms was comparable:

PNECsolid = PNECwater · Kd (2)

The ecotoxicological data and Kd values from the literature are compiled in Table 2. RQ
values >1 would indicate that the compound did imply a significant risk to the terrestrial
microorganisms in the soil.

Table 2. Ecotoxicological data, solid water partition coefficient (Kd) and predicted no-effect concen-
tration (PNEC) of each compound in water and soil.

Ecotoxicological Data PNECwater

Log Kd

PNECsoil

Organism Test

Toxicological
Value (μg L−1) (μg kg−1)

(mg L−1)

C10 Daphnia magna (invertebrate) LC50 (48 h) 13.9 1 13.9 2.72 1 7294.8
C11 Nannochloropsis gaditana (algae) EC50 (72 h) 1.38 2 1.38 2.60 1 549.4
C12 Pimephales promelas (fish) EC50 (48 h) 3.2 2 3.2 3.53 1 10,843.0
C13 Nannochloropsis gaditana (algae) EC50 (72 h) 0.18 2 0.18 2.09 5 22.1

NP2EO Mysidopsis bahia (invertebrate) LC50 (48 h) 0.11 3 0.11 3.76 6 633.0
NP1EO Mysidopsis bahia (invertebrate) LC50 (48 h) 0.11 3 0.11 3.64 7 480.2

NP Mysidopsis bahia (invertebrate) LC50 (96 h) 0.02 3 0.02 2.67 7 9.4
DEHP Selenastrum capricornutum (algae) LC50 (48 h) 0.1 4 0.1 3.90 8 794.3

1 Ying, 2006 [16]. 2 Garrido-Perez et al., 2008 [17]. 3 Fenner et al., 2002 [18]. 4 Rhodes et al., 1995 [19]. 5 Feijtel et al.,
1999 [20]. 6 During et al., 2002 [21]. 7 Yu et al., 2008 [22]. 8 http://echa.europa.eu/documents/10162/060d498
1-4dfb-4e40-8c69-6320c9debb01; Accessed December 2021 [23]. LC50: Lethal Concentration 50; EC50: Effective
Concentration 50.

3. Results

3.1. Characterization Parameters

Temperature plays an important role in composting efficiency. In both compost piles,
the temperature reached its maximum at the beginning of the fermentation step in about
37 days (41 ◦C in pile A and 49 ◦C in pile B). However, while the temperature of pile B
was higher than 40 ◦C during days 21–65, the temperature measured in pile A was higher
than 40 ◦C only in the first days of the fermentation step. The rise in temperature during
composting was mainly due to the evolution of metabolic heat and the initial temperature
of the pile, so this would indicate that the transformation of readily available substrates in
pile B was higher than in pile A.

Table 3 shows those values at the initial and final stages of composting of the two
biosolid piles. The initial moisture content was 79 and 73% in pile A and B, respectively.
These values decreased continuously over 85 days, reaching their minimum values (8%
and 6% in pile A and B, respectively) and then remaining almost constant until the end
of the composting process (11% moisture content in both piles). The moisture content
varied as a function of the aeration rate, agitation, the bulking agent used and the metabolic
production of heat. Therefore, the similar progression of the moisture content in both piles
would indicate similar conditions.
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Table 3. Characterization parameters of the two biosolid piles.

Parameter Units
Pile A Pile B

Day 0 Day 127 Day 0 Day 127

Kjeldahl nitrogen % dm 5.7 2.8 4.8 2.8
Crude protein % dm 35.8 17.4 29.8 17.4

Carbon % dm 41 17 40 21
Organic matter % dm 71 30 69 37

C/N - 7.2 6.1 8.4 7.6
Ca (CaO) % dm 1.1 1.6 1.6 1.5

Mg (MgO) % dm 0.65 0.17 0.41 0.34
Extracted P (P2O5) % dm 2.9 0.972 1.96 0.589

Total P (P2O5) % dm 6 4.7 5 4.5
Extracted K (K2O) % dm 0.21 0.16 0.12 0.11

Total Pb mg kg−1dm 135 99 89 81
Total K (K2O) % dm 0.36 0.54 0.28 0.55
Conductivity mS cm−1 25 ◦C dm 4.7 4.2 4.2 4.8
Soluble salts % 0.30 0.27 0.27 0.31

Total Fe mg kg−1dm 9054 16,099 14,054 18,345
Total Mn mg kg−1dm 223 418 181 324
Total Ni mg kg−1dm <20 23 28 30
Total Cu mg kg−1dm 249 182 300 223
Total Cr mg kg−1dm 49 56 55 63
Total Cd mg kg−1dm 1.0 0.8 1.3 1.1
Total Zn mg kg−1dm 771 643 1043 859
Total Co mg kg−1dm <10 <10 <10 25
Total Al mg kg−1dm 12,509 26,984 14,843 28,639
Total Hg mg kg−1dm 1.20 - 1.30 -

pH Und pH dm 8.2 8.3 8.1 8.0
Moisture % 79 11 73 11

-: no detected.

The metal content showed a different behavior. The concentrations of K, Fe, Mn, Ni, Cr
and Al increased during the composting process in both piles. This could be explained by
the lost weight of the studied piles due to the degradation of the organic matter (between
30 and 40%). This fact was previously explained by other authors [24,25]. The total N in
pile A decreased from 5.7 to 2.8% dm, and this decrease was notably lower in pile B (from
4.8 to 2.8% dm).

The sludge to be composted had a pH between 8.1 and 8.2 and was slightly acidic
(between 6) a few days later. During fermentation, the pH value dropped to 4.5–5.5 due
to bacterial activity and the formation of weak acids. Subsequently, the fermentable
material produced an alkaline reaction due to the formation of ammonia resulting from
the degradation of proteins and amino acids. The pH reached values close to neutral or
slightly alkaline at the end of the process (pH 8.0–8.3).

The C/N ratio was reduced by the loss of C as CO2 and N during composting. This
reduction was a bit more notable in pile A (15%) than in pile B (9%), which was related to
the higher decrease in the C (59%) and N (51%) content in pile A. Other parameters, such
as conductivity, remained almost constant during the composting process in both piles.

The appropriate characteristics of the initial product and the composting process
contributed to the increase in the agronomic value of the compost obtained in both piles.
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3.2. Concentrations of Organic Compounds

All of the studied priority organic compounds (LAS, NPE and DEHP) were detected
in all samples analyzed (Table 4) regardless of the pile of compost, except in one sample
from pile B, where the concentration of NP was lower than the MQL of the applied
analytical method.

Table 4. Mean and range concentration levels of priority organic compounds.

Group Compound

Pile A Pile B

Mean
mg kg−1dm

Range
mg kg−1dm

Mean
mg kg−1dm

Range
mg kg−1dm

LAS C10 127 67.9–214 242 128–371
C11 889 502–1451 1690 888–2520
C12 1478 793–2462 2585 1395–3647
C13 1207 705–1926 2093 1159–2836

NPE NP1EO 1.39 0.93–2.28 1.93 1.23–2.79
NP2EO 13.6 11.2–16.8 14.8 8.68–20.1

NP 6.45 4.89–9.26 5.26 <MQL-10.6
Phthalate DEHP 7.61 4.91–12.8 12.4 6.56–15.8

LAS homologues were detected at the highest concentrations in all compost samples,
being lower in pile A (range of ∑LAS: 2068–6033 mg kg−1 dm) than in pile B (range of
∑LAS: 3569–9375 mg kg−1dm), especially in the case of the homologues C11, C12 and
C13. The highest concentrations were found in the case of the homologue C12, followed
by the homologues C13, C11 and C10. This distribution was similar to those found in
household products such as laundry detergents, dishwashing liquids, shampoos and other
personal care products, which points to the domestic contribution to the samples. These
elevated concentrations could be attributed to their intense usage and the strong tendency
to partition into and persist in compost, despite being largely removed to the water phase
in wastewater treatment plants [26,27]. Taking into consideration the limit values fixed by
the Working Document on Sludge in the case of LAS (2600 mg kg−1dm), the concentrations
of LAS measured in both piles of compost were higher than this limit in all steps of the
composting processes.

The concentration levels of NPE and DEHP were similar in both piles of compost. Con-
sidering NPE, the higher concentrations were found in the case of NP2EO, followed by NP
and NP1EO. In both cases, the concentrations measured were lower than the limit values fixed
in the Working Document on Sludge (50 mg kg−1dm for NPE and 100 mg kg−1dm for DEHP).
In the case of pile A, concentrations ranged from 18.7 mg kg−1dm to 26.9 mg kg−1dm for
NPE, and in pile B, they ranged from 17.8 to 27.5 mg kg−1dm. In the case of DEHP, these
concentrations ranged from 4.91 to 12.8 mg kg−1dm and from 6.56 to 15.8 mg kg−1dm in
pile A and B, respectively.

3.3. Occurrence of Organic Pollutants during the Composting Process

The concentrations of the studied compounds measured during the composting pro-
cess in piles A and B are shown in Figure 1. The concentrations measured in pile A showed
2 punctual rises at days 10 (dryness phase) and 99 (maturation phase), especially in the
case of the LAS homologues. As a result, only a slight decrease in the concentrations was
observed during composting. Regarding pile B, a continuous decrease in the concentrations
was observed, reaching higher global removal in pile B.
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Figure 1. Evolution of the concentrations of LAS homologues, NPE and DEHP during composting in
piles A and B (each sample was measured in triplicate, and the RSD was ≤1.5% in all cases).

Regarding the LAS homologues, their concentrations were reduced by between 20 and
31% during the dryness step in pile A (Figure 2). However, due to the increase in the
concentrations measured at day 99, these concentrations were increased (28–36%) during
the fermentation step and finally decreased during the maturation process. Globally, the
reduction in the concentrations of the LAS homologues achieved during composting was
from 30 to 50%. In the case of pile B, the concentrations measured for the LAS homo-
logues decreased as follows: dryness by 6–16%; fermentation by 28–30%; maturation by
40–43%; and global by 59–66%. The higher global decrease in the concentrations of the LAS
homologues was observed in pile B, probably due to the higher temperature achieved in
pile B during composting (thermophilic phase), because thermophilic temperatures are
more favorable to biological activity associated with the removal of these compounds. In
a similar study, Pakou et al. [28] achieved removal efficiencies between 77 and 91%. The
authors concluded that the initial concentration of the LAS affected the removal percentage.
However, at low LAS concentration values, limited bioavailability led to a residual concen-
tration of LAS that was difficult to reduce any further. The maturation stage’s duration is
important for achieving a complete removal of these compounds.

Unlike in the case of the LAS homologues, NPE showed a similar behavior dur-
ing the composting process of pile A (Figure 2), in which their concentration did not
vary significantly. The concentration of NP during composting increased from 4.89 to
9.26 mg kg−1dm and from 4.59 to 10.6 mg kg−1dm in pile A and pile B (Figure 1), respec-
tively, probably due to the degradation of NPEO. A similar observation was published by
several authors [8,28,29], and a considerable removal of NPEs (64–95%) was reached in
some cases [28,29].

The mesophilic temperatures in the fermentation phase of pile B favored the removal
of NP (33%), but this effect was counteracted by the generation of NP from the degradation
of NPEO. This effect was also observed by Moeller and Reeh [30], in whose study the effect
of the thermophilic conditions resulted in a net accumulation of NP, with transitory elevated
concentrations of the degradation products. However, some authors have reported losses of
NP during composting [31]. The removal (%) depends on their initial concentrations in the
compost mixture [28], bulking agents and mesophilic phase [29]. Some conditions during
the process such as the ventilation, the pH or the microbial community can influence the
degradation and removal of NP. Zheng et al. [29] observed an increase in the removal % of
NP from 19.7% to 41.6% with prolonged ventilation from 5 to 15 min during composting.
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Figure 2. Removal rates of LAS homologues, NPEs and DEHP during the different phases of
composting in piles A and B.

In the case of DEHP, its concentration decreased during composting from 10.5 to
8.35 mg kg−1dm in pile A and from 15.8 to 11.2 mg kg−1dm in pile B. Similar results were
previously reported by Gibson et al. [31] and Poulsen and Bester [32]. The concentration
levels of DEHP in the final product of composting were generally <100 mg kg−1, with
removal percentages between 50 and 97% [33].

Like what happened for the rest of the pollutants studied, the losses of this pollutant
were higher in pile B (29%), especially during the fermentation step (33%), than in pile A
(20%), where the higher losses were achieved in the dryness step (48%) (Figure 2). This
suggests that as much microbial degradation, favored by mesophilic temperatures, as
volatilization driven by water loss is possible, as DEHP is semi-volatile.

3.4. Risk Assessment

The calculated RQs in soil amended with compost from piles A and B are shown in
Figure 3. The red horizontal line drawn at RQ 1 denotes the limit between medium and
high risk. Overall, the risk associated with the presence of the selected compounds was
medium-low for most of them. However, it was not enough to not represent a potential
risk to the environment in the case of LAS C11 and C13 in both piles. These homologues
had a PNECsoil value lower than the other homologues, mainly due to the low toxicity data
reported in the literature for these compounds. Regarding NPE and DEHP, in general, their
RQ values were lower than those found in the case of LAS homologues. For the NPE group,
an increase in the risk was observed with the decrease in the number of ethoxy groups. The
only toxicological effect expected was the one caused by NP in pile B. González et al. [8]
estimated the ERA of the selected compounds after the application of compost to the soil,
and their results also revealed a potential toxic effect in the case of LAS C13 and NP during
the first 23 and 56 days, respectively, after the application of sewage sludge to the soil.
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Figure 3. Risk quotients (RQs) of studied compounds in soil amended with compost.

Up to now, the lack of legislation on the content of the selected organic pollutants in
sludge-amended soil made it impossible to state with certainty that the results obtained so
far were sufficient to avoid medium-to-long-term damage to living microorganisms. Future
advances in this area require the collection of ecotoxicological data from terrestrial microor-
ganisms and the incorporation of additional endpoints (including chronic exposure), as
well as the analysis of these compounds at lower, environmentally relevant concentrations.
Additionally, other treatments can be used prior to sludge application to agriculture land
in order to reduce the load of organic pollutants. Hydrothermal carbonization, biodrying
or hydrothermal liquefaction have been recently investigated as potential technologies [1].

4. Conclusions

The occurrence of eight priority organic pollutants in two piles of sewage sludge along
the composting process in a full-scale study was evaluated. All the studied priority organic
compounds (LAS, NPE and DEHP) were detected in all samples analyzed. While LAS
homologues were detected at the highest concentrations (∑LAS: 2068–9375 mg kg−1dm),
exceeding the limit fixed in the EU Directive draft and also pointing out the domestic
contribution to the samples, the concentration levels for NPE and DEHP were significantly
lower and did not exceed their fixed limits in the EU Directive draft.

A decrease in the concentrations was observed along the composting process for all
compounds, except for NP, probably as consequence of the degradation of NPEO. Overall,
the removal was higher in the pile that reached the thermophilic phase (pile B), which
probably involved specific microorganisms present at this temperature. The environmental
risk assessment showed, in spite of the decrease in the concentrations of these compounds,
a potential risk due to LAS homologues C11 and C13 and NP and highlighted the need to
carry out a more accurate and comprehensive environmental risk assessment taking into
consideration ecotoxicological data in terrestrial microorganisms for these pollutants, as
well as the incorporation of additional endpoints.
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Abstract: COVID-19 has posed new physical and mental challenges for the population worldwide,
establishing social and structural changes in the labor market that could be maintained and im-
plemented permanently. This new reality will require new strategies to improve family and work
conciliation, which is especially challenging for families with children suffering from psychological
pathologies such as autism spectrum disorder (ASD). These changes have led to more frequent
and intense behavioral problems, causing stress, anxiety, and confusion for these children and their
families. Thus, the need to have tools that help parents reconcile work with the care of these children,
who have low autonomy, is reinforced. This work develops a method for the design of assistive
technology and smart products to support children with ASD in following a routine and managing
tasks autonomously. In this way, the article analyzes the design problem including the needs and
preferences of children with ASD and their parents during confinement in terms of dependence
and adaptability; develops a design method for interactive and smart products focused on children
with ASD in confinement situations; and validates this method in a case study, in which a robot is
developed that makes it easier for children with ASD to follow a routine.

Keywords: assistive technology; smart products; autism spectrum disorder; self-managed tasks;
confinement periods; inclusive design

1. Introduction

COVID-19 has posed new physical and mental challenges for the population world-
wide. The confinement and disruption of daily routines have led to a series of psychological
consequences that society now has to face. This reality is aggravated in those who suffer
from psychological pathologies, such as autism spectrum disorder (ASD). Unpredictable
changes in routine can lead to serious difficulties for children with ASD. Their behavioral
inflexibility causes significant interference with their behavior in different contexts, even
for those at the milder end of the spectrum. Additionally, the difficulties they present in
planning and organizing skills cause low self-autonomy and the inability to self-manage.

A survey conducted by the University of Verona and King’s College London on how
children with ASD are experiencing the COVID-19 pandemic concludes that they “are
particularly at risk due to their vulnerability to unpredictable and complex changes” [1].
The results of this study show that the experience of confinement led to more frequent and
intense behavioral problems, as the unpredictability of the situation caused stress, anxiety,
and confusion for these children.

Additionally, this situation has been particularly complex for parents. The need to
work from home, together with the difficulties that their children face to self-manage
their day-to-day, has generated stressful situations derived from the disruptive behavior
of their children. Planning daily activities and reconciling family life has become a chal-
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lenge. On top of this, we could add the anxiety caused by the difficulty of these children
understanding the situation [2].

Despite this, the confinement experience has raised interesting social changes that
could be maintained and definitively implemented in daily life, such as teleworking,
online education, and intensive or reduced working hours [3–5]. In addition to this,
the new trends in automation and Industry 4.0 are leading to new professional roles
which are geographically distributed, requiring more responsibility and flexibility. All
this will require families and professionals to adopt new strategies to improve family and
work reconciliation, a particularly important challenge for families with children with
special needs.

Both in periods of confinement and these future contexts, the need for assistive tech-
nology is emphasized [6]. Traditional tools (low-tech), although beneficial, can be inflexible
and monotonous, leading to a loss of interest on the part of the children. Moreover, they
require constant interaction with an adult. In contrast, there are other tools (mid- to high-
tech) that integrate smart behavior and interactively adapt to the child’s development,
which favors the evolution of the child. Their dynamic content is more attractive, and they
autonomously provide constant instructions, facilitating user independence.

It should be noted that an assistive technology product aimed at people with ASD
must be accessible from the physical, cognitive, and sensory dimensions. Currently, the
variety of frameworks, methodologies, and tools for design specialized in ASD is scarce.
There are general frameworks for universal design [7], design processes for people with
special needs, and a series of tools focused on participatory and collaborative design.
However, there is no single universal methodology for the design of assistive technology
specialized in ASD, and not everything available can be applied to smart products. In
addition to this, no methodology has been found in the scientific or technical literature
aimed at designing interactive and smart products specialized in ASD for confinement
or isolation contexts. The identification of the needs of these children and their families
during confinement is essential to be able to make an attractive and useful product. With
this goal, the following research question was asked:

How can assistive technology help children with autism and their parents to plan and
self-manage their day and thus prevent episodes of stress, anxiety, and frustration for
both during periods of confinement?

To answer this question, this work develops the ASDesign method. It is a method for
the design of assistive technology and interactive and smart products that supports children
with ASD in following a routine and managing tasks autonomously in confinement contexts.
Within this scope, confinement is understood as a period in which someone is locked up
or confined in a certain place or within limits [8]. It can occur for both desirable causes
(teleworking, work−family conciliation, vacations, care of relatives, etc.) and undesirable or
unexpected causes (rest or sick leave, health emergency, etc.). This method, based on user-
centered design, will facilitate the proposal of mid and high-tech solutions that children
can use comfortably and safely while alone and with less frequent parental supervision.

To this end, this work is structured as follows; Section 2 presents a context analysis,
which justifies the knowledge contribution of this research, including a market study and
the new needs arising from the COVID-19 pandemic. Section 3 shows the methods and
materials used for the development of the ASDesign method and develops the proposal in
detail. Section 4 validates this method in a case study that includes the design of a robot
that allows the configuration and monitoring of a daily routine. Finally, Section 5 discusses
the results and main conclusions of this work.

2. Context Analysis

The American Psychiatric Association defines ASD as “a complex developmental con-
dition that involves persistent challenges in social interaction, speech, and non-verbal com-
munication, and restricted/repetitive behaviors” [9]. According to Autism Speaks [10], to-
day 1 in 59 children has ASD. There are two fundamental symptoms of autism:
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(i) persistent impairments in communication and social interaction and (ii) restrictive
and repetitive patterns of behavior, interests, or activities. The areas where they have the
most difficulties are social interaction, imagination, and communication. Therefore, people
with ASD tend to isolate themselves and show no interest in others. This is accentuated
for those who present communication difficulties due to speech delays or, in some cases,
the absence of verbal communication. In turn, they avoid eye contact, as well as physical
contact, in addition to having difficulty showing their own emotions and understanding
those around them. Their social imagination is limited: they tend to avoid symbolic games
and often repeat the same game, or even the same movements, continuously. Sudden
changes or disruptions in their daily routine can be a great frustration for them. On top
of this, they show limited attention, cannot concentrate on a task for too long, and may
exhibit sensory processing disorder.

COVID-19 and lockdown have caused serious difficulties for children with ASD and
their families. The limitations of physical space and the transformation of their daily routine
(including the disruption of diet and sleep, as well as the interruption of teaching, therapies,
and sessions in special centers) are generating a very significant mental and emotional
impact [2,11–13]. Although several of these services have been offered online, experts argue
that they are less effective than those received in person [14]. In addition to this, it should
be noted that the online modality has caused interruptions or cancelations of activities due
to technical difficulties or digital poverty in some families [11,15,16]. The lack of availability
of these resources causes uncooperative and disruptive behavior in children, including
periods of anxiety derived from the impossibility of understanding the situation [2]. Funda-
mentally, the most common consequences have been stress, anxiety, behavioral problems,
emotional crises, irritability, obsession, hostility, impulsivity, repetitive behaviors, eating
disorders, and insomnia. However, many parents considered satiety one of the biggest
problems during the pandemic, stating that there was a “significant reduction in the time
children spent with their favorite objects” [12,17]. Several factors have accentuated these
consequences: (i) age (the younger the child, the more stress the parents suffer) [18,19];
(ii) degree of disorder (children with a higher degree have suffered more stress, as well as
their relatives); (iii) disruption of routine (children at the “mild end” of the spectrum who
were used to attending school and other activities suffered stronger behavioral disorders
than those who were used to staying at home) [19]; (iv) economic situation (the loss of work
and onset of economic difficulties have increased stressful situations, since many families
could not afford online treatment or lacked the necessary technology to be able to receive
it) [18]; (v) health risk factors (homes with high risk could not accommodate specialized
professionals at home) [19]; and (vi) cultural aspects [18].

This situation has also been especially difficult for parents due to the need to combine
the workday with the care of their children [17]. Many of the tasks and responsibilities
that were previously distributed among several agents (teachers, therapists, etc.) have had
to be carried out by parents, assuming the different roles without having the necessary
knowledge and resources [11–13,16]. Regarding these difficulties, experts have given a
series of guidelines to try to reduce stress and frustration [2,17,20], with some of the most
common ones as follows:

- Structure daily activities.
- Divide daily activities to establish new routines.
- Use visual tools to help the child understand and self-manage their day.
- Choose the activities that your child prefers.
- Include serious games that help the child improve certain skills.
- Include parents in activities and avoid isolation from the child.
- Maintain contact with schools, therapists, and other children.
- Leave free time.
- Try to give relaxing resources: relaxing space, physical exercise, or sensory stimuli.
- Explain what COVID-19 is in a simple way.
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Most of these guidelines focus on planning the day in a way that helps children follow
a clear temporal structure. Despite the efforts made by parents to try to control the situation,
they reported the need for more support to preserve their children’s mental health, as well
as their own [1,12,18]. Therefore, experts state that to help children with ASD during these
situations, it is essential to focus the research and intervention efforts not only on the child,
but also on the development of appropriate support tools for their parents [12,13,16]. These
tools are part of what we know as assistive technology.

The International Classification of Functioning, Disability, and Health (CIF, WHO,
Geneva, Switzerland) defines assistive products and technology as “any product, instru-
ment, equipment, or technology adapted or specially designed to improve the functioning
of a person with a disability” [21]. This assistive technology differentiates between “low-
tech” (traditional tools and methods that use noninteractive products or do not use energy),
“mid-tech”, and “high-tech”.

The low-tech tools used in language therapies are based on augmentative and alter-
native communication systems (AAC), based on the use of symbols or images as a form
of expression. The most common approach within these systems is the Picture Exchange
Communication System (PECS), where users communicate their needs and preferences
by exchanging images. Usually, these images and drawings are collected in a book that
users carry with them. Specifically, there are several tools to assist in task planning, such
as visual task sequences, choice boards, first-after sequences, visual schedules, key phrase
symbols, and tags [22]. These tools are typically used at home, schools, and special centers
to help children with autism know exactly how the day will evolve and avoid episodes of
frustration and emotional breakdowns. There is a wide variety of products available for
this purpose in the market.

One of the main drawbacks of conventional tools is that they are very rigid and do
not adapt to the evolution of the user’s needs. Therefore, mid-tech (with simple electronic
elements, such as recorders, e-books, headphones, and visual timers [23]) and high-tech
products (with electronic and computerized elements that improve efficiency, speed, and
accessibility) implement interactive or intelligent actions with multisensory reinforcements,
making the user experience self-adaptive, dynamic, and intuitive. The last group also
includes mobile applications such as the Happy Kids Timer Chores App [24] and the
Choiceworks App [25] or the emerging field of the development of assistive robots. These
collaborators can have very positive effects on the development of social skills of children
with ASD; in addition, they have an immediate positive effect on communication skills [26].

The repetitive and predictable behavior of these tools provides a greater sense of
security to the child [27]. They can also be easier to understand, as they continuously
display instructions and comments. Most children with ASD have been shown to exhibit
a clear preference for robots [28]; the game is visually more appealing than individual
tasks with parents, therapists, or non-robotic toys. In addition to this, the appearance of
robots can stimulate social interaction skills, such as eye contact or communication [27],
and can motivate the child to talk, learn, or share interests with others, also improving
communication [29]. Finally, they can also help detect and understand emotions and social
behaviors [30]. To this we must add that many of them do not require the child to own a
phone or tablet, avoiding the continuous supervision of the parents. Examples of these
robots are Leka [31] and Kaspar [32].

One of the main disadvantages of these products is their affordability; due to their
high price, they are mostly used as a professional tool in therapy. On the other hand, most
robots focus on improving social skills, and as stated by the Japan Society of Instrument
and Control Engineers (SICE, Chiyoda City, Japan) (2019), the development of robots aimed
at monitoring the daily routine of children with autism to integrate into real society remains
unexplored [33].

Therefore, the line of research in which the ASDesign method is developed is an
incipient and interesting area of work that contributes to improving the well-being of
children with ASD and their families during confinement periods.
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3. Materials and Methods

This section describes the proposal of the ASDesign method and its application context;
for its development, the following stages were carried out, which will be explained in the
following sub-sections:

- User analysis, context of use, and definition of needs (Section 3.1). Development of
the ASD_T1 design module of the method.

- Definition of functional and technical requirements as well as design parameters of
assistive technology (Section 3.2). Development of the ASD_T2 and ASD_T3 design
modules of the method.

- Definition of the design process for ASDesign and application requirements (Section 3.3)

Due to the fact that the definition of the target user of ASDesign is complex (parents and
children with autism in a domestic context in periods of confinement), it was established
that the method would include a set of tools or modules, called “ASD_Tnum modules”,
that would facilitate decision-making throughout the design project. These modules, as
will be explained later in the following subsections, allow special needs to be selected and
make it easier to establish their relationship with functional requirements and optimal
design variables.

3.1. User Analysis and Definition of Needs

Every product design process begins with the analysis of the user’s needs. In the
design problem solved by the ASDesign method, two groups of needs are identified:
(1) the basic needs of ASD and (2) the specific needs derived from confinement.

First, to define basic needs, it is necessary to take into account the severity of children’s
difficulties, currently classified into three levels of autism [9]. This work focused on the
mildest level of the spectrum (level 1). Children in this range may have deficiencies in
social communication if they do not have sufficient support, and have little interest (and
difficulty) in initiating social interactions, in which they also show atypical or insufficient
responses. On the other hand, behavioral inflexibility generates significant disorders in
their behavior in different contexts. They have difficulty alternating activities, organizing,
and planning, which entails little autonomy and independence. Table 1 shows the basic
ASD needs included in the ASDesign method.

Table 1. Definition of basic ASD needs (BN).

Basic Needs of ASD Objectives

Development, maintenance, and understanding
of relationships

Adapt behavior to different contexts

Attention Obtain and maintain the child’s attention

Emotional reciprocity
Express preferences and ideas

Initiate and maintain social interactions

Restrictive and repetitive patterns of behavior

Disproportionate and repetitive gestures

Small variety of interests

Inflexibility in routines

Stress and frustration to changes

Environment and social awareness Social and environmental awareness

Motivation Motivation and goal setting

Disruptive behavior Behavior management

As a second step, the definition of needs during periods of confinement was carried
out through three phases: (1) analysis of research in the socio-health, psychological, and
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sociological areas, (2) interviews with professionals, and (3) analysis of the behavior of the
target user through a questionnaire.

The first phase included an analysis of the state of the art and selection of different
statistical studies and research carried out during the confinement period; in general, these
studies were based on interviews with parents of children with ASD and professionals in
the areas of medicine and psychology [1,2,11–20]. This phase made it possible to identify
the greatest difficulties that families experienced during the pandemic, psychosocial risk
factors, and main consequences, in addition to a set of expert recommendations to reduce
impact. To complete the above information, as a second phase, a semi-structured interview
was conducted with a pediatrician from an ASD association. The objective was to collect
the specific experiences and intervention activities carried out by specialized centers after
the COVID-19 interruption.

As a result of technical analyses 1 and 2, a first classification of the most significant
difficulties was obtained, which was later translated into needs for the ASDesign method:

- The attention required by the child.
- Combine work and childcare.
- Calm the child in times of stress.
- Getting the child to focus on an activity or product.
- Explaining the pandemic situation to the child.
- Structuring or planning daily activities.
- Getting the child to do certain activities he or she does not like.

On the other hand, and with the aim of gaining a deeper understanding of the expe-
rience of the target user in the periods of confinement, the user’s behavior was analyzed
through a questionnaire aimed at parents of children with ASD. It was answered by
51 subjects. Most of the children represented in this research are under 10 years old (62%),
and most of them received online support from professionals (61%). The questionnaire
included three blocks of questions to obtain different information:

- BLOCK 1: Composed of 10 questions about the situation of children with ASD dur-
ing confinement. It made it possible to identify the greatest difficulties for parents
regarding their children and the order of priority of these demands.

- BLOCK 2: Composed of 6 questions on the use of low, medium, and high technology
tools. The result was the identification of tools used to plan the routine, the frequency
of use, and the evaluation of usability. On top of this, it explored whether the tools
were interactive (mid to high-tech), collecting the reasons for preference of use over
conventional tools (low-tech).

- BLOCK 3: Composed of 3 questions about purchasing behavior. It led to the aspects
that influence the purchasing decision, as well as the priorities of parents when
deciding on a product or tool for their children.

In the first block, the results show that 19% of parents did not consider confinement
a difficult period for their children, but for themselves. However, on the other hand, this
percentage of users argues that one of the biggest difficulties had been to calm their child in
emotional crises. That is, parents agree that the confinement was worse for them; however,
they verify the existence of emotional crises in their children in this period. On top of this,
this block showed that only 29% of the parents combined work and the care of the child
(49% had to dedicate themselves exclusively to the care of the child, 16% had to leave home
to work onsite, and 6% worked from home while someone else took care of their child).
This information is consistent with the conclusions of Phase 1: needs analysis (statistical
studies and research published in the scientific literature).

Regarding the identification and prioritization of difficulties, the questionnaire led
to the classification of the different demands of the children according to the stress they
generated (Table 2). The hierarchy was carried out using a weighting factor to synthesize
the results and establish the order of priority of the specific needs of the confinement (CNi).
The weighting factor was established following these steps: (I) participants ranked the
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confinement needs (CNi) from most to least difficult (Positions P1–7); (II) the frequency
for how many times each confinement need (CNx) appeared in each position (Pj) was
established (Fxj); (III) all frequencies were divided between the number of responses I;
(IV) the resulting value for each position (Fxj/R) was multiplied by a scaling factor accord-
ing to the position (Pj) (P1 = 7, P2 = 6, P3 = 5, P4 = 4, P5 = 3, P6 = 2, P7 = 1); (V) the results
were recorded as the weighting factors.

Table 2. Specific needs of the confinement (CNi).

Specific Needs of Confinement—Priority Order Weighting Factor

N1 Maintain the child’s attention and interest in a product or activity. 4.78

N2 Calm my child down in moments of stress. 4.45

N3 The attention required by the child. 4.13

N4 Getting the child to do tasks that he/she does not like. 3.98

N5 Structure and plan daily activities. 3.66

N6 Explain the pandemic situation to the child. 3.57

N7 Combine the workday with the care of the child. 3.36

The answers in block 2 (regarding the tools used and their functionality) showed
that those of low technology (or traditional) were the most used and most valued, the
most popular ones being: the visual task sequences, the visual daily sequences, the First-
Then activities boards, and the choice boards [34]. Parents also added reward panels as
a useful tool. Furthermore, only 22% of the families frequently used high-tech in the
form of mobile applications to replace conventional tools. Regarding the evaluation of
the functionality of the tools, the following design deficiencies were identified: lack of
personalization (inserting desired activities) (with 25%), the required supervision (25%),
loss of interest of the child (10%), and the need to have a mobile phone for its use (25%).
Finally, only 1/51 children used high technology in the form of a robot or a similar product
during confinement.

Lastly, block 3 on purchasing behavior identified the design and functional require-
ments that influence the choice of low, medium, and high technology: have visual support
(88%) and hearing support (94%), be easily transportable (98%), allow you to schedule
activities in advance (90%), and allow the child to choose the activities at the time of use
(94%). On a second level, to the given aspects, some parents added as priorities having
different levels of difficulty, being affordable (price), and being intuitive.

Once the three phases of the analysis of the target user were completed, the relationship
between the specific needs of confinement (CNi) (Table 2) and the basic needs of ASD (BN)
(Table 1) [9] was established. This made it possible to determine which basic needs of the
disorder should be worked on for each specific need of confinement. The correct use of
cross-relationships ensures that the product design is properly adapted to the complete
needs and characteristics of these children. To make it easier for the design team to select
cross-needs, the module ASD_T1 was developed (Table 3).

Once the CNi (specific needs of confinement) are known, the design team can easily
identify the basic needs of ASD that must be prioritized in the design of the product.

It should be noted that although the specific needs N2 (Calm my child down in
moments of stress) and N6 (Explain the pandemic situation to the child) have been included
in the ASDesign method, they are too complex to solve with a product. Specifically, as the
questionnaire showed, the last stage of the emotional crisis is the most difficult challenge
for parents, when the child is already under a lot of stress. Trying to implement a solution
at that point is extremely difficult. Instead, the right thing to do would be to identify the
causes that led to the crisis in order to avoid the episode in the future. This is grounded
on the concept of Positive Behavioral Support of proactive approach [35] and functional
analysis, strategies that work on self-regulation to improve independence and autonomy.
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Table 3. ASD_T1. Relationship between basic ASD (BN) and confinement-specific (CN) needs.

Basic Needs of ASD
Specific Needs of Confinement

N1 N2 N3 N4 N5 N6 N7

Development, maintenance, and
understanding of relationships

Adapt behavior to different contexts X X X X X X X

Attention Obtain and maintain the child’s attention X X X X X X X

Emotional reciprocity
Express preferences and ideas X X X X X X X

Initiate and maintain social interactions X X X X X X

Restrictive and repetitive
patterns of behavior

Disproportionate and repetitive gestures X X X X X X

Small variety of interests X X X X

Inflexibility in routines X X X X X X

Stress and frustration to changes X X X X X X

Environment and social
awareness

Social and environmental awareness X X X X X X X

Motivation Motivation and goal setting X X X X

Disruptive behavior Behavior management X X X X X

3.2. Definition of Functional Requirements and Design Parameters

The definition of crossed needs allows designers to translate the areas that we intend
to work with or support using technology (signs, symptoms, and difficulties of ASD) into
design strategies: (1) functional requirements and (2) design parameters.

First, functional requirements define the functions of the system (technology or com-
ponents). They specify the behavior between inputs and outputs of resources (information,
energy, materials, or space), which are exchanged in the user–product environment. In the
design process, it is necessary to have a correct translation of needs into functional require-
ments. In the ASDesign proposal, for all the crossed relationships of the module ASD_T1
(BN + CN), the functional requirements (FR) to be taken into account in the product design
were identified. In addition to this, non-functional or quality requirements (NFR) were
defined; these refer to the properties of the product (usability, safety, comfort, adaptability,
performance, and transportability). Finally, the smart requirements (SR) for the design of
high-tech products were identified. To facilitate the translation of needs (BN + CN) into
requirements (FR, NFR, and SR), the module ASD_T2 was developed. Figure 1 shows the
structure and its purpose and can be checked in detail in Annex I.

 
Figure 1. ASD_T2 for the translation of needs (N) into functional requirements (FR).

As a second step, and derived from the relationship between crossed needs (BN + IN)i
and functional requirements (FRj, NFRij and SRij), the design parameters (DP) are identified,
being the specifications and constraints required in the conceptual and detail design phases
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to develop the best solution. The definition of design parameters in the ASDesign method
was carried out taking into account the special physical, sensory, cognitive, and social
characteristics of children with ASD. The definition of design parameters consisted of
four phases:

i. An exhaustive review of the scientific and technical literature and the latest research
on products aimed at children with ASD [36–40].

ii. Analysis of interactive products [41–47] and robots for children with ASD [48–51].
iii. Market research focused on children with disabilities and developmental disor-

ders [52,53].
iv. Compilation and synthesis of the results of a semi-structured interview conducted

with a specialist doctor belonging to an association for children with ASD. Specifi-
cally, the interview concluded the routines, tools, methodologies, and other elements
that are used in this type of association to maintain the attention and motivation
of the children when following a sequence of activities. Most of these proposals
referred to conventional methods and low-tech products.

The four previous activities made it possible to identify guidelines for the design
(DPjk) and constraints (DCjk) of medium- and high-tech products for these children. To
facilitate the selection of DPs, module ASD_T3 was developed. Figure 2 shows the structure
of the module and its purpose and can be checked in detail in Annex II of the work.

Figure 2. ASD_T3. Design parameters of robots for children with ASD.

Although the module ASD_T3 includes a complete set of DPs, in the conceptual
design phase, it is important to take into account the interdisciplinarity and collaboration
between different areas. It will be indispensable, in addition to considering appropriate
design strategies, to consider the theories, practices, and experiences existing in clinical
and educational settings. This is the strategic key to achieving technology-enhanced
interventions for users with ASD [54]. Therefore, to make the design project successful,
it will be important to use creative techniques (interviews, questionnaires, workshops,
research activities, etc.) [55] that allow the integration of different disciplines, such as
engineering, psychology, medicine, or education.

3.3. ASDesign Method

This section explains the ASDesign method in detail, specifically the applicability
and steps to follow. It should be noted that the modules ASD_T1 (cross-relationships
between ASD needs and special confinement needs), ASD_T2 (functional requirements),
and ASD_T3 (design parameters) are the three basic tools of the method. These tools will
be used throughout the design process of assistive products (medium or high technology)
as facilitators in decision-making.

3.3.1. Scope of the ASDesign Method

ASDesign is a user-centered design method; it is applicable in the development of
assistive technology, in the form of interactive and smart products to support children with
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ASD in following a routine and managing tasks autonomously. The technology designed
with this method can be used in periods of confinement; in addition, children can configure
it comfortably and safely (and supervised by parents). In the ASDesign method, the term
“confinement” is understood as a period in which someone is locked up or confined in a
certain place or within limits [8]; this can be due to desirable reasons (teleworking, work-
family reconciliation, vacations, etc.) and undesirable or unexpected reasons (rest or leave,
illness, health emergency, etc.).

3.3.2. ASDesign Process

Figure 3 sets out the flow chart of the main phases to follow. These phases are not
strictly linear. Iteration between stages 5, 6, and 7 will allow the necessary adjustments to
be made to design decision-making throughout the entire process.

Figure 3. Stages of the proposed method.

Phase 1. Analysis of the design problem: Phase 1 analyzes the design problem,
which includes: (1) definition of the characteristics of the context of use (home, therapy,
school, indoor or outdoor environments); (2) the target user (ASD picture, degree of ASD
to be worked with [9], and the main signs and symptoms to be improved with the product);
and (3) the actors involved in the interaction (child with ASD, therapist, parents, other
typically developing children, etc.).

Phase 2. User needs analysis: Identification of cross-needs. Once the design problem
has been defined, the CNi needs are selected, relating to the difficulties of confinement
(Table 2). These are then related to the basic needs of ASd (BNi) (Table 1). Using module
ASD_T1, cross-relationships (CNi + BNi) are identified (see Table 3, Section 3.1), which will
ensure that the product is correctly adapted to the target user.

Phase 3. Functional design: Identification of functional requirements. Crossed needs
(CNi + BNi) are translated into product requirements. In this way, and provided by the tool
ASD_T2 (see Figure 1 and Annex I), the Functional Requirements (FRj), Non-Functional
Requirements (NFRij), and Smart Requirements (SRij) are obtained according to the needs
to be solved. The product’s requirements should serve as the basis for the design of the
different alternatives of the product.

Phase 4. Conceptual design: Conceptual design includes the development and selec-
tion of design alternatives. To facilitate the proposal of appropriate solutions, and grounded
on the tool ASD_T3 (see Figure 2, Section 3.2 and Annex II), the PDjk design parameters
most in line with the functional, non-functional, and smart requirements specified in
Phase 3 are identified. The conceptual design phase must achieve the following goals in
product design:

◦ Structural design: Proposal of the structure of the product and its components.

182



Sustainability 2022, 14, 516

◦ Ergonomic design (safety and comfort): An anthropometric, biomechanical, and
cognitive study of the child population to ensure the correct adaptation of the product
to the user.

◦ Preliminary selection of materials: Study and selection of materials for the perceptual
and sensory adaptability of the product to the user with ASD. In addition, they must
ensure the physical and environmental integrity of the product.

Phase 5. Detail design: Once the optimal alternative is selected, the detail design will
be finalized, including the following goals:

◦ User−product interaction design: Development of product states and game modes.
◦ Interface design and usability analysis: Development of the information exchange

system between user and product.
◦ Design of smart and interactive properties: Development and programming of the

intelligent and interactive system.

Phase 6. Prototyping: To validate the design and functions of the technology, different
prototypes must be developed:

◦ Functional prototype: Validates usability in terms of efficiency (goal scope and needs),
effectiveness (usage times, usage errors, mental and physical load of the user), and
satisfaction (ease of learning, attraction, motivation, attention fixation, ease of recall)
in user–product interaction.

◦ Prototype of aesthetic−formal design (look and feel): Validates the aesthetics and
physical and cognitive adaptability (perceptive and sensory) of the design.

◦ Structural prototype: Validates geometric concordance, shape, and assemblies.
◦ Technical prototype: Validates the technical feasibility of the solution.
◦ Integration prototype: A final prototype that integrates the above aspects and aims to

be tested with the end-user.

Phase 7. Testing and evaluation: Using the integration prototype of Phase 6, a test is
carried out with the target group; this must be composed of children with ASD, children
with typical development, and the rest of the users (parents, psychotherapists, and other
agents if they exist). It is recommended to prepare a list of assumptions in advance to
validate during the test. The results will be useful for the improvement or redesign of the
final solution.

4. Case Study: The Robot Pepe

This section applies the ASDesign method with the aim of validating and verifying the
proposal. Thus, the robot “Pepe”, a high-tech assistive product to support children with
ASD to improve the independence of their daily tasks, is designed. Pepe’s design made it
possible to verify the suitability of the ASDesign method and its applicability to any design
project. In addition, the on-site testing with the target user validated the tools ASD_T1,
ASD_T2, and ASD_T3 and their suitability to the scope of the method. The following
sections summarize the design process and the most representative results.

4.1. Phases 1, 2, and 3: Context Analysis, Definition of Needs, and Functional Design

As discussed in Section 3.3, the design problem is defined in the first phase of the ASDe-
sign method. For this case study of the robot Pepe, the following aspects were considered:

(1) Context of use: Domestic, for which an interactive and smart product in the form of
a robot is developed for children with ASD. The robot helps to create and follow a
routine, improving self-autonomy. The goal is for children to be more independent of
their parents in times of confinement.

(2) Definition of the target user: Children with ASD level 1 (mild end of the spectrum) [9].
They have verbal communication skills and can attend schools with typically devel-
oping children.

(3) Actors participating in the interaction: Child or child with ASD and their parents (the
therapist is not present).
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Once the design problem was defined, in Phase 2 the specific confinement needs
(CN) to be solved were selected (see Table 2, Section 3.1). Taking into account that a robot
presents high possibilities of customization, as well as self-adaptation to the context and
the user, the following CN were selected: N1, N3, N4, N5, and N7, with N2 and N6 being
discarded. As discussed in Section 3.1 and according to the principles of the Positive
Behavioral Support Methodology [35], although N2 (calming the child in times of stress) is
one of the most difficult demands for parents, it is considered important to pay attention to
the causes of the problem, that is, to the needs N1, N3, N4, N5, and N7. When these are
addressed properly, it is possible to prevent the onset of the crisis. On the other hand, N6
(explain the situation of confinement to the child) is discarded, as it needs to be worked
with a completely different approach to the rest of the needs.

Lastly, the specific needs of confinement were related to the basic needs of ASD using
module ASD_T1 (Table 3, Section 3.1). In the case study, all the basic needs of ASD were
taken into account. These are focused on improving (I) the development, maintenance, and
understanding of relationships, (II) attention, (III) emotional reciprocity, (IV) restrictive
patterns of behavior, (V), environment and social awareness, (VI) motivation, and (VII)
disruptive behavior.

Once the crossed needs to be solved by the Pepe robot were defined, the functional
design (Phase 3) was carried out using module ASD_T2 (see Figure 1 or consult Annex
I). The tool facilitates the translation of needs (BN + CN) into requirements (FRj, NFRij,
and SRij). In this case, the functional requirements RF1–18 were taken into account (see
columns 2, 3, 4, and 5 in Annex I).

4.2. Phase 4: Conceptual Design: Ideation, Generation of Alternatives, and Preliminary Solution

The ASDesign method takes an interdisciplinary approach in the ideation phase. To
do this, the creative process of the Pepe robot was divided into two phases: (1) semi-
structured interview with a specialist in therapy and early care and (2) an interdisciplinary
ideation workshop.

The semi-structured interview was conducted with a specialist doctor who belongs to
an association for children with ASD. The conclusions obtained from the previous interview
(see Section 3.2) were considered and redesigned as interactive and smart in the Pepe robot.
In addition, a series of “expert recommendations” were obtained from the interview and
later used in the ideation workshop.

As a second phase, in the interdisciplinary ideation workshop, different propos-
als for the potential product were developed. Idea generation techniques—brief ice-
breaker ideation activity and divergent thinking (brainwriting diagram) [55]—were applied.
Three professionals participated in the workshop, belonging to the areas of product design,
psychology, and education. Starting from a set of previously defined [FR j, NFRij, SRij]
(see ASD_T2, Annex I), and taking 2 random design parameters (ASD_T3, Annex II) and
1 expert recommendation (see Section 3.1 and Figure 2), participants generated different
design ideas. The inclusion of expert recommendations allowed all of these ideas to be
aligned with the context, user, and scope of the design. Finally, they were asked to choose a
set [FRj, NFRij, SRij, DPjk] and draw or describe a robot design solution. Figure 4 shows
the experience of the workshop.

With the results of the semi-structured interview and the interdisciplinary workshop,
seven alternatives to robot design were generated. They were then analyzed considering the
design parameters of module ASD_T3 (see Figure 2 and Annex II). All alternatives (Figure 5)
were designed not only as an AT product but also as a toy, meaning that technology, in
addition to improving, developing, and working on certain skills of the child, is also fun,
safe, age-appropriate, and attractive for the user. Therefore, alternative 4 presented better
results, thus being the final solution.

184



Sustainability 2022, 14, 516

Figure 4. Interdisciplinary ideation workshop.

 

Figure 5. Generation of design alternatives.
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As indicated in Phase 4 of the method, for the selected alternative (see design), the
ergonomic design and the preliminary choice of materials were developed using the tool
ASD_T3 (see Figure 2 and Annex II). The Pepe robot consists of a structure 40 cm high
and 25 cm wide. It has four wheels at the bottom that allow it to be easily turned around;
in addition, the upper semi-cylinder can be hidden. Some physical elements are elastic,
allowing tangibility and mobility of elements. It was designed with a small size to avoid
intimidation and also to facilitate manipulation by the child. It is made up of simple
geometric shapes to avoid frustration. Pepe has an identity that is easy to understand
for a child with ASD: includes an anthropomorphic design (eyes, mouth, and arms) with
interactive expressions of emotions. The idea behind giving it a “humanoid” appearance is
grounded on the thought that interacting with robots that have “humanoid” elements and
interaction features might help children with ASD with their social and communication
skills, as well as to maintain attention [26]. In addition, identity makes the child see the
product as a playmate (and not as a supervisor); this will create a strong bond between the
two and encourage the child to use it with a playful attitude.

As the ASDesign methodology indicates, one of the most important features in smart
products is perceptual and sensory stimuli. To achieve a correct adaptation, Pepe includes
traditional (low-tech) and computational (high-tech) elements; the objective is to create
a product flexible to the user’s development but adapted to their sensory characteristics.
The low-high tech combination is supported by Mikael Wiberg’s approach to “material
movement” [56]. Therefore, those elements of traditional tools (low-technology) that are
suitable for the user and the satisfaction of their needs were integrated with the ICT and
electronic elements, thus configuring the design of the robot. Regarding visual reinforce-
ments, Pepe includes 7 screens that show drawings, images, or text, depending on the
child’s skills and the game. Compared to conventional tools, including messages through
ICT (information and communications technology), elements make the product more adapt-
able and flexible (both in terms of content and in the way it is presented). In addition to
this, Pepe includes a set of physical interaction elements (pushbuttons and sliders). Touch
screens were discarded because of the need for tangibility and materiality in the product.
These types of physical elements can be manufactured with different textures and materials
that create a multisensory experience (greater comfort, acceptability, and agreeability in
the task according to the basic needs of the ASD); in addition, they facilitate interaction
by involving varied movements of fine (sliding, squeezing, pressing, holding, grasping,
gripping, clamping, turning) and gross (dragging and turning) motor skills. The design of
low-tech elements is based on the conventional tools used in therapies, such as: (1) having
arrows that the child can move and point to different scenes that help him stay focused,
and visually understand the next task or predict the next information; or (2) the fact that
Pepe’s head (semi-cylinder top) can hide, embedding the “Turtle Tool” [22] commonly used
to teach children with ASD that, in times of crisis, it is important to disconnect and think
before reacting impulsively.

Lastly, the correct selection of materials allows the robot to adapt to the sensory needs
of the child, where the materials were prioritized according to the characteristics of their
surface (texture, color, and brightness) avoiding the use of reflective materials; pastel colors
were prioritized (see Figure 6). Tactile stimuli are very beneficial in capturing the child’s
attention and making him enjoy a certain product. In addition, according to the design
parameters of the ASDesign method (see Annex II), it is also advisable to include soft,
non-toxic materials, which are suitable for outdoor environments. Therefore, the selected
materials were as follows: PET of different textures (smooth, bubbles, metallic), felt, curl,
nylon, and foam.
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Figure 6. Preliminary design of the Pepe robot.

4.3. Phase 5: Detail Design

Following Phase 5 of ASDesign, (1) the design of the user–product interaction (in
this case robot states and game modes), (2) the design of the interface and usability anal-
ysis (information-action exchange system between user and robot), and (3) design of the
intelligent and interactive properties of the product were carried out.

Pepe is a robot designed to help follow a routine previously planned by the parents
and the robot itself. It is designed to guide the child throughout the day and work on needs
(N1, N3, N4, N5, and N7), making use of different activities based on gamification. In
this way, Pepe suggests a routine to parents for the next day, including main activities and
subtasks based on the child’s performance with the product itself. It is able to record which
activities the child prefers, which are more difficult, and which ones he/she has already
learned (depending on how long they take the child). On top of this, it can change the level
of support given to the child, adding and removing elements progressively. Scheduled
activities are presented throughout the day using the different interface screens; the child
will interact with the robot through different interface elements (see Figure 6, elements 2, 3,
and 4). Pepe includes voice, sounds, music, lights, and textures as supporting elements
to make the experience more engaging and interactive. The main goal is to keep the child
involved in the different activities by creating a reward system and making a game out of
the routine (gamification). The robot and its functionality will evolve along with the child
as he/she progresses in the development of self-autonomy. These strategies are based on
the Positive Behavioral Support methodology [35]. Figure 7 shows the functions and stages
of the robot.

Figure 7. Functionality of the Pepe robot. Main stages.
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As shown in Figure 7, the design has four main stages that allow for creating a dialogue
between parents, child, and robot. These stages are described below:

1. Stage 1. Establishment and approval of the routine: The robot suggests a possible
routine to parents for the next day. Since the robot can record and interpret the child’s
data (time spent on each activity, how the activity made him feel, and which tasks
proved more difficult), Pepe suggests an adapted routine. This means that depending
on the child’s performance, he/she will add or remove tasks, if necessary, combine
the activities that the child likes or dislikes in the correct order, add games to help the
child memorize the tasks, and change the images according to the level of difficulty in
interpretation (going from <images> to <pictograms> to <text>). Parents, through
a mobile application, will be able to modify and approve the routine. At first, Pepe
will have a more rigid approach (the control of the activity depends on the parents);
however, as the child progresses, Pepe will be more flexible and allow the child to
choose more activities, gradually giving him more self-autonomy (see Figure 8a).

2. Stage 2. Presentation of First-Then activities: The robot gives the child a “welcome
message” verbally and says it is time to start with the activities. It asks the child to
turn it around. The back will always show which activity is going to be done first and
which one is going to be done next. The robot will ask the child what activity is going
to be performed next and ask for the “KeyCode” of the next activity (see Figure 8b).

3. State 3. Identification and introduction of the activity code: The “KeyCode” consists
of a sequence of “shapes” that is connected to each activity. This code will be displayed
in the app (to parents). Once the child has identified which activity is going to be
performed “now” (first screen on the back), he/she must find out the code and enter
it into the robot. The child enters the sequence using the SHAPE buttons on the robot
to “unlock” the next activity. This stage will serve as a checkpoint (see Figure 8c).

4. Stage 4. Activity and subtasks: When Pepe detects the correct code, the screens
display the main activity (large) and subtasks (small), along with lights on the timeline.
The robot warns the child verbally about the beginning of the activity and indicates the
first subtask. The first subtask will light up. As time passes, the lights on the timeline
will begin to turn off. When the timeline approaches the next subtask, the robot will
tell the child that it is time to move on to the next one. As the child finishes with one
subtask, he or she moves the arrow to the next one (which will light up) and will
press the YES button. When the YES button is pressed, Pepe verbally congratulates
the child, and a star will appear in the completed subtask. The stars will be recorded
in the app for parents and children to see. A certain number of stars will imply a
reward. The app also informs parents of the child’s progress on tasks and subtasks
(see Figure 8d).

Figure 8. Human-interface interaction: main stages of the robot. (a) Creating a routine; (b) First-Then
activities; (c) activity code; (d) activity and subtask.

Figure 8 shows a simplified drawing of the user-interface interaction for these stages.
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Pepe has an interactive interface (see interactive elements in Table 4) to control the
different stages and interact through the different activities.

Table 4. Interactive elements of the interface.

Interaction Design
Elements

Function

Screens

Shows First-Then activities

Shows images of activities; show the subdivision of tasks

Shows the reward system to the child

Red arrow Allows the child to point to a screen to mark the activity that is
being carried out

YES button Allows the child to confirm a response or action; affirmation

SHAPE buttons Allows the child to enter the code (Key Code)

LED lights

Time count: indicates the time remaining for each activity

Enhances what is being done at the moment

Positive reinforcement

Facial expressions, identity

Speaker
Child’s voice

Guides through the time of use

Positive reinforcement

Time count

Identity

Music
Indicates if the answer is correct

Positive reinforcement

Lastly, Table 5 details the user–product interaction, relating the functions and subfunc-
tions (FR, NFR, and SR) and the corresponding actions of the user.

Table 5. List of product functions and user actions.

Product Functions User Actions
P: Parent/Supervisor
C: Child with ASDFunctions Subfunctions/Functional Requirements

Stage 1.
Establishment
and approval
of the routine

Routine proposal
to parents

The application is activated
FR 1

Activate the application (P)   
Find desired command (P)  

Presents routine proposal (application)
FR 8, 9, 11, 12

Request routine for X time (P)  
Check routine (P)  
Decide whether to modify or approve (P)  

Modification/
routine approval

The routine is modified (app)
FR 5, 9 If the parent modifies the routine     

The routine is approved (app)
FR 5, 9

If the parent approves of the routine    
The routine is recorded and sent to the robot
FR 6, 8, 12

Turn robot ON

Robot ON
FR 4 Press the ON/OFF button (C)  

Verbal welcome message
FR 2, 3, 6

Check that the toy is on (C)  
The expression “SMILE” lights up
FR 2, 3, 4, 6
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Table 5. Cont.

Product Functions User Actions
P: Parent/Supervisor
C: Child with ASDFunctions Subfunctions/Functional Requirements

Stage 2. Presentation of First-Then
activities

Verbal message: start routine
FR 2, 4, 6, 10 Receive info: start the routine (C)  

Ask the child verbally to turn it around
FR 2, 3, 6, 10

Turn robot around (C)  
Check position (C)  

Shows activities First-Then
FR 2, 4, 10, 11, 13 Receive info: tasks to perform (C)  

Verbal message: identify the first activity and
enter the code
FR 3, 6, 10, 14

Identify the first activity (C)   
Ask the supervisor for KeyCode (C)  

Stage 3.
Identification and introduction of
the activity code

The code is displayed in the app
FR 3, 10, 15

Identify the activity (P)   
Communicate the code to the child (P)  

Allows code input
FR 2, 3, 7, 15

Receive supervisor info: code (C)  
Enter the code (C)   
Check code (C)  

Acquire emotion “HAPPY”
FR 2, 4, 6, 16

If the code is correct
Verbal message: “VERY GOOD”
FR 2, 4, 6, 16

Plays “SUCCESS” melody
FR 2, 4, 6, 16

Acquire “SAD” emotion
FR 4, 6, 17

If the code is incorrectPlays “FAILURE” melody
FR 4, 6, 17

Stage 4. Activity and subtasks

Warns that the activity will begin
FR 2, 4, 6, 10 Verify that the activity is going to start (C)  

Displays tasks and subtasks
FR 2, 4, 10, 11, 13 Receive info: task and subtasks to perform (C)  

The light for the first subtask comes on
FR 2, 4, 10, 11 Identify the first subtask to perform (C)   

Timeline lights up
FR 2, 3, 4, 10, 13, 14

Receive info/check: start first subtask (C)   
Start with the first subtask (C)  

Time lights turn off progressively
FR 2, 3, 4, 10, 13, 14 Receive/check info: time is passing (C)   

Verbal message: time to switch subtasks
FR 2, 3, 4, 10, 13, 14

Receive info: switch subtasks (C)  
Move the arrow to the next subtask (C)  
Check arrow position (C)  

The next activity light turns on
FR 2, 3, 4, 7, 10

Press the YES button (C)   
Verbal message: “VERY GOOD”
FR 2, 3, 4, 6, 16

Plays “SUCCESS” melody
FR 2, 4, 6, 16

Remember how long the subtask took
FR 6, 8, 12

A star appears in the completed subtask
FR 2, 4, 6, 16, 17 Verify: the activity is complete (C)  

The star is saved in the app
FR 16, 17 Receive info: number of stars achieved (P, C)  
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Table 5. Cont.

Product Functions User Actions
P: Parent/Supervisor
C: Child with ASDFunctions Subfunctions/Functional Requirements

Update the parent (app)
FR 1, 14, 18 Receive info: what the child is doing (P)  

Warn the parent
FR 7, 8

If the child does not state the progression in the subtasks

Plays FINISHED melody
FR 2, 4, 6, 10, 16 Check: activity is over (C)  

LEGEND. Categorization of activities

Action: includes attention, perception, decision-making, and action  

Verification: includes the attention, perception, and evaluation of the task itself and the state of the product  
Retrieval: includes attention, perception, decoding information, and interpretation  
Communication: includes attention, perception, decision-making, and data communication  
Selection: includes attention, perception, and decision-making between two or more options  

4.4. Phases 6 and 7: Prototyping and Testing

Once the detail design was established, the prototyping phase allowed the final
proposal to be validated. As indicated by the ASDesign methodology, the prototype aims
to validate the following aspects: (1) aesthetic (look and feel), (2) structural, (3) functional,
(4) technical, and (5) integrated. For this work, technical, functional, and integration
prototypes (where the look and feel aspects were also included) were developed.

The technical prototype was manufactured using an Arduino and the Arduino soft-
ware. It included buttons, photoresistors, and a clock module as sensors, and LED lights, a
speaker, and a buzzer as actuators. This made it possible to test the following elements:
(3) KeyCode State and (4) Activity State. All these functions, together with the correspond-
ing lights and sounds, were tested. Thus, the electronic circuit was established to create the
electronic skeleton of the robot (Figure 9, left). Subsequently, this skeleton was integrated
into a working prototype to test the different user–product interactions. For this prototype,
the “Wizard of Oz” prototyping method [57] was used for the screens, in order to get a
complete perspective of the entire functionality (see Figure 9, right).

Finally, an integration prototype (see Figure 10) was manufactured, including elements
of materiality and appearance (look and feel) combined with the electronic skeleton. This
was developed with the following materials: foam boards, cardboard, cork, felt, foam,
bubble wrap, PET spiral bracelets, aluminum foil, and cellophane paper. This last prototype
was tested with a child with ASD, a typically developing child, and an adult.

For the test with the integration prototype (Figure 11), a list of assumptions to be
validated was created: (1) structure and resistance, (2) visual elements, (3) sound elements,
(4) motor action elements and (5) learning and understanding. From this test, it was
concluded that the user was attracted to the robot, its shape, colors, and textures. The lights
and sounds did not disturb him and the textures were attractive, especially the arms, as
they quickly attracted attention. Facial expressions were also a key element in capturing
the user’s attention. The way to interact with the different elements of the interface (arrow
and buttons) was understood. The images (in this case pictograms) were understandable.
Choosing answers in the interface, as well as entering the “Key Code”, was intuitive.
Additionally, the sequence of moving the arrow and pressing the green button was clear to
the user. The user was willing to play as long as they understood the flow of the interaction.
This last aspect suggests that, for the early stages, an adult should be present and help
the child.
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Figure 9. Technical (left) and functional (right) prototype.

 

Figure 10. Integration prototype.

 

Figure 11. Testing the prototype with the user.

4.5. Design Validation

The characteristics of the Pepe robot make it an interactive and smart product. This
section evaluates the design, making use of different principles and data from the scientific
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and technical literature. This evaluation, together with the verification of the design
through prototyping and testing with the target user, establishes the suitability of the
ASDesign method.

Through its different functions and elements, Pepe integrates the following perspec-
tives of interactivity: (1) Dialogue interaction (interaction is perceived by children as a
dialogue, where the different elements are used to provide information and wait for a
response; in this case, the dialogue includes three actors: parents, children, and Pepe [58]);
(2) System interaction (the process of learning and interpretation of information by the
robot, to subsequently shape and establish how the dialogue will evolve) [58]; (3) Transmis-
sion interaction (present information to the child for him to learn and interpret) [59]; and
(4) Agent-based interaction (based on the instructions given by the user to perform a specific
task that determines how the user–product interaction will develop) [60]. The combination
of these perspectives makes the interaction adaptive to the child’s development, resulting
in an evolution of dialogue, thus being interconnected perspectives.

The fact that it is also smart was demonstrated by Cagiltay et al. (2014), who argued
that “smart toys are new forms of toys that incorporate tangible objects and electronic chips
to provide two-way interactions that lead to purposeful tasks with behavioral or cognitive
merit” [41].

According to Rijsdijk and Hultink, the seven dimensions of the smartness of a product
are autonomy, adaptability, reactivity, multifunctionality, the ability to cooperate, human
interaction, and personality [61]. Thus, the degree of smartness of a product is measured to
the extent that it has one or more of the following characteristics. Table 6 explores these
dimensions. This check validates the ASD_T2 and ASD_T3 modules.

Table 6. Smart dimensions of a product.

Dimension Definition Implementation with ASD_T2 and ASD_T3

Autonomy
The extent to which a product is able to

operate independently and meet
objectives without user interference.

Although the collaboration of parents is required to insert preferences,
Pepe guides the child throughout the day independently and without

the need for supervision.

Adaptability
The ability of a product to improve the
match between its functioning and its

environment [62].

Pepe is able to save and interpret information about the child’s
performance (time required by a task, how it makes him or her feel,
which visual and auditory supports work best, etc.), continuously

adapting its interactions to the needs of the child.

Reactivity
The ability of a product to react to
changes in its environment [63].

Pepe is able to react to the child’s actions through the different
sensors—buttons, light sensors, sound sensors, or time modules—and

adapt its behavior.

Multifunctionality
A single product fulfills multiple

functions [64].

Although it fulfills the main function of guiding the child through a
routine, Pepe includes different modalities and subfunctions to meet
this objective: establishment of a routine, the introduction of codes,

monitoring of activities, monitoring of the child’s achievements, and
help system.

Ability to cooperate
Ability to cooperate with other devices

to achieve a common goal.

In the case of this robot, it can be connected to the mobile application
so that parents can insert their preferences, modify the routine, and be

aware of what their children are doing.

Human interaction
The degree to which the product

communicates and interacts with the
user in a natural and humane way.

The Pepe robot communicates with the user visually and verbally, in
an intuitive way, using familiar expressions, facial expressions, and

positive reinforcements that motivate the child.

Personality
The ability of the product to show the

properties of a believable character [63].

The Pepe robot has a believable personality thanks to its material
elements that give it a humanoid appearance (eyes, mouth, arms), as

well as a child voice that gives it the personality of a playmate.

Table 7 compiles the set of results obtained from the testing according to the user
experience analysis parameters as established by Donald Norman [65–67].
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Table 7. Testing results: user experience analysis.

Basis Usability Analysis

Visibility
All interface elements are visible. Having two different sides with screens creates two separate

interfaces, avoiding distractions in the different stages. The design is safe.

Feedback
It is achieved with visual, perceptual, and proprioceptive stimuli. Every action of the product has

immediate feedback, which keeps the child engaged. The lights and sounds do not disturb the child.

Affordance
All the affordances have an intuitive meaning that is easy for the user to understand. The green

button and red arrow are very familiar.

Mapping
Having the screens in a horizontal disposition is intuitive for the child. The action−reaction

consistency of musical sounds and lights is adequate. The “light count down” was not completely
understood but could be due to the need of having a learning period.

Constraints

Correct. They reduce the probability of human error. The different simultaneous stimuli of the
interface help to focus attention on the tasks and the product; the mechanical restrictions and design

of buttons and arrow avoid unwanted actions and help to reduce errors by restricting the type of
interactions that the user can carry out.

Consistency
Aesthetic, functional, internal, and external consistency is correct. The grip, movement, and

stereotype patterns are correct.

Reinforcements
Correct. Through visual (light and color), auditory (musical sounds), and proprioceptive (textures,

movements, grip, pulsation, pressure, and force generation) stimulation.

Table 8 compiles the set of results obtained from the testing regarding effectivity,
efficiency, and satisfaction [68]. The results have been divided into two phases: (1) the
learning period, which involved following simple instructions, and (2) following the activity,
which involved understanding the complete flow of the interaction.

Table 8. Testing results: effectivity, efficiency, and satisfaction.

Effectivity

Phase 1

Completed of activities: The child was able to complete simple instructions: move the arrow, press a sequence of
buttons, turn the robot around.
Failures: The child did not make many mistakes regarding simple instructions.
Number of times that the child stopped the activity: When the child understood the instructions, there were no
interruptions.
Number of times that the child lost control over an activity: The child lost control because of a loss of attention, but
not due to misunderstanding.

Phase 2

Completed of activities: The child struggled to understand the flow of the interaction in such a short period. Only
simple activities could be performed.
Failures: The child was not able to follow the complete flow of an activity, reinforcing the need of a learning period.
Number of times that the child stopped the activity: The activities had to be stopped several times because of a loss
of attention. This could be because the prototype did not integrate real screens.
Number of times that the child lost control over an activity: The child lost control because of a loss of attention and
misunderstanding.

Efficiency

Phase 1

Time to complete the task: The simple instructions were completed immediately, which proves that the child
understood the functionality of the different elements.
Time loss due to errors: When the child understood the tasks, the tasks were completed quickly.
The number of elements used from the interface: All elements on the interface were used.
Time spent to learn: The simple instructions were easily understood and performed. The child was already familiar
with the elements and sequence of use.

Phase 2

Time to complete the task: The child was not able to complete the flow of an activity.
Time loss due to errors: The loss of attention led to time loss.
The number of elements used from the interface: All elements on the interface were used.
Time spent to learn: Half an hour was not enough for the child to learn the flow of an activity.

Satisfaction

Phase 1
Positive reactions: The user enjoyed the sensory stimulation from the product: lights, music, tactile stimuli. He or she
was attracted to the product.
Times that the user encountered problems: The user did not encounter problems with simple instructions.

Phase 2

Positive reactions: The user enjoyed the sensory stimulation from the product: lights, music, tactile stimuli. He or she
was attracted to the product.
Times that the user encountered problems: The user encountered problems understanding the whole activity, which
led to a loss of attention.
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5. Results and Discussion

ASDesign and the presented case study (the Pepe robot) fit the development of a
user-centered methodology for assistive technology design in a domestic context that helps
children with ASD plan and self-manage a daily routine. This methodology is based on the
principles of Positive Behavioral Support; that is, it is committed to products that allow
a long-term development and negotiation process in which the child with ASD learns to
self-regulate progressively, with the ultimate goal of independence.

In addition to this, the scope of the ASDesign method allows one to create products
that can be used in periods of confinement. Although the line of work arises from the
situation derived from the pandemic, the method extends the context of use to the new
normal in which the reconciliation of the working day with the care of the child with ASD
can be a challenge for many families. Thus, ASDesign is a methodology aimed at the design
of assistive technology for children with ASD, which gradually helps them to become
more independent in the follow-up of a routine, with the intention of improving their
self-autonomy in situations in which they need support that cannot be granted given the
social context in which they find themselves. Including desirable periods within the term
“confinement” is of great interest. Several studies show that the experience of confinement
caused by the health crisis has led to social and structural changes in the labor market
that could be definitively implemented in daily life, such as telework, online training, or
intensive or reduced working days, to which professionals and families must adapt [3–5].
In addition, the new trends in automation and industrialization 4.0 will generate positions
with more responsibility, geographical distribution, and flexibility, which also means an
alteration of the working schedule.

The ASDesign method allows one to integrate into mid- and high-tech products
the properties of multifunctionality, smartness, and interactivity, complying with the
following principles:

(1) Adaptability: Design of products that adapt to the needs, desires, and abilities of the
child by collecting information from his performance with the product and inter-
acting with parents. This adaptability allows assistive products to interact with the
child and adapt to different needs; that is, technology changes its behavior as the
child progresses.

(2) Agent Design: It is important that products have the interaction design based on agen-
cies [56] as an essential element. This will allow for a negotiation of responsibilities,
giving control to the parents during the early stages and allowing the child to make
decisions progressively. Products must be adapted to the needs and preferences of
children, gradually giving them autonomy and therefore the independence they need
for their social and personal development.

(3) Sensoriality: Assistive technology should be designed based on the accentuated needs
and special sensory characteristics that children with ASD have. ASDesign relies on
extensive user analysis to design products that present and collect information in
an intuitive and engaging way for these children. In this way, it proposes to move
away from the limitations of 2D technologies and combine traditional (low) and
computational (mid-high tech) elements and materials to ensure the safety, comfort,
and correct physical, cognitive (perceptual, sensory, and emotional) adaptation of
children with ASD.

(4) Learning through play: ASDesign focuses on the planning and structuring of rou-
tines in a domestic context. Therefore, making use of the advantages offered by
medium/high assistive technology, this methodology proposes a playful approach, in
which routine gamification is put into practice by having a reward system to keep the
child motivated.

With these four principles, ASDesign can be applied to high-tech products that aim to
help children with ASD be more independent in their daily routine. It has all the design
stages, the task planning is correct, and the modules ASDT_T1, 2 and 3 have been validated.
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Lastly, as future lines of work, it would be interesting to expand the scope of the
ASDesign methodology to the spectrum levels (2 and 3), enabling the design of interactive
and smart products for other difficulties and needs of autism. Another future development
would involve the creation of a module for the evaluation of design solutions, which would
provide the design team with quantitative indicators of the adequacy of the potential
design. Finally, the development of a computer application that facilitates the use of the
ASDesign methodology is proposed, linked to a database that makes the update of the
ASD_T2 and T3 tools more flexible.

6. Conclusions

Although some parents have seen “positive” effects of confinement, for example,
seeing their children be more relaxed by not feeling the pressure that exists in education
centers for having to socialize with others or perform certain tasks, most studies show
that negative effects have prevailed [11,15]. Children with ASD have experienced a loss of
independence and communication skills [12]. Social isolation, lack of services due to the
economic downturn, and job loss further accentuate the inequality of opportunity gap for
children with ASD and their families [11,19]. On the other hand, many of the new daily
and work practices derived from confinement (such as telework or the globalization of the
labor market) could be implemented indefinitely, which will require new tools to address
family reconciliation.

This work develops the ASDesign method, a user-centered method for the design of
assistive technology and smart products that helps children with ASD follow a routine and
manage tasks autonomously. The method has the scope of user-centered technology design;
that is, it can be used and configured comfortably and safely by children (and supervised by
parents), thus helping them to plan a routine and be more independent in their day-to-day.
This methodology has been applied to the Pepe Robot case study, which has obtained very
good results when tested with the target user, thus validating the proposed method.

This work aims to improve the living conditions, health, and social welfare of groups
that have been negatively affected by the pandemic. This research contributes to engi-
neering and design fields, and more specifically to the development of science that serves
society, with the end goal of improving well-being and social sustainability.
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Abstract: At present, collaborative innovation has become an integral part of corporate group
strategy. However, there are few collaborative innovation research pieces focusing on corporate
groups. This article takes Tus-Holdings, a model enterprise in the field of science and technology
services, as the research object, uses case study methods, and systematically analyzes the corporate
group’s strategy, customers, R&D, management, finance, talent, and other factors from the strategic,
business, and support levels under the framework of total innovation management research on the
collaborative innovation model of management and the form of cooperative surplus. The research
found that the collaborative innovation model is an important support for enterprise groups to build
a comprehensive, collaborative innovation system; the internal collaborative innovation model of
enterprise groups shows nonlinearity and diversity; collaborative surplus performance is closely
related to the collaborative innovation mode, and different collaborative innovation modes will
produce a different collaborative surplus. These research results have important theoretical value and
practical significance for modern enterprise groups to correctly implement collaborative innovation
strategy and improve the efficiency of collaborative innovation.

Keywords: total innovation; group enterprises; collaborative innovation model; cooperative surplus

1. Introduction

Under the background of open innovation, the complexity and integration of tech-
nological innovation have become increasingly intensified, and collaborative innovation
has become an inevitable choice for the survival and development of enterprises [1,2].
Since the emergence of the enterprise organizational form represented by the Adam Smith
nail factory, after more than 200 years of development, the enterprise organizational form
has undergone many changes. The enterprise group formed with property rights as a
link has become one of the most common and most dynamic organizational forms under
the framework of the modern enterprise system and has become one of the important
collaborative innovation forces. Enterprise groups can achieve performance improvement
through collaborative innovation of the industry–university research model with scientific
research institutions, governments, and other subjects. For example, research in the field
of industry–university research has made rich achievements in the collaborative innova-
tion mechanism, influencing factors and performance evaluation of enterprises, scientific
research institutions, and governments [3–5], and can also rely on external innovation
networks to obtain relevant innovation resources [6,7]. In addition to the above two ways,
the enterprise group also realizes that different member enterprises within the group share
specific ‘resources’, and can also rely on collaborative innovation to achieve the overall
value greater than the sum of the value of each part, thereby enhancing the competitiveness
of the enterprise group [8]. From the perspective of the network, the internal network

Sustainability 2022, 14, 5304. https://doi.org/10.3390/su14095304 https://www.mdpi.com/journal/sustainability201



Sustainability 2022, 14, 5304

of an enterprise group is a strong relationship network, which can bring resource effects
to member enterprises [9]. Further research finds that the internal network of enterprise
groups has a significant role in promoting inward open innovation. In the practice of
enterprise groups, a collaborative innovation strategy can enhance the competitiveness
of the enterprise group once it has formed a consensus; thus, the internal collaborative
innovation as important planning of an enterprise group’s strategy is actively explored.
Most of the current studies incorporate innovation synergy into the research framework of
technological innovation and place technological innovation at the core of collaborative
innovation relationships. However, innovation research in the non-technical field is also
an important part of the innovation field [10]. Only when the two kinds of innovation
cooperate with each other can the innovation performance be the best [11]. In addition,
non-R&D enterprises and non-R&D-intensive enterprises also play an important role in
innovation in economic and innovation strategic management [12]. Compared with other
organizational structures, enterprise groups have entered a stable period of development.
The importance of innovation in strategy, business, management, and other elements can-
not be ignored. The collaborative innovation of enterprise groups should be balanced and
comprehensive, and the research results from this perspective need to be further enriched.
Collaborative innovation is conducive to the formation of ‘new resources’, resulting in
knowledge spillover, bringing ‘collaborative surplus’ to enterprises, and breaking through
resource constraints [13]. The cooperative innovation model is an important method for
various elements of enterprise groups to obtain collaborative surplus through nonlinear
organic combinations [14].

The existing research results in the field of collaborative innovation models within
enterprise groups are rarely involved. Based on the existing research results, the main pur-
pose of this paper is to answer the following questions: ‘First, what types of collaborative
innovation models mainly exist within enterprise groups. Second., what are the charac-
teristics of these collaborative innovation models. Third, these collaborative innovation
models will bring what kind of collaborative surplus’.

2. Theoretical Basis and Research Framework

2.1. Connotation, Motivation, and Research Level of Collaborative Innovation

The founder of Synergetics, Harken, proposed that “Synergetics is to study a complex
system composed of a large number of subsystems inter acting in a complex way. Under
certain conditions, the synergy phenomenon and synergy effect are produced among the
subsystems through nonlinear interaction, so that the system forms a self-organizing struc-
ture of space, time or space-time with certain functions” [15]. “The value of the enterprise
as a whole may be greater than the sum of the values of each part, and the effectiveness
of the collaborative model partly stems from the benefits brought by economies of scale”,
which reflects the economic significance of Synergetics [16]. Collaborative innovation de-
scribes an organization’s capability to create, integrate, and transform diverse knowledge,
brainstorms, perspectives, and ideas into innovations in the context of value co-creation,
which brings benefits to all participants [17–19]. The collaborative innovation mode has
the advantages of risk sharing, mutual benefit, win–win and sustainable innovation, which
can significantly reduce the risk and threshold [20].

2.1.1. Connotation and Motivation of Collaborative Innovation

Innovation is gradually transforming into a systematic and networked paradigm.
Individual innovation activities, even small-scale and single-level cooperative innovation,
are difficult to meet the needs of technological innovation. The accumulation of external
knowledge requires enterprises to break through the innovation of the original single
enterprise and carry out collaborative innovation [2,21]. The main driving forces for
enterprises’ collaborative innovation can be summarized as two aspects: breaking through
resource constraints and improving enterprise performance: (1) Collaborative effect helps
enterprises break through their own resource constraints and industry boundaries and
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bring them many benefits, such as higher innovation efficiency, lower innovation risk, high-
quality tacit knowledge spillovers, etc. [22,23]. The interaction between heterogeneous
innovation subjects breaks the barriers in the original innovation process and forms a
more open collaborative innovation network [24]. From the perspective of the resource
base, enterprises carry out collaborative innovation to meet their respective strategic
resource needs; that is, the complementarity of resources is the core driving force for
enterprises to carry out cross-border collaborative innovation [25]. Enterprises can obtain
resources such as technology, equipment, capital, business networks, and intellectual
property rights by relying on the external relationships of various partners [26]. In short,
collaborative innovation is conducive to the formation of “new resources”, resulting in
knowledge spillovers, bringing “Cooperative Surplus” to enterprises, breaking through
resource constraints [13]; (2) Different from general cooperative innovation, collaborative
innovation is the embodiment of win–win cooperation and overall optimization. The
synergy highlights the phenomenon that heterogeneous innovation subjects use their
own advantage to speed up the technological innovation process through complementary
advantages and resource integration so as to achieve performance improvement in the
overall network. A good collaborative innovation relationship in an open communication
environment will increase the innovation performance of enterprises [27,28]. At the same
time, collaborative innovation can also affect the innovation performance of innovation
subjects through the knowledge integration mechanism [29]. Collaborative innovation is a
complex strategy used for organizational innovation. According to “network theory”, on
the one hand, collaborative innovation is the organic collection of various elements, such
as R&D, human resources and capital, processes, and systems [30]. On the other hand, it is
the dynamic integration of complementary resources to achieve mutual complementarities
between all the partners [28].

2.1.2. Research Level of Collaborative Innovation

The research level of collaborative innovation is divided into the macro level, which is
the national level, the meso level, which is the industrial level, the regional level, and the
micro level, which is the enterprise group level. Constrained by the difficulty of information
collection, the research on the micro level is similar to a black hole; there are few research
results. The current research level of collaborative innovation is mainly concentrated on
the macro level and the meso level. At the macro level, national collaborative innovation
research mainly focuses on the characteristics and evolution trend of national innovation
networks [31]; the research on the industry–university research collaborative innovation at
the national level focuses on the division of labor, positioning, cooperation mode and dis-
tribution mechanism of enterprises, scientific research institutions, and government [32,33].
At the meso level, industrial research focuses on innovation evolution, ability evaluation,
risk control, enterprise competition and cooperation relationship, influencing factors, policy
formulation, and so on. Regional research focuses on the evolution of industrial collabo-
ration paths, strategy formulation, capability evaluation, operating mechanisms, and risk
assessment agglomerations [34]. At the micro level, some scholars have conducted research
on how to carry out collaborative innovation within enterprise groups from the aspects of
corporate customers, markets, and R&D [35]. However, there are few research results at
the micro level, and research needs to be strengthened.

2.2. Theoretical Paradigm and Research Progress of Comprehensive Innovation Management

Under the background of the increasingly complex and systematic trend of innovation
management, in order to solve the lack of systematic and in-depth research and empirical
analysis of comprehensive innovation thought, with the deepening research of multidis-
ciplinary fields such as complexity theory, system science theory, and ecological view, in
order to solve the problem of paying too much attention to technical factors in innovation,
Academician Xu Qingrui systematically proposed a new paradigm of innovation manage-
ment in 2006: Total Innovation Management Theory (TIM). This theory breaks the previous
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pattern of management innovation theory focusing on technological innovation, establishes
a new concept of ecological innovation, and expands the innovation elements and the
space-time range. Comprehensive innovation management takes all-factor innovation,
all-staff innovation, all-time and space innovation, and comprehensive combination as
the core characteristics and takes the organic combination and collaborative innovation of
various innovation factors such as technology, organization, market, strategy, management,
culture, and systems as the means, and combines innovation management mechanisms,
innovation management methods, and innovation management tools to achieve the state of
innovation for everyone, innovation for everything, innovation at all times, and innovation
everywhere, so as to achieve the improvement of competitiveness [36].

On this basis, Zheng Gang scholars put forward a five-stage comprehensive, collab-
orative process model (C3IS); the model first proposed the concept of “comprehensive
collaboration” between technology and non-technical elements in the innovation process.
The model includes five stages: contact/communication-competition/conflict-cooperation-
integration-cooperation; its meaning is that under the framework of full participation and
full-time airspace, strategy, organization, culture, institution, technology, market, and other
elements are coordinated and matched in an all-round way to achieve “2 + 2 > 5” through
collaborative innovation, and then improve innovation performance [37]. Some scholars
have studied the processing development model of the palm industry under the framework
of comprehensive innovation management theory and proposed meaningful improvement
measures [38].

Existing collaborative innovation generally places technological innovation at the
core position. For enterprise groups, it generally enters a stable period of development.
Technological innovation is important, but at the same time, the importance of strategic
planning, business expansion, management improvement, and other factors also cannot
be ignored. Non-technical innovation and technological innovation should be in the same
important position. The collaborative innovation of enterprise groups should be balanced
and comprehensive, and the research results in this field need to be further enriched.

2.3. Collaborative Innovation Mode and Collaborative Surplus

The factors of innovation resources freely flow among different subjects and dynami-
cally select the best combination to achieve greater innovation efficiency. The difference
between the total synergy effect of innovation of each innovation subject and the total effect
generated by the independent innovation of each innovation subject is the collaborative
surplus. Its manifestations are the invention of new products, new processes, and new
equipment, the improvement of innovative human capital, the enhancement of innova-
tion ability, the realization of economic profits, and the formation of scientific research
achievements [39]. Collaborative innovation is conducive to the formation of ‘new re-
sources’, generating knowledge spillover, bringing ‘collaborative surplus’ to enterprises,
and breaking through resource constraints [14]. In addition, the collaborative innovation
of enterprise groups can obtain collaborative surplus [40] so as to improve the innovation
performance of enterprise groups. Therefore, obtaining collaborative surplus is the core
motivation for enterprise groups to carry out collaborative innovation, and it is also the key
for enterprise groups to use collaborative innovation to form competitive advantages at the
group level. Chen Jin, Yao Yanhong, and other scholars have conducted in-depth research
on the motivation, mechanism, and manifestation of collaborative surplus. In view of the
mechanism of collaborative surplus, Chen Jin believed that enterprise groups have the
effects of technical collaboration, production collaboration, and market collaboration under
the influence of organizational structure, incentive mechanism, collaborative atmosphere,
horizontal interaction, information bridge, and other factors. Collaborative surplus is
manifested as the reduction of new product development cost and the shortening of the
development cycle [35]. Although the above research has expounded and discussed the
generation mechanism and measurement method of collaborative surplus, they do not
elaborate in-depth on the realization path of collaborative innovation; that is, the existing
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theory does not explain clearly what path enterprise groups achieve better performance
than a single innovation.

The collaborative innovation model is an important method for enterprise groups to
obtain collaborative surplus through a nonlinear organic combination of various factors [15].
The collaborative innovation model is closely related to enterprise innovation performance
and enterprise synergy effect and has played a positive impact [41]. By mining the benefits
of economies of scale, enterprise groups make nonlinear combinations of technology, strat-
egy, organization, culture, institution, market, and other factors [37,42,43], thus forming a
variety of collaborative innovation models and affecting the performance of collaborative
innovation. In addition, as the command center, the enterprise group headquarters pro-
motes internal collaborative innovation through business expansion, shared collaboration,
business management, and support services [44]. It can be seen that the collaborative inno-
vation model is the bridge of resource matching mechanism of enterprise group members,
the link of various implementation mechanisms of enterprise group integration, and the key
to obtaining collaborative surplus. Different collaborative innovation models will produce
a different collaborative surplus so that collaborative surplus has diverse manifestations.
The aggregate collection of collaborative innovation mode constitutes the formation path
of collaborative surplus, so the study of collaborative innovation mode is the core link to
analyzing the path of collaborative innovation.

Research on collaborative innovation of internal resources for enterprise groups has
important theoretical and practical significance. Existing research fails to conduct in-
depth research on the main collaborative innovation modes, mode characteristics, and
obtaining collaborative surplus of enterprise groups. In view of this, this paper, based
on the existing research results, takes Tus-Holdings as the research object, adopts the
single case study method, and systematically studies the types and characteristics of
collaborative innovation modes of enterprise groups from the perspective of comprehensive
innovation management, and analyzes the manifestations of the collaborative surplus of
enterprise groups.

2.4. Analysis Framework

In recent years, the research results have laid a certain foundation for the study of
this paper and provided new ideas. However, the existing research has not systematically
expounded on the types and main characteristics of the enterprise group collaborative inno-
vation model and the forms of collaborative surplus through the collaborative innovation
model. From the perspective of comprehensive innovation management theory, based on
collaborative innovation theory, this article uses case study analysis methods to construct a
comprehensive, collaborative innovation model of enterprise groups with Tus-Holdings as
the research object. The integrated analysis framework of this research is shown in Figure 1.

Collaborative
surplus value

Collaborative
innovation
model

Collaborative
innovation level

Theoretical
framework

Figure 1. Integrated analysis framework.
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3. Research Design

This research follows the process of case study: review theory → design case study
plan → collect case data → analyze case data → research conclusion [45].

3.1. Research Methods

Case study method is one of the important methods in management research. The
use of a single case or multiple cases in-depth analysis of “how” and “why” and other
mechanisms to reveal the nature of the problem is of great significance in the discovery
of new theories, enriching the existing theory, which is confirmed by many scholars’ re-
search [46,47]. In view of the existing theoretical gaps, this paper aims to study the main
types, characteristics, and surplus of collaborative innovation model within enterprise
groups. The existing literature does not have in-depth answers, nor does it involve, so
an exploratory case study is needed [48,49]. Related literature also used the exploratory
single-case study to study the collaborative innovation and reached some valuable conclu-
sions [50,51]. This paper aims at the collaborative innovation model within the enterprise
group and takes the ownership of the enterprise group as the link of management as the
research boundary, so it is more suitable to adopt the single case study method.

3.2. Case Selection

The selection of typical cases is a common practice based on case study methodol-
ogy [52]. This study believes that it is appropriate to take Tus-Holdings Co., Ltd. (Beijing,
China) (hereinafter referred to as Tus-Holdings) as a case study, which is mainly based
on the following considerations [53]: First, Tus-Holdings is an enterprise group that at-
taches great importance to innovation, and puts forward innovation theories such as “Four
Gatherings”, “eight major factors” and “three-dimensional triple helix”. Relying on the
accumulation in the field of innovation, it has become the leader of the domestic science
technology service industry and is the first science and technology service enterprise group
in China with assets exceeding CNY 100 billion. At present, the management assets exceed
CNY 200 billion, which is representative of the industry. Second, since its establishment,
Tus-Holdings has lasted for 20 years. It has developed from a single science and technology
park Development and Construction Enterprise into a large enterprise group involving five
strategic emerging industries such as “environmental protection, new energy, great health,
digital economy, and new materials”, and supporting industries such as education, culture,
and style. It has gone through many different stages. The characteristics, problems, and
solutions of each stage are rich and interesting, and the historical data are relatively com-
plete. Third, Tus-Holdings develops under the guidance of the strategic policy of “pattern,
strategy and synergy”, which regards collaborative innovation as the core competitiveness
of enterprises. At present, more than 800 enterprises have been listed and practiced in the
field of collaborative innovation mode for many years, which provides a good sample for
this study.

3.3. Case Enterprise Situation

Tus-Holdings Co., Ltd. (hereinafter referred to as Tus-Holdings) was established in
July 2000. It is a science and technology service enterprise group focusing on manage-
ment innovation and emphasizing on science and technology services field and relying
on Tsinghua University. After more than 20 years of development, Tus-Holdings has built
a “Science and Technology Park, Science and Technology Industry, Science and Technol-
ogy Finance” trinity, collaborative cluster innovation business pattern, and more than
800 consolidated enterprises, the total assets under management exceed RMB 200 billion.
Tus-Holdings has formed a complete industrial chain layout and built a complete scientific
and technological innovation ecosystem in five strategic emerging industries of environ-
mental protection, new energy, big health, digital economy, and new materials, as well as
supporting industries of education, culture, and sports. Under the guidance of the strategic
thinking of “pattern, strategy, and coordination”, Tus-Holdings has formed some typical
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collaborative innovation models according to its own business characteristics: collaborative
innovation models at the strategic level, collaborative innovation models at the business
level, and collaborative innovation models at the support level. These collaborative in-
novation models show the strong competitiveness of Tus-Holdings in the fierce market
competition.

3.4. Data Collection and Analysis

This study collected various forms of data through different methods, including
interviews, internal company information, and public information. (1) Public information,
such as corporate public number and debt market announcement, etc.; (2) Corporate
archives information, such as enterprise summary, company archives, internal meeting
records, etc.; (3) In-depth interviews and semi-structured interviews; (4) Participation in
Company meetings and other activities. This paper uses a multi-level, multi-data source
data collection method to form a triangular verification to enhance the accuracy of the
research results [52].

4. Case Analysis and Discovery

In the process of its own development, Tus-Holdings has gradually formed a rela-
tively mature collaborative innovation model through strategic guidance. Collaborative
innovation is implemented at the whole group level and involves a wide range of aspects.
Member enterprises have adopted a collaborative innovation model suitable for their
own development according to their own conditions. Therefore, a variety of collaborative
innovation models with different characteristics have been formed within the group, show-
ing the characteristics of all-around and all-level. The collaborative innovation model is
mainly manifested in strategic collaborative innovation, strategic customer collaborative
innovation, collaborative business innovation, R&D collaborative innovation, collabora-
tive management innovation, collaborative talent innovation, and collaborative financial
innovation.

4.1. Strategic Collaborative Innovation Model

TUS-EST and Tus-Clean Energy are both independent parts of Tus-Holdings; each
has an independent and complete business system and conducts business independently.
TUS-EST focuses on the comprehensive management of the environment, and Tus-Energy
focuses on the transformation of scientific and technological achievements in the field of
clean energy. In 2018, Tus-Holdings proposed the strategic concept of “energy + envi-
ronmental protection”. Through the organic combination of the two blocks of business
of TUS-EST and Tus-Clean Energy, it achieved the strategic goal of “permanent cure by
energy treatment and temporary solution by environmental protection” and built a lead-
ing energy and environmental integration group in China. In September 2018, Mr. Wen
Hui, Chairman of Tus-Clean Energy, began to serve as the director of the ninth board of
directors and secretary of the General Party Branch of TUS-EST. In April 2019, Wen Hui,
Chairman of Tus-Clean Energy, was elected as Chairman of the ninth Board of Directors
of TUS-EST. At the same time, he announced the overall upgrading of the main industry
strategic layout direction and industrial planning orientation and promoted the integra-
tion and coordination of the overall operation and strategy of the company. In January
2019, Tus-Clean Energy Research Institute and TUS-EST Research Institute merged to form
Tus-Energy and Environment Joint Research Institute so as to promote the integration of
energy and environmental protection technologies and realize the collaborative innovation
of energy and environmental protection technologies. In July 2019, TUS-EST changed from
“Tus-Sound Environmental Resources Co., Ltd. (Beijing, China)” to “TUS-EST”, reflect-
ing the strategic layout of “energy + environmental protection”. At the same time, the
company is positioned as an integrated environmental management service provider of
integrated energy and environmental protection. Under the strategic framework of energy
and environmental protection integration, TUS-EST and Tus-Clean Energy achieve strategic
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synergy by distinguishing strategic positioning: TUS-EST as a leading enterprise in the
environmental protection industry orients “zero carbon and waste-free city builder”, and
in the business model, it mainly invests in environmental protection projects and other
forms of heavy asset investment; as a platform for the transformation of scientific and
technological achievements in the field of energy, Tus-Clean Energy is positioned as the
“global clean energy messenger”. In the business model, technological innovation services
and other forms of light asset operations are given priority. In September 2019, TUS-EST
and Tus-Clean Energy jointly established Beijing Tus-Energy Zero Carbon Technology Co.,
Ltd. (Beijing, China), focusing on clean, comprehensive energy services and zero-carbon
energy business areas, giving full play to the synergistic innovation role of the two. By
August 2020, Beijing Tus-Energy Zero Carbon Technology Co., Ltd. invested a total of four
holding subsidiaries, with an investment amount of 70 million yuan, and the integration
strategy of energy and environmental protection has been rapidly implemented.

Tus-Holdings has recombined the environmental sector and the energy sector through
collaborative innovation to create advanced domestic energy and environmental protection
integrated group. Through differentiated strategic positioning, concurrent chairmanship,
integrated technology research, and joint business investment, the strategic combination
was quickly implemented. The characteristics of strategic collaborative innovation mode
and collaborative surplus can be summarized as follows: Under the guidance of major
strategic objectives, the enterprise group takes the executive subjects represented by the
chairman and vice president as the core and combines the optimization and combination of
internal strategic resources of the enterprise group. It uses strategic positioning adjustment,
high-level personnel mobilization, technical research integration, joint business invest-
ment, and other methods to obtain the collaborative surplus: rapid realization of strategic
objectives and rapid formation of strategic advantages in the core business field.

4.2. Strategic Customer Collaborative Innovation Model

In May 2019, Qingdao Municipal People’s government and Tus-holdings held the
signing ceremony of the strategic cooperation agreement in Qingdao Municipal Organi-
zation Conference Center (Qingdao, China). The two sides conduct in-depth cooperation
in the fields of civil–military integration, artificial intelligence, marine science and tech-
nology, energy and environmental protection, education and training, as well as building
an industrial incubation system, building a science and technology park, and promoting
international scientific and technological cooperation. Under the framework of strategic
cooperation between the two sides, Tus-Holdings relies on its own advantages of a diver-
sified business system to concentrate resources and provide a package of cross-market
services for strategic customers through collaborative innovation, so as to help the Qingdao
municipal government to upgrade in an all-round way. As of July 2020, there are more
than 70 companies and projects invested and introduced by Tus-Holdings in Qingdao.
The landing business involves the field of digital security, talent education, fund, rural
revitalization, marine fishery, etc., which provides the best practice cases for Qingdao to
carry out clustering and industrial chain investment. The key projects are shown in Table 1.

As a new science and technology “department store”, Tus-Holdings uses a diversified
business system to provide self-selection services for strategic customers. When facing
strategic customers, it provides cross-market, comprehensive, and integrated services
for strategic customers through diversified business collaborative innovation so as to
provide services for strategic customers at the strategic level, improve customer experience
and obtain a high evaluation from strategic customers. The characteristics of the market
collaborative innovation model and collaborative surplus can be summarized as follows:
The enterprise group relies on its advantages of multiple business systems, with the general
manager, deputy general manager, and market director as the main executives and middle
managers’ special groups, through matching resources with the strategic objectives of
customers, providing a cross-market package of services for strategic customers from the
strategic level, accurately docking the internal business of the enterprise group with the
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specific needs of strategic customers, helping the realization of strategic customer objectives,
providing customers with super expected service experience to win customer trust, and
improving brand awareness.

Table 1. List of cooperation projects between Tus-holdings and Qingdao.

Time Important Issues

May 2019 Qingdao Municipal Government and Tus-Holdings signed a Strategic Cooperation Agreement

June 2019
Jimo District and Qingdao Blue Valley signed 14 key projects with the subsidiaries of Tus-Holdings,
involving clean energy, science and technology education, biomedicine, marine industry, big data,
artificial intelligence and other fields.

July 2019 Chengyang District of Qingdao City and Tus Triple Helix Co., Ltd. (Beijing, China) held a signing
ceremony. Tus Triple Helix will move its headquarters to Chengyang after the signing of the contract.

August 2019

Jimo District and Tus-Holdings signed 5 project cooperation agreements, covering industrial parks,
energy, sports technology, new materials, science and technological innovation services and other fields.
The Qingdao branch of Tus Business School was unveiled at the same time and settled in
Tus-Holdings Building.

September 2019

Huatong Group and Tus-Holdings subsidiary companies signed a strategic cooperation agreement. The
two sides will carry out in-depth cooperation in the fields of civil–military integration, artificial
intelligence, marine science and technology, big data operation, education and training, etc, as well as
building industrial incubation system, building science and technology park, and industrial funds.

September 2019

Qingdao Laixi Municipal Government’s Economic Development Zone, Education and Sports Bureau,
Culture and Tourism Bureau, Health and Health Bureau, and City Investment Office respectively
signed 5 enterprise landing agreements and four cooperation framework agreements with
Tus-Holdings subsidiaries.

September 2019

Qingdao North District and Tus-Holdings hold a comprehensive project doking meeting and signing
ceremony of the strategic cooperation framework agreement. The two sides will cooperate around in
artificial intelligence, robots, big data, cloud computing, block chain, intelligent manufacturing,
civil–military integration, biomedicine, new energy and new materials and other strategic
emerging industries.

October 2019
Qingdao North District Government, the Fourth Highway Engineering Bureau of CCCC and
Tus-subsidiaries signed a framework cooperation agreement on the construction of an artificial
intelligence industrial park.

February 2020

Tus-Holdings and Qingdao City Co-Resistance Epidemic: Tus Cloud established an intelligent
monitoring and management system for isolated personnel in Chengyang District of Qingdao. Tus
Guoxin provided overall solutions for remote mobile office for medical personnel and government
personnel. TUS-EST responded to the epidemic by carrying out medical waste and kitchen projects in
Qingdao. Tus Hailiang assisted the unattended urban management in north District through the
dual-pronged approach of intelligent temperature measurement and video AI.

May 2020 Tus Middle School was approved to establish three campuses in Laoshan, Shibei and Chengyang, and
the spring teacher recruitment examination was completed.

July 2020
Tus-Tech City Group Co., Ltd. (Beijing, China) participated in the mixed-ownership reform of Double
Star Group, and obtained 35% equity of Double Star Group by means of capital increase and
equity expansion.

4.3. R&D Collaborative Innovation Model

In order to seize the opportunity of the coal-to-clean energy policy and open the heat-
ing market of household biomass heating furnaces, Tsinghua Solar Co. Ltd. (Beijing, China)
uses its own solar thermal utilization and resource accumulation in the coal-to-electricity
market to achieve new business expansion by developing new types of household biomass
furnaces. Tsinghua Solar Co., Ltd. has accumulated rich experience in government relations,
product promotion, engineering installation, and other fields through its own development.
However, due to its late involvement in the research and development of biomass stoves,
its accumulated experience is not rich enough; the independent research and development
time is long and difficult. Beijing Nowva Energy Technology Co., Ltd. (Beijing, China)
is a technology company focusing on the development and efficient solid fuel energy
utilization technology and the implementation of the project. It has a full understanding
of the combustion characteristics of biomass fuels and has rich experience in the field of
furnace core structure design. In the early stage, Beijing Nowva Energy Technology Co.,
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Ltd. has invested a lot of research and development manpower and material resources
in the field of biomass heating furnaces and carried out relevant technical reserves, but
it has not been successfully promoted to the market for various reasons. In May 2019,
Tsinghua Solar Co., Ltd. decided to expand the business of biomass combustion stoves.
In order to speed up the input of new products, it released the demand for collaborative
research and development of new products within Tus-Holdings. In July 2019, Tsinghua
Solar Co., Ltd. and Beijing Nowva Energy Technology Co., Ltd. reached a collaborative
R&D intention through contact and communication and signed a technology development
agreement. After the collaborative R&D matters were determined, the two sides estab-
lished a collaborative R&D team to carry out R&D work for household biomass heating
furnaces that meet the latest standards. Tsinghua Solar Co., Ltd. Company is responsible
for the research and development of biomass fuel, smoke exhaust system, and thermal
cycle system, while Beijing Nowva Energy Technology Co., Ltd. is responsible for the
research and development of combustion system and fire sealing system. The coordination
group held regular discussion meetings to inform each other about the R&D situation,
communicate with each other on key points and difficulties in a timely manner, discuss
the work arrangements in the next stage, determine detailed work plans, and ensure that
both parties complete relevant R&D work according to the time node. In case of major
emergencies, the collaborative R&D team will hold a special meeting on emergency issues
for special treatment to ensure R&D efficiency. The collaborative R&D division of the two
sides is shown in Table 2.

Table 2. Division of collaborative R&D.

Collaborator R&D Achievements Collaborator

Tsinghua Solar Co., Ltd. Biomass Fuel
Tsinghua Solar Co., Ltd. Smoke Exhaust System
Tsinghua Solar Co., Ltd. Thermal Cycle System

Combustion system Beijing Nowva Energy
Technology Co., Ltd.

Fire sealing system Beijing Nowva Energy
Technology Co., Ltd.

After one year of collaborative research and development, in July 2020, Tsinghua Solar
Co. Ltd. successfully launched a biomass combustion stove with intellectual property
rights. After testing by a qualified third-party testing organization, the product meets
the requirements of the national standard GB-13271-2014 in terms of particulate matter,
sulfur dioxide, nitrogen oxide, and other air pollutants emissions. At the same time,
it also meets the current standards of the National Energy Administration in terms of
thermal efficiency and cooking power. Compared with the existing products, it has the
characteristics of sufficient combustion and more environmentally friendly emissions,
showing strong competitiveness.

Tsinghua Solar Co., Ltd. and Beijing Nowva Energy Technology Co., Ltd. have
successfully developed biomass combustion stoves for only one year through the research
and development of a collaborative innovation model. At the same time, all core indicators
are in line with the current standards of the National Energy Administration and are
superior to existing market products. They have participated in the formulation of NB/T
34006-2020 “Technical Conditions for Clean Heating Stoves” issued by the National Energy
Administration and established the leading position in the industry. Tsinghua Solar Co.,
Ltd. and Beijing Nowva Energy Technology Co., Ltd. successfully realized the research and
development of new products through complementary R&D technology. Collaborative
R&D not only greatly shortens the R&D cycle of Tsinghua solar co. for its new products but
also revitalizes the reserve technology of Beijing Nowva Energy Technology Co., Ltd., and
realizes the win–win cooperation. The characteristics of the R&D collaborative innovation
model and collaborative surplus can be summarized as follows: with the help of abundant
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R&D resources in the group, when the member enterprises of the enterprise group face
market opportunities, the staff joint working groups, the middle-level managers with R&D
director, and R&D personnel as the main force, give full play to their respective advantages
and uses complementary advantages to obtain collaborative surplus: revitalize reserve
technology, shorten the R&D cycle of new products, and quickly establish the leading
industrial status of technology leadership.

4.4. Management Collaborative Innovation Model

Hot Spring Project Department and the Xian’an Project Department are two indepen-
dent project departments with urban sanitation as their core business. The two project
departments are independently managed and independently accounted for. Since the
business of the two project departments is highly similar, the requirements for personnel,
mechanical equipment, and operation methods are the same. In order to meet the operating
requirements, the two projects are equipped with a variety of operating equipment and
multi-post operators. Due to the limited operating area, the personnel are bloated, the
work is not full, the operating machinery costs are high, the idle time is long, and the
project performance is poor. At the end of 2018, the two project departments began to ex-
plore management collaborative innovation in order to achieve performance improvement.
Management collaborative innovation is mainly carried out from two aspects: personnel
streamlining and job optimization: (1) The two project departments are optimized and
adjusted into a management team, readjust the organizational structure, optimize manage-
ment responsibilities, sort out and reengineer the process, reduce duplication of work, and
improve work efficiency. As of 30 June 2019, the cumulative optimization of 22 managers,
including 10 captains and 12 managers, reduced management costs by 980,000 per year.
By increasing the salary of front-line workers and encouraging front-line workers to take
on more jobs, the “three-person, four-salaries and five-posts” model was explored, and a
total of 30 front-line workers were optimized, including 9 drivers, 4 car attendants, and
17 cleaners. The annual labor cost was reduced by CNY 1.05 million, and the total cost
was reduced by CNY 2.03 million through the optimization of managers and front-line
workers. (2) After the two project departments carried out collaborative management
innovation, the scope of mechanical operation is adjusted from small regional operations to
large regional operations, and the vertical division of labor is adjusted to comprehensive,
collaborative operations. The sprinkler and sweeper routes are optimized in the overall
region to improve the operation efficiency of mechanical equipment, reduce the number of
equipment used, and reduce the idle time of mechanical equipment, thereby reducing the
cost of equipment procurement and maintenance. By June 2019, the number of mechanical
equipment decreased by 5, and the idle time of mechanical equipment decreased by 50%.
The first-line operation mode is adjusted from the original independent operation of sprin-
kler, cleaning, and dust suppression to collaborative operation. The three types of operators
form a collaboration group to achieve seamless connection through the three-dimensional
operation method. Road sprinkler, cleaning, and dust suppression are completed at one
time to ensure the quality of road operation, reduce the frequency of rework operation
and improve the operation efficiency. Through the optimization of operation mode, the
quality of operations has increased significantly: in the first half of 2019, the cumulative de-
duction of environmental sanitation operation service assessment was 99,000 yuan, which
was 73% lower than the deductions of sanitation operation service assessment of 368,000
yuan in 2018. The overall management collaborative innovation effect of the two project
departments is shown in Table 3

Through collaborative innovation, the two project departments enhance the overall
management level and carry out work from two aspects of personnel streamlining and
job optimization, achieving a significant decline in management costs, labor costs, and
assessment deductions, thereby significantly improving performance. The characteristics of
management collaborative innovation mode and collaborative surplus can be summarized
as follows: With the help of advanced management experience sharing, the management
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personnel of the enterprises affiliated to the enterprise group can improve the management
level and change the business thinking. The front-line employees can achieve one specialty
and multiple abilities by improving the comprehensive quality so as to obtain the collab-
orative surplus by optimizing and simplifying redundant personnel and changing the
operation mode: the management cost, labor cost, and assessment deduction are reduced
so as to improve the business performance.

Table 3. Achievements of management collaborative innovation.

Type Management Cost Labor Cost
Assessment
Deduction

Improved
amount

decreased by
¥980,000

decreased by
¥1,050,000

decreased by
¥269,000

4.5. Talent Collaborative Innovation Model

The appointment and appointment of the board secretary of the vertical system of the
board secretary of the Tus-Holdings are jointly and jointly managed by the Department of
Strategic Planning and Investment Development (hereinafter referred to as “the Depart-
ment of Strategic Investment”), and it is an important function to cultivate and reserve
excellent expatriate board secretaries for the group member enterprises. The expatriate
board secretaries need to have the comprehensive professional ability in strategic planning
implementation, investment evaluation implementation, risk control management, and so
on and need to have good communication and coordination ability, so they have higher
requirements for employees. From 2017 to 2019, the strategic investment department of
Tus-Holdings appointed the secretary of the board of directors to the members of Tus
Blockchain Group, Tus-Clean Energy Group, Tus Triple Helix Group, Tus New Materials
Group, and Tus Digital Group and other enterprises. All these expatriate board secretaries
are graduated from 985/211 colleges and universities, most of them have a master’s degree
or above and have an excellent comprehensive ability. At the same time, because their
tenure in the strategic investment department is more than one year, they have a global
vision and are familiar with the overall situation of the group so as to better help subor-
dinate enterprises. By sending the secretaries of the board of directors to export exports
high-end talents for member enterprises, Tus-Holdings improves the management level,
thereby promoting the overall management level of the group. In 2019, the TUS-EST began
to layout the park area for energy business development under the integrating energy and
environmental protection strategy. None of the senior managers are involved in the park
area, so they need to introduce relevant personnel. Tus Science and Technology City Group
is a professional platform for Tus-Holdings in the planning, construction, and operation
of science and technology parks. Its senior managers have rich industry experience and
industry resources in the park area. In June 2020, the executive vice-president of Tus
Science and Technology City Group was transferred to the executive vice-president of
TUS-EST, responsible for business expansion in the park area. The business of Guangxi
Fangchenggang Company (Fangchenggang, China) is power distribution services. In order
to meet the needs of business development, a certain number of professionals are needed.
Because it has not been able to recruit suitable personnel for a long time, which affects
the business development, it seeks collaborative support from Tus member enterprises.
In order to support Fangchenggang Company in carrying out business, Tus member en-
terprises have successively delivered one chief engineer, one financial director, one senior
financial supervisor, one engineering supervisor, and three electricians to it. Fangcheng-
gang Company has completed the formation of a professional team in a short period of
time through personnel coordination among member enterprises, saving a lot of time and
personnel recruitment and training costs for the rapid development of the business. The
EBA project of Tus-Holdings Business School has been held for six consecutive years and
has trained more than 300 middle and high-level managers for Tus-Holdings. Each period,
EBA students will undergo 9 months of training. Tus-up member enterprises distributed
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around the world provide field visits, research, and other collaborative support for the
training students. For example, in the sixth period, students, through the collaborative
support of member enterprises, have successively entered the Tus business landing areas
such as Hangzhou, Xi’an, Heze, Zhengzhou, Beijing, Liuzhou, Tengchong, and Moscow for
exchange and learning.

Through collaborative talent innovation, the vertical and horizontal flow of talents is
realized within the Tus-Holdings, which promotes the improvement of the management
level of member enterprises and reduces the cost of talent acquisition. Selecting talents at
all levels within the group for a centralized training mechanism promotes the exchange
and integration of talents. The characteristics of talent collaborative innovation mode and
collaborative surplus can be summarized as follows: With the help of abundant talent
resources within the group, the member enterprises of the enterprise group solve the
problem of high-end talent recruitment of the subordinate enterprises through the outpost
of the group, realize the optimal matching of personnel and posts and the sharing of human
resources in the vertical and horizontal flow of talents within the group, and promote
the exchange and integration of talents by means of training. The listing measures cover
all the subjects, such as executives, middle managers, and employees, and obtain the
collaborative surplus: maximize the value of talents, improve the management level of
member enterprises, reduce the cost of talent acquisition, and provide effective support for
performance improvement.

4.6. Financial Collaborative Innovation Model

Tus-Holdings as the group headquarters to play the role of fund collection and collab-
orative distribution. In 2019, Tus-Holdings collected funds from five enterprises, such as
Hefei Tus Technology Industry Center Management Center (Limited Partnership) (Hefei,
China), paid interest of 57,668,700 yuan, and loaned funds to five enterprises, such as Nan-
jing Tus Smart Technology City Investment and Construction Co., Ltd. (Nanjing, China)
with interest income of 118,358,100 yuan [54], as shown in Table 4.

Table 4. Capital occupation of related parties of Tus-holdings.

Affiliated Parties Trading Content Amount

Nanjing Tus Intelligent Technology City
Investment and Construction Co., Ltd.

(Nanjing, China)
Interest income ¥63,006,422.41

Beijing Tus Legend Film Media Co., Ltd. Interest income ¥8,575,663.52
Yadu Technology Group Co., Ltd.

(Beijing, China) Interest income ¥11,522,510.48

Shaanxi Tus Science Park Development Co., Ltd.
(Xi’an, China) Interest income ¥2,420,152.78

Tusinceie Technology City Investment Group
Co., Ltd. (Beijing, China) Interest income ¥32,833,333.33

Hefei Tus Technology Industry Management
Center (Limited Partnership) Interest exchange ¥28,254,947.56

Enlightenment Huizhi (Beijing) Investment
Management Co., Ltd. (Hefei, China) Interest exchange ¥115,058.49

Suzhou Saide Investment Management Co., Ltd.
(Suzhou, China) Interest exchange ¥46.650,555.55

Qihong United Enterprise Management (Tianjin)
Partnership (Limited Partnership)

(Tianjin, China)
Interest exchange ¥4,838,028.79

Qitong Jiarong (Zhuhai) Equity Investment Fund
(Limited Partnership) (Zhuhai, China) Interest exchange ¥24,460,711.10
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Superior companies provide guarantees for subordinate companies so as to help them
more easily obtain loans from financial institutions. For example, Tus-Holdings provides
guarantees for Tuspark Forward Co., Ltd. (Cayman Islands) and Tus-Technology Services
Co., Ltd. (Beijing, China), and Tus-Tech City Group Co., Ltd. (Beijing, China) provides
guarantees for Jurong Tus-Tech Development Co., Ltd. (Jurong, China) TUS-EST (000826)
signed a loan agreement with the controlling shareholder Tus Technology Services Co., Ltd.
on 17 November 2017, 8 December 2018, 28 March 2019, and 23 January 2020, respectively.
The single loan amount is up to 1.5 billion yuan, and the loan interest rate is not more than
6.5%. Borrowing does not require any form of guarantee such as guarantee, mortgages,
and pledges from the TUS-EST. Borrowing provided by the controlling shareholder timely
supplements the liquidity required for the daily operation of the TUS-EST. The TUS-EST
moved to Tsinghua Science and Technology Park and its surrounding areas as a whole in
2018. By cooperating with Tus-Holdings, Tus-Clean Energy, Huaqing Property, and other
Tus-Holdings member enterprises to own or lease property, the relocation was realized
in a short time, and the related intermediary costs were saved. In order to solve the
problem of insufficient vehicles in the company, Tus Qingyun leased vehicles from brother
companies with the help of Tus-Holdings controlling members. Joint investment is also an
important part of financial coordination. In November 2019, Tus-Techology City Group
Co., Ltd. and TUS-EST jointly invested in Hebei Xiong’an Tus-Zero Carbon Technology
Co., Ltd. (Xiong’an, China) in Xiong’an New District, with a registered capital of 10 million
yuan. The main business is new energy technology promotion services, environmental
protection engineering construction, environmental protection consulting, environmental
engineering special design services, environmental protection testing, etc.; Zhengzhou
Tus-Donglong Science and Technology Development Co., Ltd. (Zhengzhou, China) and
TUS-EST jointly invested in Henan TUS-EST Energy Development Co., Ltd. (Zhengzhou,
China) in Zhengzhou in November 2019. The registered capital is 1 billion yuan, and the
main business is new energy technology, urban domestic waste removal and transportation,
power engineering design and construction, etc.

Through the financial collaborative innovation model, Tus-Holdings improves the
efficiency of capital utilization by collecting and allocating funds at the group level. Sub-
sidiary companies are more likely to obtain funds through shareholder guarantees and
shareholder funding, and other ways, and asset sharing and joint investment are realized
among member enterprises. It can be seen that the financial collaborative innovation model
realizes the efficient use of funds and assets within the group. The characteristics of the
financial collaborative innovation model and collaborative surplus can be summarized as
follows: The members of the enterprise group make use of the advantages of financing at
the group level and various financing channels to collect and distribute funds within the
enterprise group, shareholder assistance, mutual guarantee, asset sharing, joint investment,
etc., to obtain collaborative surplus: help members of the enterprise to obtain low-cost
financial support, timely supplement operating funds, reduce investment risk, and realize
the efficient use of funds and assets within the group.

5. Research Conclusions and Enlightenment

5.1. Research Conclusion

Through a longitudinal case study, this paper systematically studies and analyzes the
collaborative innovation mode of Tus-Holdings, and constructs the path framework for
obtaining the collaborative surplus of enterprise groups (as shown in Figure 2). Through
the research on the collaborative innovation mode of strategy, customer, business, R&D,
management, personnel, finance, and other factors, this paper analyzes the main types, char-
acteristics, and manifestations of collaborative innovation modes and draws the following
conclusions:

214



Sustainability 2022, 14, 5304

Reduce the time cost of strategic
transformation

Strategic
collaborative

innovation model

Figure 2. Collaborative Innovation model of enterprise group.

(1) The main types of enterprise group internal collaborative innovation model are
strategic collaborative innovation model, strategic customer collaborative innovation
model, business collaborative innovation model, R&D collaborative innovation model,
management collaborative innovation model, personnel collaborative innovation
model, financial collaborative innovation model. As a concentrated reflection of
systematic collaborative innovation activities, the collaborative innovation mode has
both technical innovation and non-technical innovation [8], which runs through the
whole collaborative innovation system of enterprise groups.

(2) The internal collaborative innovation model of enterprise groups shows nonlinearity
and diversity. In order to achieve the goal of collaborative innovation, the enterprise
group invests in collaborative innovation activities by executives such as the chair-
man, supervisors and other middle managers, employees, and other subjects. Using
the internal resources of the enterprise group, such as strategy, market, technology,
management, talent, finance, and so on, combined with strategic combination, uni-
fied market, joint research and development, management improvement, personnel
mobility, financial sharing, through nonlinear combination, a variety of collaborative
innovation models are formed.

(3) Collaborative surplus performance is closely related to collaborative innovation mode;
different collaborative innovation modes will produce a different collaborative sur-
plus. Various collaborative innovation models have created multiple collaborative
surpluses, such as reducing the time cost of strategic transformation, improving strate-
gic customer satisfaction, improving business operation efficiency, reducing R&D
costs, reducing talent acquisition and training costs, and improving capital and asset
efficiency. These collaborative surpluses cannot be realized by a single enterprise, so
collaborative innovation enhances the internal competitiveness of enterprise groups,
improves the performance of enterprise groups, and wins the competitive advantage
at the group level. This conclusion supports that the collaborative innovation model
is an important path for enterprise groups to obtain collaborative surplus [14].

5.2. Theoretical Contribution and Practical Significance

The theoretical contribution of this paper mainly lies in the following three aspects:
First, the research on collaborative innovation within enterprise groups in this paper en-
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riches the collaborative innovation theory. The existing collaborative innovation research
mainly focuses on the collaborative innovation mode and mechanism among different
actual controllers [3–7]. The research in this paper makes up for the lack of research at-
tention in the field of collaborative innovation of enterprise groups in recent years. It is a
good supplement to the strategic alliance model [55] and the industry–university research
model [56] formed between different controllers and contributes to the research results
of collaborative innovation theory. Second, this paper contributes new cases and knowl-
edge to comprehensive innovation management theory. According to the comprehensive
innovation management theory proposed by Xu Qingrui and other scholars based on the
long-term research on Haier’s innovation activities [36], this paper takes Tus-Holdings as
the research object, summarizes the collaborative innovation model of enterprise groups,
and puts forward the collaborative residual acquisition framework. This study is not only
the development of the “five-stage comprehensive collaborative process model” proposed
by scholar Zheng Gang [37] but also the supplement of ‘technical elements as the core,
and the non-technical elements collaborative model’ [8]. It contributes new cases and
knowledge to the comprehensive innovation management theory and verifies the univer-
sality of the theory. Third, this paper provides a new idea for the subsequent research on
the performance evaluation of collaborative innovation. The selection of existing achieve-
ments for collaborative innovation performance indicators mainly focuses on the speed
of technological development, the success rate, the degree of upgrading, and the number
of new products as the core indicators of collaborative innovation performance, while
ignoring the non-technical factors, such as the collaborative innovation achievements in
the fields of strategy, customer and management, which leads to the incomplete research
perspective. However, some scholars have realized the existence of this problem, selected
new or improved products, new or improved processes, new or improved management
practices, new or improved marketing methods, and the other indicators as collaborative
innovation performance [2]. The results of this study support this evaluation standard and
further refine the evaluation index of collaborative innovation, which provides a valuable
reference for subsequent collaborative innovation performance research.

Although our empirical study is situated in the context of China, the research findings
may also apply to a larger scale of emerging economies because China is representative
of a wide range of emerging economies [57,58]. The practical significance of this paper
is as follows: through in-depth analysis of the collaborative innovation model formed by
Tus-Holdings in the long-term enterprise practice, this paper reveals the path to obtain col-
laborative residuals, and vividly demonstrates the manifestation of collaborative residuals
of enterprise groups, providing case reference for other enterprise groups: (1) Enterprise
groups can learn from the collaborative innovation model of Tus-Holdings, and form special
collaborative innovation committees through organizational structure optimization [59],
such as Strategic Collaborative Innovation Committees, Market Collaborative Innovation
Committees, and Technical Collaborative Innovation Committees, through the top-level de-
sign and guidance, explore the collaborative needs within enterprise groups, and organize
and implement collaborative innovation activities; (2) By combining their own resource
endowments, business groups uses the flow and combination of factors such as strategy,
market, technology, management, talent, finance to form collaborative innovation mode,
optimize the collaborative innovation process and improve the collaborative innovation
efficiency through process reengineering [60]; (3) Enterprise groups should unswervingly
promote collaborative innovation strategy, carry out comprehensive and systematic design
through the adjustment and distribution of internal resources, encourage full collaborative
innovation through system construction and incentive mechanism design [61], stimulate
full collaborative innovation enthusiasm, explore potential collaborative innovation oppor-
tunities, and obtain more collaborative surplus, so as to enhance the overall competitive
advantage of enterprise groups.
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5.3. Limitations and Future Research Directions

Although this study tries its best to select representative enterprise groups in the
field of collaborative innovation practice for typical analysis, due to the limitations of the
case study itself, the universality of the conclusions of this study has become one of the
limitations that cannot be ignored. Future research can be expanded from the following
aspects: on the one hand, future research can expand the research background to other
enterprise groups with collaborative innovation as the core competition through multi-
case studies to verify the universality of the research conclusions; on the other hand, the
efficient identification of collaborative innovation opportunities within enterprise groups
is an important part of collaborative innovation capability, and it is also the basis for the
formation of collaborative innovation model. Subsequently, the identification model of
collaborative innovation opportunities is constructed through relevant research to further
enrich the research results in the field of collaborative innovation.
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Abstract: The proposal of this paper is to introduce a low-level blockchain marketplace, which is a
blockchain where participants could share its power generation and demand. To achieve this imple-
mentation in a secure way for each actor in the network, we proposed to deploy it over efficient and
generic low-performance devices. Thus, they are installed as IoT devices, registering measurements
each fifteen minutes, and also acting as blockchain nodes for the marketplace. Nevertheless, it is
necessary that blockchain is lightweight, so it is implemented as a specific consensus protocol that
allows each node to have enough time and computer requirements to act both as an IoT device
and a blockchain node. This marketplace will be ruled by Smart Contracts deployed inside the
blockchain. With them, it is possible to make registers for power generation and demand. This
low-level marketplace could be connected to other services to execute matching algorithms from the
data stored in the blockchain. Finally, a real test-bed implementation of the marketplace was tested,
to confirm that it is technically feasible.

Keywords: blockchain; marketplace; Internet of Things

1. Introduction

The smart grid has become the solution used to integrate issues such as the appearance
of renewable energy resources, changes in consumption patterns, the inclusion of electric
vehicles, etc. In this sense, new technologies under the auspices of the Smart Grid concept
have appeared to help manage power grids [1,2], with the management of the Distributed
Energy Resources (DER) being a complex problem that presents important challenges [3].

In this scenario, it is important to consider that the installation of home photovoltaic
(PV) systems has increased drastically in the last few years [4], mainly to reduce electricity
bills, but also to reduce carbon footprints and to reduce dependency of the grid. In any
case, these consumers could require electricity at some moments of the grid, but in other
instances they could have a power excess, so they could feed this power surplus into
the power grid, acting as producers. Therefore, these clients can be considered as DERs,
following the prosumer paradigm [5]. All these actors make the smart grid difficult to
manage, including precision aspects, such as grid synchronization [6] or prosumer energy
matching [7].

Solutions to these problems present some scalability issues for managing power
surplus management, especially with many unpredictable PV systems spread over the
network [8]. Ideally, the systems need to keep the network stable. This implies trying to
balance the surplus of power in the network, with its power demand using a matching
algorithm. This could make other actors benefit and allow them to take advantage of this
power surplus if they need it. Thus, both benefit from this power exchange.
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The use of blockchain technology can be seen as a natural solution to overcome these
problems [9–13]. Blockchain, by its definition, is a scalable, distributed, and decentralized
ledger without the need for a central authority. Blockchain also allows the use of Smart
Contracts (SCs) to execute algorithms within the network [14].

In this sense, this paper proposes a real implementation of a low-level power mar-
ketplace. This marketplace has been deployed using a blockchain over low-performance
devices in the smart grid, which would even be installed inside the smart meters. This
marketplace registers power production and demand on the blockchain through SCs. In
this way, registered consumption and generation are stored in a public repository. Thus, the
proposed marketplace could be applied to high-level or existing blockchains in established
markets, and these main markets could be based on matching algorithm-based platforms or
novelty markets based on blockchains, by means of the usage of sidechains. As described
above, this blockchain is deployed over lightweight devices, which would be existing Inter-
net of Things (IoT) devices used to process and generate data on the smart grid, allowing
integration between these technologies.

However, to perform this, it is necessary to consider that the number of actors in the
proposed blockchain could vary: prosumers, facilities, or external regulators, which could
lead to the appearance of some problems in the blockchain network, such as synchroniza-
tion faults or network overload [15]. In this paper, a proposal will be addressed that will be
scalable, to avoid these risks.

A connection is proposed as close as possible between the smart meters of prosumers
and the blockchain, even using the existing hardware inside the smart meter if possible. This
approach involves taking the data closest to the data generation [16], ensure its veracity, and
setting the data into the blockchain as quickly as possible, without the need for expensive
computers or servers, which may have a high power consumption. However, it forces the
use of low-performance economic low-performance devices on prosumer, aggregator, or
retailer installations to maintain the feasible installation.

In this sense, this paper analyzes the application of a lightweight blockchain algo-
rithm on low-performance devices for the design of a decentralized electrical marketplace,
where prosumers and energy retailers can exchange directly and automatically among
themselves. For that, it takes advantage of low-performance IoT nodes to act as blockchain
nodes, by implementing a consensus protocol that does not require a high processing time
or a graphic processing unit (GPU) to calculate complex and expensive calculus but is
able to provide security and guarantee the quality and traceability of the data inside the
blockchain. Furthermore, some SCs are implemented to automatize the power generated in
the marketplace. All this architecture was deployed over real devices, tested, and compared
over a similar blockchain network deployed on a personal computer.

The rest of this paper is organized as follows. First, Section 2 provides a brief overview
of the integration of blockchain into IoT systems and some existing applications in the
power sector. Later, Section 3 has an approach of different ways to implement the proposed
solution. Then, the proposed architecture for the creation of the marketplace is shown in
Section 4. After that, Section 5 shows the devices that are used in the designed marketplace.
Then, how the marketplace is deployed in a real environment is presented in Section 6.
Section 7 shows the obtained metrics and the comparison of these with a typical blockchain
network. Finally, in Section 8 some conclusions are made, and possible future work derived
from this paper are discussed.

2. Review of Blockchain Applied to Energy Markets

Energy retailers have been using blockchains more and more frequently in the last
few years [17]. This technology allows them to save and trace electrical information about
consumers [18]. Recently, the usual consumer profile has changed [19]. Many users install
new renewable energy resources, such as PV panels, in their homes. Consumers who
have installed resources such as these have seen their energy bills reduced, as part of this,
demand for power is compensated by the generated one [20]. In addition, some of them
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now have no dependency on the power supplied, which means they are no longer actors on
the power grid. Furthermore, in some cases, renewable energy resources produce so much
power that is partially returned to the grid. In this scenario, the consumer has evolved into
a generator and consumer, called a prosumer [21]. Therefore, the original purpose of the
blockchain, which is to register only consumers in the smart grid, has become obsolete in
many cases. The proposed marketplace overcomes this problem, allowing for generation
and demand records.

Another challenge in DER management is the implementation of the electric vehicle,
which could work in the local smart grid as a load or as a battery, known as a vehicle-to-grid
paradigm [22,23]. This, as a new actor in the system or a new source for an existing user,
requires new solutions, in which the blockchain could act as a guarantor of security or
traceability, as [24] shows. The authors used blockchain technology to create a secure
identity mechanism to implement a secure charging system. In the proposed marketplace,
the electric vehicle could be part of any actor on the blockchain, and there would be no
difference in the behavior of the network.

The integration of blockchains into power grids is not a new challenge. It is widespread
in the literature, where many challenges have been exposed. Ref. [25] exposes some of the
challenges blockchain needs to overcome in the power sector and briefly shows the advan-
tages of using it on IoT platforms. That work also mentioned the Brookling Microgrid [26],
one of the first studies of a real microgrid, which demonstrates that blockchain is a suitable
technology to provide microgrid marketplaces. They proposed a market divided into seven
components, using blockchain as an information system in the most specific component of
the market. In [15], the authors expose some use cases for the implementation of blockchain
networks in smart grids, such as peer-to-peer, power trading, and power distribution.
Throughout this paper, it is shown how most of the challenges have been overcome, such as
the increase of disk size among the blockchains, or the use of heavy consensus algorithms,
which will be discussed and partly solved in this paper.

There have been some attempts to merge IoT and blockchain with different approaches.
Some research has been conducted on the hybridization of both technologies [27]. In
this sense, the blockchain–Internet of Things paradigm has been analyzed, such as in
[28], to reach trends in industry and academia, using innovative review methods. The
authors in [29] go a step further and introduce 5G networks to the scope of the IoT to
study their convergence with Blockchain. Regarding the practical applications for both
technologies together, in [30] the authors provide the execution of SCs for access control
on IoT devices, using blockchain technology to guarantee secure accesses. However, the
blockchain network is implemented over servers, using a heavy consensus protocol. The
authors of [31] use Raspberry Pi as an example of an IoT device for a scalable Blockchain-
into-IoT scenario for secure information sharing. Despite this, it continues to use non-IoT
devices as nodes of the blockchain, leaving Raspberry Pi as an IoT-device server. More
similar to the approach of this paper is the use of Raspberry Pi as blockchain nodes proposed
in [32], with devices connected to a blockchain network. Unfortunately, the use of IoT
devices such as these has no more use than as nodes in the network, wasting its potential
to work in other applications, as proposed in Section 1.

A close implementation of IoT nodes on blockchain is [33], where the authors proposed
a framework for distributed applications in an IoT network with blockchain. That solution
introduces another layer to its architecture, with the use of a specific server to deploy the
framework. Multi-layer architecture was also needed for the investigation in [34], although
it is deployed over a Field Programmable Gate Array (FPGA) device and does not provide
a lightweight protocol to the blockchain network. In this paper, it is explained that there is
no need for servers or complex devices to deploy a blockchain for the use of IoT at the same
time. The same conclusion is reached in [35]. In that, a power trade system using SCs, using
Raspberry Pi as nodes for their test network is proposed. Although they mention the use
of whisper as a messaging service that the blockchain provides, it is not very clear which
algorithm they used to reach consensus in their network, as they talk of Proof-of-Work and
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mining blocks. This made the nodes unusable for other purposes, more than supporting
the blockchain.

3. Advantages of the Use of a Blockchain-Based IoT Marketplace

As mentioned above, the main technology on which this whole proposal is based
is blockchain, which is defined as a distributed ledger technology. In blockchain, as in
traditional ledgers, all information recorded can be considered true and immutable. The
blockchain is composed of blocks, which are a set of transactions with some metadata
information (i.e., the information of each transaction codified through hash functions) to
prevent public access to all data and guaranteed anonymity. The main properties of a
blockchain are as follows:

• Decentralization
Blockchain was born as a decentralized technology to avoid any unique authority in
the network. Instead, it is distributed into different nodes, with multiple connections
among them, as shown in Figure 1. This creates a solid and reliable network with
many benefits, such as efficiency and data propagation. This implies that if a node
is down for some reason, the rest of the marketplace will continue working without
fault.

Figure 1. Nodes in a decentralized network.

• Immutability
The moment that a block is validated by the network and linked to the chain, this
information is very difficult to modify; the difficulty of doing so increases with each
new block added to the network. Therefore, it is very difficult to modify a validated
block in a chain. With application to the marketplace, it is guaranteed that the power
data in the blockchain will not be modified by a third party unless that party manages
to gain control of almost all nodes.
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• Distributed consensus
It is only possible to add a new block to the blockchain if most of the nodes agree on
adding it. This is called validation of a block. Thus, a consensus is needed between the
nodes of the network. This consensus means that the responsibility is decentralized,
as there is no main individual responsible for a block’s creation. Decisions in the
blockchain network are only made by a consensus in the network. This reduces
possible bottlenecks due to the dependence of a unique validator. The consensus
also helps to increase network reliability because, as mentioned earlier, it would be
necessary to attack all validators to modify the data in the blockchain. This implies
that the consensus of the network is distributed, and the truth of the information is the
same for the network. Thus, if a malicious node in the marketplace changes its own
information and tries to share it with the rest of the network, it will be discharged, and
the misinformation will have not be distributed to the network.

• Traceability
The information in all of the nodes of the blockchain is public. Therefore, it is possible
to access any transaction recorded in a block and obtain its hashed information, such
as the user who performed the transaction, the user to whom it was sent, or the
timestamp of it. Thus, if a user knows the hash of some data, it is possible to obtain all
transactions related to these data and the block where they are stored. This ensures
the traceability of any data in the network, so it is possible to trace the power data of a
user in the marketplace.

• Speed of transactions
Integration of the IoT infrastructure on the same nodes as the blockchain network
allows the possibility of communication between them. This communication could be
performed using less information than in a conventional blockchain, which increases
the speed of transactions and, at the same time, the time needed to create a block.

• Reduced cost
Although it is not relevant from a technological point of view, it is true that integrating
IoT and blockchain in the same device would result in the use of fewer devices than
using both technologies separately in the same scenario. Therefore, fewer devices
implies fewer failure options and less maintenance. This is directly related to a
decrease in the cost of implementing the technology.

The number of different blockchain networks and applications referring to the access
to these networks is counted by dozens [36,37]. Therefore, it is quite a difficult decision
about the optimal blockchain network that meets the objective of the marketplace proposed
by this paper, as is a blockchain that runs for short periods of time, allowing the device to
be used also as an IoT node.

In this sense, several consensus algorithms have been evaluated, with its main charac-
teristics in the following subsection.

Consensus Algorithm

A consensus algorithm is named as the algorithm required to validate the data con-
tained in a block by all nodes before adding to the tail of the blockchain. By this, it is
guaranteed that the data inside the block have been defined as true by the majority of
nodes in the network, which means that they have no false or manipulated data before
introducing them into the blockchain. Due to that, consensus algorithms have to be com-
plex, involving a large percentage of nodes in the network, whether creating the proposed
block or validating it. These consensus algorithms have already been studied, obtaining
properties such as the number of rogue nodes to fail [38].

As the blockchain network has nodes, such as low-performance devices, it is necessary
that the consensus algorithm is secure, fast, and lightweight. Some of the most extended
consensus algorithms and their suitability for the proposed architecture are presented
below. Although normally blockchain networks have their own consensus protocols, most
of them are based on these consensus algorithms.
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• Proof of Work
The first consensus algorithm proposed for the blockchain was Proof-of-Work (PoW),
defined for the Bitcoin blockchain. PoW based its effectiveness on using all available
computational resources to solve a cryptography problem to create a valid block in
the network. The solution to this problem consists of finding a nonce, a number
that makes the hash function of the whole block match any condition, which differs
according to the difficulty of the network at that moment. Once a block is created, the
rest of the network is responsible for validating it. Although it is very costly to create
a block, it is quite simple to check if it is valid or not, due to the use of hash functions
as part of the cryptography problem. With N denoting the nonce, Phash the hash of the
previous block, Tx all the transactions inside the block to be created, and Target the
difficulty of the network, the PoW requirement in Bitcoin is defined as the following
equation:

H ( N || Phash || Tx || Tx || . . . Tx ) < Target (1)

The above equation was obtained from [39].
Due to the fact that PoW needs to use the most resources of any algorithm, any node
has to find the nonce to create a block [40], this consensus algorithm is discharged in
the marketplace.

• Proof of Stake
The Proof-of-Stake (PoS) consensus algorithm is based on the following premise: nodes
that have the most coins in a blockchain network have the least interest in attacking
the network [41]. On the basis of this, PoS does not need to solve any complex problem
to create a block. Instead, PoS bases block creation on a stake of coins for each node in
the network. Thus, the node that stakes the largest amount of coins is declared the
creator of the block and is in charge of adding the data to the new block and linking it
to the main blockchain.
Besides all its advantages, PoS has a main problem. As the consensus in this algorithm
is reached by staking coins, it would be possible that some nodes join themselves and
transfer funds between them to have enough coins to win any stake in the network.
Due to that and some other related problems [42], PoS is not a suitable consensus
algorithm for the proposed marketplace.

• Proof of Authority
Another alternative to reach consensus between nodes is the Proof-of-Authority (PoA)
consensus algorithm. In PoA, the main difference from other consensus algorithms
is that the trust of the blockchain network is based on identity and reputation [43]
and does not requires any currency exchange. Nodes of the network need to be
firstly authorized as voting nodes to avoid new nodes tampering the next steps of
the algorithm. Then, the voting nodes decided, based on the reputation of the nodes,
which nodes are voting to be selected as validator nodes. The selected validator
nodes finally need to show themselves to the network, in return for being able to add
new blocks to the blockchain. In this consensus algorithm, as for the PoS consensus
algorithm, a block is said to be signed instead of mined, and it does not require a
high computational capability per GPU. In case the remaining nodes detect a rogue
block, incorporated by a malicious node, the node will be identified and removed
from the network. The main disadvantage of the PoA algorithm is that if an authority
could have control of half plus one node of the network, the consensus algorithm
will be tampered with, similar to PoW. Therefore, increasing the number of nodes in
the network (i.e., with more prosumers in the proposed market), the security of the
system increases.

• Practical Byzantine Fault Tolerance
The practical Byzantine Fault Tolerance (pBFT) is an algorithm that ensures the unalter-
ability of the network messages. Its consensus is based on state machines’ replication,
i.e., the consensus is reached when two thirds plus one of the nodes answers the same
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state for the request sent by a client, which is another node. So, it is possible to support
rogue nodes if they are fewer than a third of the total nodes in the blockchain network.
As any client needs to communicate to all nodes in the network in each request, this
consensus algorithm generates excessive network traffic, which is against the purpose
of creating a lightweight blockchain proposed in this paper.

• Proof of Elapsed Time
The Proof of Elapsed Time (PoET) is based on random time windows, in which a
participant of the consensus competes to generate a block, develop a cryptographic
proof, and send it to a controller. The controller verifies the proof and accepts the
block to proceed. The controller then creates a new time window, and the participants
compete again. Although the consensus algorithm is free to use, it is developed using
technology introduced by Intel hardware. Due to this, it is not suitable for use in the
proposed lightweight devices.

• Proof of Importance
The Proof of Important (PoI) consensus algorithm seems like the PoS algorithm, with a
main difference: the selection of the node is made by the score any node has. This score
is related to the quality of the node and refers to the number of recent transactions, the
vest of currency for the creation of new blocks, the network traffic, and more. Due to
the fact that the more network traffic a node has, the better score it is able to reach, this
consensus algorithm favors this feature, which is against the proposed lightweight
blockchain.

As the blockchain network has nodes, such as low-performance devices, it is necessary
that the consensus algorithm be secure, fast, and lightweight. There are other consensus
algorithms based on disk usage, specific hardware chips, or other properties. Due to the
hardware and software restrictions of the devices used for implementation, all of these
alternatives have been discharged.

Finally, the consensus algorithm for the marketplace is PoA. It does not require many
processing resources and could act during short periods of time, leaving the rest of the
time for other purposes of the device. As will be seen later, PoA has solid, reliable, and
supported alternatives in the proposed devices, which reinforces the decision about which
consensus algorithm to use.

4. Proposed Architecture of the Distributed Marketplace

The general architecture of the proposed marketplace is depicted in Figure 2. In this
figure, prosumers and energy retailers have access to the blockchain marketplace, in which
resources are available to the participating actors, either in terms of generation or power
offers. The registers of this generation or power offers are stored at the source, establishing
a high grade of quality and traceability of energy in a permissioned ledger (only the clients
with the device could access to the platform). Thus, this is very useful for a marginal power
market, providing an additional and decentralized veracity.
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Figure 2. Marketplace scheme.

The definitions of the participants in the marketplace are as follows:

• Client or prosumer: as described above, they should act as a consumer or a generator.
In both cases, the proposed node will be deployed on the smart meter (or be the smart
meter by itself) to obtain the energy data each fifteen minutes, in the best case. This
node will send the data to the energy retailer database and trigger the SC to publish
both powers: surplus or demand.

• Energy retailer: It is responsible for the installation of the nodes and the connection
between them. It may have a register of all information registers in the blockchain
network within its database.

The data flow of the information in the marketplace results as follows. Inside the client
supply, there is one of the proposed devices, working as an IoT and a blockchain node.

1. The IoT node behavior registers any power data, sent each fifteen minutes periodically.
This information includes the power surplus of the prosumer. This will be a positive
number, in the case of power generation, or a negative for power demand. In the
remaining time, all nodes work as blockchain nodes, reaching a consensus of the
blocks in the network using the PoA consensus algorithm [44]. These blocks contain
transactions that consist of hashed data and SC information.

2. At the moment a surplus of power data is received, the node checks through a SC
if the user is registered into the blockchain to send data. If not, an SC is called to
register the user on the blockchain. If the user exists in the blockchain network, the
blockchain node will send the power surplus data inside a generation SC or a demand
SC, depending on the sign of the power surplus data. The data are also sent to the
energy retailer to store them in its database, before the new data is registered. It is
important to note that the marketplace does not perform any data processing, only
stores the data sent by the SCs, which consist of hashed data and not the data itself.

3. The high-level or primary blockchain periodically executes (each 15 min or each time
required by the retailer) a matching algorithm. It matches the generation registers
with demand registers in the blockchain, checking the source of generation and offers.

As can be seen, the blockchain is a crucial part of the marketplace, as it is the basis of
the traceability of the entire marketplace and needed in the matching process that can act
with the independence of the retailer.

In this sense, it is important to find a valid architecture for the proposed marketplace,
searching for a trade-off between computational needs, consumption, and cost. To reach
the correct implementation of the blockchain marketplace, five main architectures have
been analyzed:
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1. Scalable sidechain
In this case, it would be proposed to have only one sidechain in the whole mar-
ketplace. A sidechain is defined as a parallel blockchain, which works while the
original blockchain properties are locked so that the common data between those two
blockchains have no potential for conflict. This sidechain has its main advantage in
its scalability property, which allows it to reach all the actors in the energy retailer.
Unfortunately, it would require developing a specific sidechain core, compliant with
ARM architectures, this is required, as ARM is currently state-of-the-art among com-
putational capabilities and consumption. Although it has been studied, this restriction
provides a non-valid solution for this marketplace.

2. Using Hyperledger-based distributed ledger technology.
This option requires distributed ledger technology (DLT) that uses some of the solu-
tions provided by the Hyperledger blockchain [45]. Some Hyperledger applications
do not have a non-native ARM implementation, such as Hyperledger Besu [46], so it
is not known if it would be possible to adapt it to the requirements of this paper.

3. Using alternatives based on consensus algorithms by capacity, space, or time.
This kind of consensus algorithm seems to be appropriate for this project, as it reduces
computing and consumption of the nodes. Due to the limited storage that nodes have,
it would be difficult to implement this alternative with effectiveness. Therefore, it
is discharged.

4. Using IoT-oriented alternatives
There are alternatives that are not blockchains, but would be considered blockchains or
DLTs, such as IOTA [47]. It has been tested in a private network (Tangle) over a virtual
machine in a PC, which allows the installation of a Hornet service in lightweight
nodes. However, after that, some shortcomings merged in terms of compatibility
and interoperability. Although it appears that this problem will be solved in the next
version of the client, right now it is not a real solution for the purposes of this paper.

5. Using Ethereum-based solutions
There are some Ethereum-based blockchains which are able to be used in ARM archi-
tectures and also different options related to Ethereum that could be used. Moreover,
the main structure for this type of network eases the interoperability and the connec-
tion with other sidechains if necessary. In fact, commercial solutions exist for this
purpose. Therefore, it is the most viable alternative for this paper, and the one we
finally used.

Once it is decided to deploy a blockchain based on Ethereum, there are two main
options available to be implemented on the proposed devices. Both options involve using
a lightweight client to deploy the blockchain written in the Go programming language.
Therefore, a decision is needed between an Ethereum-based blockchain, such as Quorum,
or the Ethereum client, with its implementations called GoQuorum and Go Ethereum. Both
alternatives have the option of using a consensus protocol based on Proof-of-Authority,
called raft and clique, respectively. The decision to use one of them is based on its maturity
state, where Go Ethereum is older and more developed than Go Quorum. Therefore, Go
Ethereum is the chosen implementation for the marketplace. In all nodes, a standalone Go
Ethereum client, called Geth, has been installed. Geth provides enough tools to develop
a full Ethereum node with the desired consensus protocol and the deployment of SCs on
different nodes.

Geth only allows the execution of the blockchain on the CPU, as it is not guaranteed
that all devices could have a dedicated GPU for this purpose. Moreover, it is not required
for a PoA. The chosen consensus mechanism would also have a low impact in the case of
GPU processing, as clique has been designed to be lightweight, in contrast to protocols
based on PoW.
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5. Energy Market Testbed Description

As described before, to deploy the blockchain network, we decided to use low perfor-
mance devices, which act as an IoT node and a blockchain node at the same time, without
loss of performance. Although many devices exist which have a special purpose for IoT,
we decided to use some generic and popular devices that have a reasonable price. This is a
frequent requirement, especially for large deployments, as the proposed marketplace can
affect production. These devices have been implemented on their own smart meters, or
very close to them, in several projects [48–50].

The three devices used as nodes for the marketplace are as follows:

• Raspberry Pi 3 B+ (RPi3), a low-cost single-board computer. Its central processing unit
(CPU) has been developed over an ARM architecture and has 1GB of random access
memory (RAM). Its disk size depends on the size of the memory card inserted into it.
Its consumption is low, and it is commonly used in several applications, such as edge
computing in an IoT context [51] or sensor network management [52].

• Raspberry Pi 4 (RPi4) is an upgraded and more recent version of RPi3. The main
differences are that RPi4 has better CPU performance and different versions with
different sizes (RAM), in exchange for slightly higher consumption.

• Jetson Nano (JNano) is an embedded computing board with a target-embedded IoT
application and robotics [53]. Its CPU is also ARM-based, the same as the other
devices, but JNano has some extra hardware features, such as a GPU. It has more
power consumption than the other devices but consumes power without excess.

Table 1 shows an overview of the relevant specifications for the three devices used for
this paper.

Table 1. Specifications of the selected devices.

RPi3 RPi4 [54] JNano [54]

CPU
Quad-core ARM

Cortex-A53
@ 1.4 GHz

Quad-core ARM
Cortex-A72
@ 1.5 GHz

Quad-core ARM
Cortex-A57
@ 1.42 GHz

Memory 1 GB LPDDR2 8 GB LPDDR4 4 GB LPDDR4
Power mean
Power peak

2.1 W
5 W

2.56 W
7.30 W

5 W
10 W

All three devices used in this paper have an ARM architecture. There are many
blockchain applications that have been deployed only for x86 or x86_64 architectures, so
it would be very difficult to run this network inside any of the devices mentioned above.
Fortunately, there are also some kinds of blockchain that have a native implementation
for ARM architectures [55]. That implementation is highly different from the one used
in servers or specific devices for mining or signing blocks, such as application-specific
integrated circuit (ASIC) devices [56].

Apart from that, the existence of an ARM-architecture client is not enough to ensure
the blockchain will work properly. Both RPi3 and RPi4 are built on an ARMv7 architecture,
whereas JNano has an ARMv8 architecture. Although this may be seen as a small difference,
it would make any blockchain client suitable for RPi3 or Rpi4 and not fully compatible with
JNano. Sometimes, it is possible to avoid this restriction from building from the source.
However, other times, even building from its source code does not guarantee that the
blockchain runs properly. Therefore, to meet the heterogeneous blockchain network, some
blockchain clients are discharged due to this restriction.

These devices are used for validation purposes. Their main goal is to test the suitability
of developing a blockchain for a marketplace with low-cost, low-power consumption and
limited computational capability hardware. Commercially, the marketplace deployment
can be performed on ad hoc devices with processors based on the tested ones, or similar, as
a function of their production costs.
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In this sense, it is important to note that it would be possible to deploy the blockchain
marketplace using the same device for all nodes. However, this paper tries to show that the
proposed solution is heterogeneous, without dependence on a single commercial solution.
If the proposed marketplace can be fully executed on a device with lower computational
requirements, it can be executed on the devices of other manufacturers if they have equal
or superior computational capabilities.

6. Marketplace Testbed and Results

The deployment of the experimental marketplace testbed is divided into three parts.
First, the optimal deployment of the architecture to perform the blockchain marketplace
and its nodes is shown. Then, it is defined as the genesis block of the blockchain that allows
the network to be lightweight, fast, and secure. Finally, the Smart Contract (SC) used in the
marketplace is commented on.

The proposed network is shown in Figure 3. As can be seen, clients (i.e., the prosumers)
have their nodes connected to the smart meter. To guarantee security and avoid other risks
derived from the use of public networks for the communication between nodes, it is a
necessary, efficient, private, and alternative connection. Due to that, all these nodes exist
in a virtual private network (VPN), enabling the required exchange of information in the
blockchain and being the retailer responsible to maintain this network. Each client must
have an internet connection, with different providers and different internet restrictions,
such as firewalls or Carrier Grade Network Address Translation (CG-NAT). However, for
the execution of the selected consensus algorithms, the clients must have a direct connec-
tion among them, to exchange information. In this sense, more complex communication
protocols can be implemented, but VPN solves these problems in a natural way, allowing
direct communication.

Figure 3. Proposed network scheme.

In the case of the testbed, this structure is simulated with three nodes connected in a
private network. As described above, these nodes are based on low-performance devices.
Thus, the network is finally as follows in Figure 4, where there are three nodes in the
network, composed of a JNano, a RPi3, and a RPi4.
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Figure 4. Marketplace-tested devices: up: switch; bottom-left: JNano; bottom-middle: RPi3; bottom-
right: RPi4.

These three devices hold the following software:

• Raspberry Pi 3 and 4
Both RPi3 and RPi4 contain analogue software. Both are built on an Ubuntu Server
operating system (OS). Ubuntu is a general-purpose Linux-based OS, which has
versions for many different architectures, among them ARM architectures such as
those deployed on these devices. A server version of the OS has been installed to save
as many computing resources as possible, avoiding any graphical interface.
After that, Geth was installed on both devices. This was conducted by downloading
ARM-specific compilations from the source page, after downloading GoLang packages
for ARM, implemented in the native package download application for Ubuntu.

• Jetson Nano
JNano software is built over an OS as part of the Jetson Nano Developer Kit. This
is a set of tools that enables the OS to work properly on a JNano. It is a Linux-
based distribution, built specifically for this device, with many similarities with other
operating systems such as Ubuntu. GoLang was then installed and Geth after that,
as Raspberry Pi 3 and 4 had previously been installed. In this case, Geth has a native
download from the OS package manager.

Next, the necessary configurations were made to run the blockchain network. These
steps are all the same for the three devices. As the network has been disconnected from
the internet, it is necessary to manually set the date and hour for every system. This is
performed using the date command. It is important to set the hour exactly: a difference
of synchronization of twelve seconds is enough to avoid the nodes from connecting to
each other. After that, the genesis block is generated and used to start the blockchain,
where all nodes share the same network identification; the genesis block has the same
Geth configuration parameters to ensure communication between nodes. Finally, the
connection between all of the nodes is established, and then starts the process of validating
and signing blocks.

Initially, all nodes were set as full nodes. This means that each node in the blockchain
network has a complete copy of the chain. This can easily be changed in case some problems
arise related to the available space on disk. In that case, the node would be set as a light
node, which contains the latest blocks of the blockchain, saving disk space.
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6.1. Genesis Block

The genesis block is the zero-block of any blockchain. It is the only block in every
blockchain that has no reference to the hash of the previous block. Due to that, the genesis
block has specific content. It is in charge of defining some parameters of the blockchain
network from the point after its creation, and it is impossible to modify them once the
network has started, similar to the content of any other block in a blockchain.

The genesis block is defined in Geth with a Javascript Object Notation (JSON) file called
genesis.json. It has many parameters used to configure the entire blockchain network, such
as chain ID, the type of block used, use of any hard fork in the network, or the consensus
protocol to be implemented, among others. All these specifications are in accordance with
Ethereum Improvement Proposals (EIP) [57].

According to the objectives of this paper, the genesis block must be the lightest possible.
This is due to the fact that it is needed to avoid all unnecessary configurations, to reduce
communication between nodes as much as possible and to configure the consensus protocol
to be the one that consumes fewer computational resources of the devices. The genesis
block is also responsible for other parameters, such as the gas limit for transactions, the
first account of the network, which correlates with the first signer node of the network, and
the initial accounts and initial amount of currency for each account.

6.2. Smart Contracts

Smart Contracts are pieces of runnable code inside the blockchain [58]. With SCs, any
user of the blockchain could execute a computer program inside the blockchain network.
Thus, the applications of the blockchain increase. Before SCs, any blockchain could only
store transactions inside the blockchain network. Now, SCs allows any user to send a
transaction to the account of an SC, which triggers the execution of the code to perform
some operations. As the blockchain network is decentralized, any node in the blockchain
network could write and store an SC in a block. After that, the SC must be deployed
to be used by a node of the network. Once the SC is deployed, the address of the SC is
public, and any node of the blockchain could access it. Fortunately, the SC could have some
restrictions in its code, so that no node would be allowed to execute it. The SC source code
is not automatically public to the network, so it is possible to keep the source code of the
SC private, with access to the SC source code only available for the node that creates it.

For Ethereum-based blockchains such as Geth, SCs are written in a programming
language called Solidity. As these types of blockchain network are Turing-complete, the
way an SC is programmed is quite similar conceptually to any other code in high-level
programming languages. It has some limitations due to restrictions of the blockchain and
the way it is managed, such as loops in code or handling data outside of the blockchain.

For this project, a SC is proposed as the best way to deploy a marketplace inside the
blockchain. However, SCs are not the only alternative to deploy a marketplace. Alternatives,
such as the use of oracles [59] to create a marketplace outside the blockchain and then
introduce the data into the network, could be also available. This option has been discarded
for various reasons:

• It is not on approach to storing the data closest to the place where it was generated or
obtained.

• It is possible to tamper with the data, so that, in the blockchain, different data could
be stored than in the primitive one.

• It requires more complexity to afford it, as it implies adding an oracle between the
data and the blockchain network.

For the proposed marketplace, two main SCs have been deployed along with an
auxiliary one:

• Register
This contract allows the registration of the actors involved in the marketplace. Thus,
it is possible to register a prosumer, identified by its Universal Supply Point Code
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(USPC), or a retailer, identified by its VAT number. It has enabled some restrictions,
such as the prohibition of an external actor from participating in the marketplace, as
will be discussed in the following section. It also has some extra functions to retrieve
some information in the contract, such as the number of actors in the marketplace, or
the count of the prosumers.

• Operation
The second SC has the register of any operation inside the marketplace. Therefore, in
the blockchain, there will be information about any generation and offer that occurs
in the marketplace. The producer of this generation, the price of this generation, and
the generated power are all stored in the generation register. In the case of an offer
register, the blockchain stores the information of the producer and, as in the case of
generation, the price and the amount of power. The SC is in charge of storing this
information in the blockchain with a corresponding timestamp.

• Auxiliary contracts
For the proper functioning of the SCs above mentioned, it is also necessary to create
some more auxiliary contracts, which ensure the register and operation contract will
work as desired. Therefore, the option to delete a registered actor in the system was
developed, but only restricted to its own actor. For this, it was necessary to create
other contracts that ensure the owner of the contract. Finally, an auxiliary contract was
created to ensure that any actor in the marketplace had enough funds to execute it.

As described above, all these SCs have been written using Solidity, and it is fully
compatible with the Ethereum blockchain and its derivatives. This was a possibility
because of the Ethereum Virtual Machine, the environment where all Ethereum-based
blockchains work. This allows the execution of the SCs in the same blockchain where the
blocks are signed. This implies that the Geth compilation that is running on the nodes has
native compatibility with the SCs. An example of the code of a SC function is shown in
Figure 5.

Figure 5. Example of the registerProsumer function inside one of the Smart Contracts.

7. Performance Results Obtained

As described above, the proposed blockchain marketplace has been deployed on a
testbed. That is, the blockchain has been executed from scratch on three nodes on these
devices: a RPi4, a RPi3, and a JNano. According to the specifications of the device, the
genesis block was designed with the following roles: the RPi4 will act as a validator node
and as a signer node, as it is slightly more powerful in terms of CPU processing. Therefore,
RPi3 and JNano will act as regular nodes on the blockchain. This is a sample of the proposed
blockchain, where a few nodes would act as signers, based on their computing capacity
and network connections.

The blockchain was left running for several days, while simulating the marketplace.
i.e., the simulation of transactions required each 15 min per actor. After that, some key
metrics were acquired, which have particular relevance to demonstrate some properties
of the blockchain marketplace. These metrics have been acquired for the three nodes
and compared between them. To avoid problems related to the specific time of data
collection, relative metrics have been acquired, whether as the hourly average of data or in
percentages.

The description of the metrics in Table 2 is as follows:

• Disk_ReadDatarefers to the amount of data read on the disk in bytes.
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The data read from the disk are used to evaluate the performance of the node. It is
desirable that the node should read the least data possible, to avoid processing time
wasted in reading data operations.

• Disk_WriteData describes the amount of data written onto the disk in bytes.
This metric is directly related to the necessary disk size in case the node was a full
node of the blockchain

• Network_InboundTraffic indicates the inbound traffic in the p2p network in bytes.
• Network_OutboundTraffic indicates the outbound traffic in the p2p network in bytes.

These two metrics are relevant in the case of a network failure. The more traffic inside
or outside the node, the more synchronization problems that would exist. It also refers
to the network speed needed to run the blockchain successfully.

• Memory_Allocated refers to the amount of memory assigned to the blockchain in
bytes.

• Memory_AllocatedTotal indicates the Memory_Allocated metric related to the total
RAM each device has.

• CPU_ProcessesTime describes the total time the CPU has taken during the blockchain
processes.
Finally, these two metrics are crucial to evaluate whether the node could be used for
other tasks at the same time as running the blockchain network.

The results of these metrics obtained at all three nodes are shown in Table 2.

Table 2. Metrics of the implemented blockchain by node.

Metric RPi4 RPi3 JNano Units

Disk_ReadData 9745.44 1604.88 2058.76 bytes per hour
Disk_WriteData 11,495.96 2534.52 353.64 bytes per hour

Network_InboundTraffic 1573.60 68.13 68.17 bytes per hour
Network_OutboundTraffic 2123.52 68.24 68.44 bytes per hour

Memory_Allocated 3290.40 316.84 241.67 bytes per hour
Memory_AllocatedTotal 4.11 × 10−5 3.17 × 10−5 6.04 × 10−6 %

CPU_ProcessesTime 1.55 3.58 2.03 %

It is possible to obtain some conclusions by referring to these data:

• The blockchain network is technically feasible. It has been deployed, started, and run
for hours without any error or strange behavior.

• Each device has different performance. In fact, the device with lower specifications in
terms of CPU speed and RAM generates modest metrics compared to other devices.
However, it is more than enough to run the proposed blockchain network.

• There is virtually no limit on disk usage. If we take the worst case, which is 11.5 KB
per hour for RPi4, it would take roughly 10 years to occupy 1 GB of disk space.

• The blockchain does not need much network speed. A simple General Packet Radio
Service (GPRS) connection has enough speed to obtain a successful connection between
nodes.

• Nodes may have enough features to run other tasks while the blockchain is running.
Over 90% of free CPU time in any node, and less than 1% of RAM allocated by the
blockchain, make these low-performance nodes suitable for executing some data
acquisition tasks. Thus, it is possible to obtain data and upload them to the blockchain
from the same device, without any other connection or device that could manipulate
the data quality.

To contrast the results given by the marketplace, it will be compared with a blockchain
with similar characteristics, deployed over a PC instead. The PC has an Intel Core i7-10510U
@1.80GHz CPU with a x86_64 architecture and 8 GB RAM, running Ubuntu Server OS.
Specifically, it was deployed on three Geth nodes with a Docker container each. It has
used the same genesis block and deployed the same SCs, and started and simulated the
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same transactions as the marketplace. The definition of the same genesis block implies
that it uses the same clique PoA-based consensus protocol. Finally, the metrics have been
obtained in the same way as the proposed marketplace.

The comparison has been made using the worst node for each case. Those are:

• The most data read and written in Figure 6 corresponds to RPi4.
• The most memory allocated refers to the total available in Figure 7 corresponds

to RPi3.
• The highest CPU percentage in Figure 8 corresponds to RPi3.

The proposed blockchain marketplace was labeled as Marketplace and the deployed
blockchain nodes over a PC as PC_blockchain.

From these results, it can be determined that powerful devices will perform better in
the proposed blockchain, as the three graphs show better results for the PC_blockchain
alternative. Despite this, the marketplace proposed in this paper has enough performance
to run the blockchain under sufficient conditions to work as IoT nodes at the same time.

Figure 6. Comparison of disk usage metric between the proposed marketplace and an analogue
blockchain over a PC.

Figure 7. Comparison of the memory allocation metric between the proposed marketplace and an
analogue blockchain over a PC.
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Figure 8. Comparison of CPU usage metric between the proposed marketplace and an analogue
blockchain over a PC.

To evaluate the scalability in the market, some benchmarks were performed on the
weaker performing device, i.e., the RPi3, using the open-source benchmarking tool Hyper-
ledger Caliper [60]. The following benchmarks were executed using the Operation SC:

• 1000 operations at 25 transactions per second (TPS).
• 1000 operations at 50 TPS.
• 1000 operations at 100 TPS.

We obtained the results shown in the next two tables with all transactions sent suc-
cessfully in each round of the benchmark. Table 3 shows the send rate and latency of the
transactions, while Table 4 focuses on the node throughput and the CPU in terms of average
(avg) and peak use.

Table 3. Benchmarks on RPi3: send rate and latencies in seconds (s).

Name Send Rate (TPS) Max Latency (s) Min Latency (s) Avg Latency (s)

25 TPS 25.0 7.43 2.09 4.72
50 TPS 50.1 7.71 2.15 4.90
100 TPS 99.0 9.44 2.71 6.50

Table 4. Benchmarks over RPi3: throughput, CPU usage peak, and CPU usage average.

Name Throughput (TPS) CPU% (Peak) CPU% (Avg)

25 TPS 21.8 29.33 21.03
50 TPS 41.1 50.33 23.84

100 TPS 73.3 100 42.6

To reach that number of nodes, the RPi3 could support sending transactions to the
blockchain, and the average CPU % used is inferred, as shown in Figure 9.
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Figure 9. Percentage of CPU used for RPi3 and number of transactions per second.

Thus, if each node in the blockchain marketplace sends only one transaction per
second, it is possible to reach over 128 TPS before the RPi3 reaches 100% of the CPU usage
time, which means it is possible to support 128 nodes in the blockchain. Moreover, the data
were registered every 15 min, so the number of real transactions was at least a third of the
number of calculated transactions, and some time was needed for processing. Therefore,
it is possible to say that the blockchain would support approximately 200 nodes without
blockchain congestion, using only a device with lower CPU performance. Moreover, if
a sidechain reaches its limit, a new sidechain can be added. This is why the proposed
architecture can be used with an arbitrary number of prosumers.

With respect to CPU usage in these compact devices, it is necessary to consider if the
device would suffer from high-temperature issues. These devices are known to work at
high temperatures, and high CPU usage would cause temporary or permanent undesirable
effects, such as throttling [61]. Due to that, CPU temperatures were monitored every half
second in order to control any possible risk if the device reaches high CPU temperature.
This temperature, as shown in Figure 10 has been measured in three different scenarios:
before running the marketplace or idle state, running the marketplace in a normal execution,
and executing the benchmarks mentioned above.

Figure 10. RPi3 CPU temperatures in different scenarios.

Finally, the power consumption of the RPi3 is measured in the same scenarios men-
tioned above, to visualize if the device reaches its peak consumption.

As shown in Figure 11, RPi3 power consumption is near the 5W peak consumption
when it is used to execute the benchmarks. However, it remains in a safe range of power
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consumption when running the marketplace, which has an impact on its durability and
reliability over time.

Figure 11. RPi3 power consumption in different scenarios.

8. Conclusions and Future Work

This paper has outlined a power marketplace, where blockchain and IoT are integrated
to take advantage of its features, registering power offers and power demands from any
actor in the system without third-party devices. Thus, this marketplace is suitable for the
power industry, where different actors are involved in the smart grid.

Integration of blockchain and IoT in the same device can be possible for many different
scenarios, one of which has been demonstrated in this paper. A marketplace to manage the
power surplus could have actors in the network that are suited for most of the advantages
that blockchain technology provides. Moreover, its implementation is made for low-
performance, general-purpose devices by adapting the blockchain to its specifications. We
have demonstrated that this can be achieved in a real network with a lightweight genesis
block and a PoA consensus protocol, while still having enough performance to deploy
some SCs in the network, at the same time as acting as an IoT node, with no performance
problems in the devices.

When evaluating some key metrics on the nodes, the proposed marketplace results are
light in terms of disk usage or CPU load. Therefore, it is a blockchain network that fulfills
the purpose for which it was designed. This corroborates that this paper shows a valid
integration of a blockchain in IoT devices, where the same device could have obtained data
from some sensors and, in a different time window, register it to a blockchain network.

The following research on this topic refers to the optimization of IoT and blockchain
integration. One of them is related to minimizing communications between nodes, as it
is known that the SCs are triggered at specific points in time, so it would be desirable to
send information between nodes only in case these data have been recorded in a block.
In the same line, optimizing the consensus protocol, by changing or forking it, would be
appropriate to reduce even more CPU load and RAM allocation.

This paper aims to be the start of a research line about optimizing IoT and blockchain
integration in the same devices using GPU. As Geth, by how it is programmed, only uses
the CPU for blockchain execution, the GPU is free for other purposes. Using both GPU
and CPU at the same time, it would be possible to execute IoT algorithms at the same
time. Furthermore, it would be possible to create a Geth fork that executes the blockchain
code, taking advantage of the GPU, which would allow us to use other kinds of consensus
algorithms in these devices. Other research lines would concern the specification of the
tokenization of the energy market, in case the marketplace was a connection with real
marketplaces, allowing trading among tokens.
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Abstract: In this paper, an intelligent data analysis method for modeling and optimizing energy
efficiency in smart buildings through Data Analytics (DA) is proposed. The objective of this proposal
is to provide a Decision Support System (DSS) able to support experts in quantifying and optimizing
energy efficiency in smart buildings, as well as reveal insights that support the detection of anomalous
behaviors in early stages. Firstly, historical data and Energy Efficiency Indicators (EEIs) of the building
are analyzed to extract the knowledge from behavioral patterns of historical data of the building.
Then, using this knowledge, a classification method to compare days with different features, seasons
and other characteristics is proposed. The resulting clusters are further analyzed, inferring key
features to predict and quantify energy efficiency on days with similar features but with potentially
different behaviors. Finally, the results reveal some insights able to highlight inefficiencies and
correlate anomalous behaviors with EE in the smart building. The approach proposed in this work
was tested on the BlueNet building and also integrated with Eugene, a commercial EE tool for
optimizing energy consumption in smart buildings.

Keywords: smart building; energy efficiency; data analytics; energy optimization; decision
support system

1. Introduction

The growth of energy consumption, energy resource exhaustion and significant en-
vironmental impacts [1,2] have raised concerns in most countries, which have entered
international agreements for the benefit of society, such as the Paris Agreement in 2015 [3].
With a total energy consumption of 41% [4,5] in residential, public service and commercial
sectors, which represents 24% of the world’s CO2 emissions [6], these sectors constitute one
of the key areas of interest to address, where most action plans are focused on improving
Energy Efficiency (EE) through the promotion of renewable energies and also evolving
systems to minimize energy consumption. Given this scenario, this work tackles the EE
challenge by proposing a new approach to support these initiatives through the optimiza-
tion of EE in smart buildings using data analytics techniques with the aim of reducing
energy consumption and, therefore, reducing CO2 emissions.

Because of the relevance of these initiatives for the future of society, many international
organizations are sponsoring these initiatives [7,8], such as the International Energy Agency
(IEA), the U.S. Department of Energy—Energy Information Administration (DOE/EIA),
the Energy European Commission (EEC) and the Organisation for Economic Co-operation
and Development (OECD), with directives such as Energy Efficiency Directive 2012/27/EU
(EU) or Executive Order (EO) 13514, Federal Leadership in Environmental, Energy, and
Economic Performance, October 2009 (DOE/EIA). Additionally, substantial opportunities
to improve energy efficiency have been expressed by the International Energy Agency
(IEA), as described in [9]. These international initiatives, along with new technologies and
their related research proposals, are actively contributing to tackling the above-mentioned
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challenges. Accordingly, with rising concerns about the exhaustion of energy resources
and significant environmental impacts around the world, EE consumption is a rapidly
increasing field.

From this perspective, in the last decade, huge efforts have been dedicated to the
development of smart cities [10–12] in an attempt to design more sustainable cities by
applying green energies and a high level of smart services [13–21] with the support of
new technologies such as IoT [22–26] and 5G [27,28] and the progress made in AI [29–37],
transport [38], etc. Within this context, efforts have been dedicated to increasing EE in
smart buildings with more intelligent behavior, a high level of comfort and environmentally
friendly operation [34,37,39–44].

There is considerable research focus on energy optimization in buildings. The increas-
ingly sophisticated Building Automation System (BAS) [45] has become the cornerstone of
intelligent modern buildings, integrating energy supply and demand factors, often known
as Demand-Side Management (DSM), as energy efficiency policies that predict demand, as
presented in [46]. Accordingly, most of the progress has been made in Energy Management
and Control Systems (EMCSs) [47], which can manage energy policies in real time with
the aim of maintaining a high level of comfort with minimum power consumption in
different operating conditions [18,48,49]. In EMCSs, one of the most complex problems
is optimization according to real-time environmental variables of the building. Current
research approaches try to solve this problem from different points of view and with diverse
techniques [50] and in different potential scenarios [51–53]. These approaches started with
basic actions to improve EE [51] until more sophisticated energy management models were
introduced, such as those based on a predictive controller in a Supervisory Control and
Data Acquisition (SCADA) system [54], multi-objective models through a multi-criteria
decision analysis [55–57], a more complex approach with Multi-Agent Systems (MAS) [58]
or MAS based on occupant behaviors [59], a model based on a Markov Decision Model
(MDM) [60] or a predictive control model combined with weather forecasting [61].

Within the above context, the current work is part of the KnoHolEM project, associated
with FP7 (FP7-285229 KnoHolEM). The main purposes of this project are mainly focused
on achieving the following seven objectives: (1) a functional energy-oriented building
model complemented by a corresponding generic building ontology, (2) a specific building
behavior model completed by a building-specific ontology, (3) data-mining procedures for
detailed real-time energy consumption analysis, (4) algorithms derived from the building-
specific ontology running in real time to acquire energy efficiency measures, (5) software
for the synthesis and validation of real-time control algorithms, (6) the definition and
engineering of hardware and firmware for real-time communication and optimization of
energy in buildings and (7) and an interactive virtual reality smart building simulator.

In this sense and following the third and fourth objectives of the KnoHolEM project,
the aim of the present paper is to optimize EE in smart buildings through a data analytics
approach based on applying Data-Mining (DM) techniques, reducing energy consumption,
maintaining a high degree of comfort and being environmentally friendly. Several research
efforts have been dedicated to studying energy optimization in buildings with different
techniques [62]. The efficiency of a building depends heavily on the way that it is used and
how it is managed. In [63], the authors provided an interesting analysis of energy-efficient
building design through DM techniques. In [64], the semantic modeling of building
systems to support advanced data analytics for EE improvements was described. The
authors of [65] presented an advanced DA framework for EE in buildings. However,
the analysis of energy consumption at the use stage is essential, and it is clear that the
construction characteristics of buildings strongly affect their energy consumption during
their life cycle. In [66], the authors presented a review of unsupervised analytics techniques
applied to EE enhancement. Finally, [67] proposed a classification approach of energy
consumption in buildings.

In this work, a system to classify and measure EE in a smart building is presented. This
system is implemented after an analytical process is performed to extract the knowledge
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hidden in historical building data. In addition, the systems are based on a set of models
and algorithms corroborated by EE experts and historical data. This knowledge is used to
classify each day analyzed based on its features to then predict the EE based on the insights
extracted from historical data and experts. The purpose of this study is the optimization
of EE based on measuring and predicting EE for each day from historical and real-time
data of the BlueNet building. Subsequently, from the results obtained, it is easy to detect
patterns that correlate days with poor EE with a high probability of anomalies. Finally,
thanks to the progress made in this field and the results obtained, the system is in the test
phase. A future goal is to integrate this framework with commercial EE software called
Eugene, owned by the company Isotrol (Seville, Spain).

The paper is organized as follows: In Section 2, the smart building description and
data sources of this work are presented. The description of data sources is divided into
four subsections: indoor sensors, outdoor sensors, energy analyzers and, finally, EEIs. In
Section 3, the proposed method, a data-mining-based DSS to measure and increase energy
efficiency in the building, is detailed. It is divided into three subsections: data preprocessing
(cleaning, integration, reduction and selection, and transformation), description of the
classification module and, finally, the energy efficiency prediction module. In Section 4, the
results of the work are presented.

2. Case Study: BlueNet Smart Building

Usually, smart buildings are made up of several data-metering units that are managed
by an EMCS. This EMCS is able to act as a powerful tool for increasing EE in the building.
For EE optimization, it is necessary to know how patterns of energy consumption in
the building have been behaving. This knowledge is essential for understanding the
consumption patterns of the BlueNet building and, therefore, for optimizing the energy
efficiency of the consumption process. Thus, in this section, the BlueNet building and
the technology employed in the smart building are described in detail. In addition, a
description of data sources used for the classification and prediction of EE in the building
is presented.

The BlueNet building is situated in the south of Spain (Seville, 37◦24′29.97′′ N,
6◦00′18.63′′ W). This building is used as an office building, and its main activity occurs from
8:00 to 17:30, although there is some variability in the schedule. The data obtained from the
BlueNet building are from several data sources, such as indoor sensors, outdoor sensors,
energy analyzers and EEIs, covering the main four areas of the building. The indoor sensors
are made up of 16 ZigBee sensors per floor that collect indoor variables; ZigBee motes are
centralized by a master ZigBee mote used as a gateway that gathers all measurements and
sends them to a centralized server. Occupancy data can be obtained by many approaches,
such as Passive Infrared (PIR) sensors, ultrasonic systems, camera-based systems, radar
systems, CO2 sensing, Electromagnetic (EM) signal detection systems, energy measurement
devices, computer activity or sensor fusion, chair sensors or the use of multiple technologies
to enhance the results [68,69]. In our case, the measurements were obtained through a com-
bination between Radio Frequency Identity (RFID) technology, which is used by proximity
cards at the entrance and exit of each room for exhaustive control for staff identity purposes,
and Passive Infrared (PIR) sensors incorporated in Zigbee motes positioned strategically
throughout the building space. Outdoor sensors comprise a set of sensors placed on the
BlueNet building to extract environmental variables and send all of their measurements to
a centralized server. Finally, the energy analyzers measure all power consumption variables
of the building (HVAC, air mixers, splits, lighting, power plugs and other consumptions).
These analyzers are centralized through a master Modbus device. The master Modbus
device collects and transmits all consumption measurements to a centralized server that
collects all of the BlueNet building information. Besides the information on these areas, a
set of useful EEIs and information concerning the schedule of working and non-working
days are shared, as this is quite valuable information to understand building consumption
patterns and apply the knowledge extracted in this work.
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2.1. Indoor Sensors

These sets of ZigBee sensors are placed in strategic locations in the BlueNet building
and coordinated by a master sensor. The master sensor collects the measurements of the
other sensors and sends the data to a master device that acts as a gateway. The purpose of
this gateway is to collect sensor information and send it to the BlueNet centralized server.
Indoor sensors are programmed to send meter readings every 30 s. These sensors collect
the following measurements:

• Temperature: ZigBee sensors read the temperature in every room of the building.
Generally, at least 2 or 3 sensors are used in every room to apply rules that ensure that
the correct temperature is obtained.

• Humidity: ZigBee sensors read the relative humidity in every room of the BlueNet
building. It is important to calculate the real feeling of the temperature in each zone.

• Lux: ZigBee sensors check the real effect of the lighting system by measuring the lux
values in every room of the building.

• Presence: These sensors obtain data that indicate the presence of all occupants in
the BlueNet building by identifying every person with a unique id and obtaining
information about the time that every person is in BlueNet building rooms.

2.2. Outdoor Sensors

In addition, there is a set of sensors that collect metering data of the BlueNet environ-
ment. These sensors are responsible for collecting environmental data. Outdoor sensors are
programmed to measure metering data every 10 min. The main measurements are:

• Temperature: These sensors take the environmental temperature every 10 min and are
also able to provide the maximum, minimum and mean temperature of each day.

• Humidity: The outdoor sensors measure the environmental humidity and the amount
of rain fallen to calculate the feeling of environmental temperature.

• Sunshine: These sensors obtain the amount of sunshine that irradiates onto the build-
ing every day.

• Wind: The outdoor sensors also obtain the amount and direction of the wind in the
building environment.

2.3. Energy Analyzers

Energy analyzers are placed in an energy distribution panel inside of the BlueNet
building. They are connected to a Programmable Logic Controller (PLC), which acts as a
master Modbus device of the energy analyzers. These analyzers meter the four typologies of
energy consumption in the building (HVAC, lights, power plugs and other consumptions).
These analyzers are programmed to send measurements every 5 min to the master Modbus
device. The principal features of every typology of consumption are described below.

2.3.1. HVAC

In the BlueNet building, HVAC is based on a VRV system. This system is made up of
a set of indoor units (Daikin FXSQ-M7V1B, Daikin AC Spain S.A, Madrid, Spain) and a
set of outdoor units (Daikin RXYQ-MY1B VRV II inverter—Daikin AC Spain S.A, Madrid,
Spain—with heat pump). All units are connected by a DIII-Net. These connections are
centralized in a DMS504B51 Daikin Lonworks Interface, which is in turn connected to a
centralized server through a Lonworks/Modbus gateway (IntesisBox—HMS Industrial
Networks AB S.L.U., Barcelona, Spain) using the communication protocol I3E.

HVAC was the primary area of consumption in this study due to its strong influence
on EE [50–52]. Specifically, HVAC systems are appliances with the largest consumption in
the building and are also the most controllable. HVAC management has the largest margin
for EE improvement, consuming 143,876.7 MWh in 509 days, which represents 40.11% of
the total energy consumption in the building.
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2.3.2. Lights

The BlueNet building is made up of a luminary system, Philips Light Master (Lumi-
nary with ballast HF-R TD 318), connected through a DALI bus. This bus is centralized and
managed by an LRC5141 controller, and it is connected to a centralized server through a
Lonworks/Modbus gateway (IntesisBox—HMS Industrial Networks AB S.L.U., Barcelona,
Spain). This server is responsible for sharing the data and applying certain energy manage-
ment policies.

The lighting only accounted for 19.03% of total energy consumption in the BlueNet
building, consuming 68,281.7 MWh throughout the 509 studied days. Thus, it is difficult to
reduce this consumption (lighting is a necessary building function, and it is associated with
occupancy in rooms). Nonetheless, the study of this field provides interesting information
on EE, such as occupation patterns, anomalous consumptions or group behaviors.

2.3.3. Power

The consumption at power points in the BlueNet building is mainly the result of ICT
equipment (PCs, servers, media, etc.). The majority of power consumption usually occurs
during working hours, with the exception of some services that provide support 24 h a day.

This area is the second most relevant for this study, accounting for 120,368.7 MWh
of the total consumption in the study period. Although it constitutes the second largest
consumption in the building, accounting for 33.56% of the total, this energy consumption is
hard to improve from the EE point of view because computers perform scheduled tasks
outside of working hours, making it difficult to reduce this type of energy consumption.

2.3.4. Others

This area accounts for the minority of energy consumption, with only 26,170 MWh of
total consumption. In addition, it has a strongly fixed consumption that is difficult to manage.
Thus, with only 7.3% of total energy consumption, it is the least relevant field in EE.

2.4. Energy Efficiency Indicators (EEIs)

A set of EEIs of the BlueNet building were analyzed. These EEIs are based on experts’
knowledge and historical data behavior of each relevant area in the BlueNet building, as
described in [21]. The EE behavior in the BlueNet building is evaluated on the basis of
these EEIs. In addition, each EEI provides the knowledge required to detect EE behaviors
and anomalies. The EEIs are described further below.

2.4.1. Operational Changes in HVAC Compressor (OCC) Indicator

This EEI counts the number of daily on–off operations in the compressor. A large
number of daily on–off operations are considered anomalous or inefficient, and it can cause
one of the largest energy leaks and high inefficiency, greatly increasing energy consumption.
A high on–off operation variance could indicate a possible anomaly in HVAC management
(the HVAC is poorly dimensioned for this room, the HVAC is too powerful for this room,
or there is a possible malfunction in the temperature sensor). Moreover, a compressor with
a high OCC is prone to break down and have a shorter lifetime.

2.4.2. Number of Operational Regime Changes in the HVAC Compressor (ORCC) Indicator

This EEI counts the number of daily ORCC periods and the number of minutes in
which the daily ORCC periods occurred. An ORCC is defined as a change in the compressor
power consumption greater than 0.5 kW with respect to the previous measurement (10 min).
These parameters were specified based on the results of DM techniques under the consensus
of Isotrol HVAC experts. Thus, a large number of operational regime changes in the HVAC
compressor (ORCC) is considered abnormal or inefficient.

This EEI can indicate that the HVAC system is not properly calibrated (HVAC is too
powerful for this requirement) or that the temperature in the room is forcing the HVAC
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compressor to constantly change its operating mode. Furthermore, this EEI can denote a
possible improvement in HVAC management, softening the HVAC consumption curve.

2.4.3. Switch on HVAC Compressor and Abnormal Changes in Indoor Temperature
(SONCCIT) Indicator

This EEI counts the number of total minutes per day with a SONCCIT anomaly. In
addition, this EEI averages the daily active power in the HVAC compressor during the
compressor anomaly and the number of periods per day in which a switched-on compressor
anomaly is observed (an anomalous period is specified as the aggregation of consecutive
anomalous data points). A SONCCIT anomaly is defined when the HVAC system is turned
on (the HVAC compressor consumption is higher than 1.7 kWh) and produces a change in
indoor temperature greater than or equal to 1 ◦C between samples (10 min).

It is considered abnormal or inefficient when the room temperature decreases sharply
(winter) or increases sharply (summer) while the compressor is running. This could be
due to a sudden leakage of heat (winter) or a sudden influx of heat (summer) in the room,
which counteracts the effect of the HVAC system (i.e., opened windows or doors).

2.4.4. Switch off HVAC Compressor and Abnormal Changes in Indoor Temperature
(SOFFCCIT) Indicator

This EEI counts the total minutes per day with a SOFFCCIT anomaly. In addition, this
EEI averages the daily active power in the HVAC compressor and the number of periods
per day in which a switched-off compressor anomaly is observed (as in SONCCIT, an
anomalous period is defined as the aggregation of consecutive anomalous data points).

It is considered abnormal or inefficient when the room temperature rises sharply
(winter) while the compressor is not running. This could be due to a heat source (electric
heater) replacing the HVAC system and can indicate the inefficient use of power energy.
From historical data, a 1 ◦C increase between samples (10 min) during the winter period or
a 1 ◦C decrease during the summer months is considered anomalous.

2.4.5. No Persons in BlueNet Building and Switch on HVAC Compressors (NPSONC) Indicator

This EEI counts the total daily minutes in which an NPSONC anomaly is detected, the
number of periods per day with an NPSONC anomaly (an anomalous period is defined
as the aggregation of consecutive anomalous data points) and the average active power
consumption per day by the HVAC compressor during the anomaly. An anomalous
function of the compressor is identified when there is an absence of occupants or the lights
are switched off and the compressor is switched on (NPSONC). This could indicate that the
air conditioner is switched on accidentally, considering that there are no building occupants
if the lights are not switched on.

In this study, five data sources were analyzed: indoor sensors, outdoor sensors,
schedule of working days, energy analyzers and EEIs. These data sources were employed
during this work, in which every area was exhaustively and carefully examined to detect
any possible improvement in energy management.

Some important information for this first analysis of historical data behaviors yielded
the following results: 40.11% of building consumption was attributable to HVAC, 33.56%
of energy consumption was due to power, 19.03% was spent on lighting, and another 7.3%
was due to other activities, with an accumulated energy consumption of 358,697.1 MWh in
the BlueNet building during the analyzed period. The most relevant consumption of the
BlueNet building was due to HVAC operation with 143,876.7 MWh, and specifically, the
major HVAC consumption was attributable to the compressor motor engine consumption,
accounting for 46.38% of the total HVAC consumption.

Thus, a system to measure and optimize EE in the BlueNet building through DA
techniques was developed. The objectives of this system were to: extract the knowledge
hidden in BlueNet building data, develop a classification module and build an EE prediction
module that helps to predict EE for each day. This EE classification is able to compare
EE on days with similar characteristics, regardless of the season and other factors, which
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would be difficult to compare without this information, and also allows the presence of
anomalous energy consumptions and other possible problems to be identified. The EE
prediction module is able to quantify the energy efficiency every day, comparing days with
similar energy efficiency conditions based on clusters.

The architecture of the EE optimization system is depicted in Figure 1.

Figure 1. Prototype architecture.

3. The Data-Mining-Based Decision Support System to Optimize EE in the Smart Building

This section describes the approach selected to optimize the EE in the BlueNet building.
This approach is based on a hybrid decision support system that combines a search based
on the historical data to classify the energy consumption on days with similar features
and a prediction module for additional EE interpolations. This approach takes advantage
of the knowledge extracted from the historical data of the building, making it possible to
reveal information about behavioral patterns in energy management, as well as knowledge
provided by HVAC experts to optimize EE. Therefore, this approach comprises a module
for the classification of energy consumption, which is based on CR&T decision tree [70]
and cluster classification, and a module for EE prediction, which is based on metrics. With
both modules, the days are analyzed with the EEI results to discover patterns and detect
anomalies or other possible problems.

Data can provide some insights hidden in the behavior of historical data. Normally, the
expert’s knowledge is hidden in the collected dataset. Knowledge Discovery in Databases
(KDD) refers to the overall data-mining process of discovering useful knowledge from large
amounts of data. The DM process consisted of 6 essential phases: understanding the busi-
ness, understanding the data, data preprocessing, modeling, evaluation and deployment.
Once the phases of understanding the business and data were carried out, the next phase
was the preprocessing of data. In this phase, the data were cleaned, and the different data
sources were integrated, reduced and selected, and finally, transformed [71,72] (described
in Section 3.1). After these phases, data were prepared for the modeling phase, which is
explained in Sections 3.2 and 3.3 and evaluated in Section 4.

On the one hand, the first study aimed to extract the knowledge of energy consumption
behaviors of the BlueNet building and determine how the energy has been consumed (e.g.,
regime changes in the compressor, operational changes in the compressor, lighting patterns
and others). Secondly, the influence of each BlueNet building variable in every area (indoor
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sensors, outdoor sensors, HVAC, lighting, power and other consumption measurements,
and EEIs) was quantified.

On the other hand, after extracting the knowledge hidden in BlueNet building data,
an EE classification of the historical data was carried out through a hybrid system of
classification. This EE classification allows the establishment of a relationship between days
with similar features and also enables experts to compare the behavior on these days in
EE terms. The classification module is based on a decision tree, the clustering of historical
building data and the use of a set of energy efficiency indicators (Section 3.2). As a result,
this classification identifies the presence of anomalous energy consumptions and other
possible problems. In addition, a prediction system to quantify EE every day was developed
(Section 3.3). This prediction is based on the features of each cluster classification, with the
aim of assisting in the quantification of energy efficiency every day.

In order to carry out this work, a powerful and extended tool in the analytics area was
used, namely, the SPSS Modeler tool (originally Statistical Package for Social Sciences Inc.,
an IBM company). This tool was used to perform the preprocessing and modeling tasks, as
well as to evaluate the models. In addition, SPSS Modeler includes IA libraries used by the
classification and prediction systems through DM techniques.

Currently, the decision support system to optimize EE in the BlueNet building is in
the testing phase, and it will be connected to Eugene, an EE tool owned by Isotrol. These
modules provided all of the knowledge extracted from the large amount of data provided
by the BlueNet building with the aim of improving the results of the EE tool.

3.1. Data Preprocessing

The DM process requires an initial phase of data preprocessing, in which the data are
analyzed, filtered and formatted [71]. BlueNet data comprise different data sources: energy
consumption, environmental sensors inside of the building, external climate sensors, EEIs
and other sources of data, all of which have their own temporal frequency. Thus, to manage
different timestamps among the recorded data, the frequency was synchronized with a
period of 10 min. The time interval for these data sources is between January 2011 and
March 2013 (509 days).

The type of data strongly depends on the source of the data. The types of data and
their time bases are as follows:

- Indoor sensors (30 s basis): mote_id, timestamp (YYYY/MM/DD hh:dd:ss), tempera-
ture (Celsius degrees), percentage_humidity, CO2 and lux (lumens).

- Indoor sensors (30 s basis): mote_id, timestamp (YYYY/MM/DD hh:dd:ss) and
employee_id (presence).

- Outdoor sensors (10 min basis): sensor_id, latitude, longitude, timestamp (yyyy/mm/dd
hh:dd:ss), wind_direction (degrees), max_wind_speed (m/s), min_wind_speed (m/s),
ave_wind_speed (m/s), UV_index, max_humidity, min_humidity, ave_humidity,
precipitation (l/m2) and sunshine_radiation (W/m2).

- Energy Analyzers—HVAC (5 min basis): timestamp (YYYY/MM/DD hh:mm:ss),
AP_CLI_FASE1 (kW), AP_CLI_FASE2 (kW) and AP_CLI_FASE3 (kW).

- Energy Analyzers—Lights (5 min basis): timestamp (YYYY/MM/DD hh:mm:ss),
AP_LIG_FASE1 (kW), AP_LIG_FASE2 (kW) and AP_LIG_FASE3 (kW).

- Energy Analyzers—Power (5 min basis): timestamp (YYYY/MM/DD hh:mm:ss),
AP_POW_FASE1 (kW), AP_POW_FASE2 (kW) and AP_POW_FASE3 (kW).

- Energy Efficiency Indicators—OCC, ORCC, SONCCIT, SOFFCCIT and NPSONC
(10 min basis): timestamp (YYYY/MM/DD hh:mm:ss) and anomaly (true/false).

- Energy Efficiency Indicators—OCC (10 min basis): timestamp (YYYY/MM/DD
hh:mm:ss) and anomaly (true/false).

- Energy Efficiency Indicators—ORCC (10 min basis): timestamp (YYYY/MM/DD
hh:mm:ss) and anomaly (true/false).

- Energy Efficiency Indicators—SONCCIT (10 min basis): timestamp (YYYY/MM/DD
hh:mm:ss) and anomaly (true/false).
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- Energy Efficiency Indicators—SOFFCCIT (10 min basis): timestamp (YYYY/MM/DD
hh:mm:ss) and anomaly (true/false).

- Energy Efficiency Indicators—NPSONC (10 min basis): timestamp (YYYY/MM/DD
hh:mm:ss) and anomaly (true/false).

In this regard, the techniques used during the entire preprocessing stage were
the following:

- Data cleaning: removing all missing and null values, as well as inconsistencies found
in each data source;

- Data transformation: normalizing all data to the same period (10 min) to facilitate the
aggregation of data and their analysis;

- Data reduction: simplifying the data with the aim of providing meaningful data.

Once the data were normalized and standardized, the data sample consisted of
5,088,765 records corresponding to EEI data and the set of variables of the BlueNet building.
From all of these variables, only the most relevant ones were selected for use in the study.
A list of these variables is summarized in Appendix A.

Initially, the 5,088,765 records of the dataset were analyzed. From these records, 636,848
missing data records were found, corresponding to null values. These records were filtered
and removed from the data sample. After the exclusion of outliers, the next requirement was
ensuring the data quality. Thus, a set of rules were established to guarantee the data quality:

• Detect every outlier in the data sample and fix it with the average value of data
dispersion through DM techniques.

• Data consistency validation: every sample of data requires at least one value for each
30 min period.

As a consequence of this first phase of data quality control, 636,848 records were
filtered in the preprocessing task, corresponding to null values. After applying basic rules
to ensure data consistency, 34 records were filtered. Finally, the data sample was reduced
from 5,088,765 records to 4,451,883 records.

Once the preprocessing phase was carried out, a set of 25 relevant variables was
selected from the total of variables measured in the BlueNet building for the tasks of
data classification and data prediction (described in Appendix A). This selection was
carefully analyzed by studying the degree of the influence of each selected variable through
Principal Component Analysis (PCA) techniques [73]. At first, the standardization of
continuous variables was carried out, so each one contributed equally to the analysis.
Second, a covariance matrix was established to identify correlations between the selected
variables; pairs that had a positive score were correlated, and pairs that had a negative
score were inversely correlated. Third, the eigenvectors and eigenvalues of the covariance
matrix were computed to identify the principal components. These principal components
are new variables constructed as linear combinations or mixtures of the initial variables;
principal components are uncorrelated and provide the maximum information based on
their variance. On the basis of the results, the most meaningful variables were selected,
providing 25 relevant variables. Most of the variables analyzed were used in other similar
research studies [74,75].

3.2. Classification Module

The classification module was developed through DM techniques with the aim of
classifying days with similar features and comparing these days to quantify the EE. These
clusters were developed with the aim of extracting insights about how different features
affected days in EE terms. The second aim of these comparisons is to determine the clusters
in which the detected anomalies are concentrated and infer key features that can provide
some insights to reveal anomalies. Once the classification and detection are carried out,
the main objective is to predict days with anomalies and then apply policies to improve
the EE. This classification module uses the most influential information supplied by EEIs;
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HVAC, lighting, indoor and outdoor environmental information; BlueNet occupation; and
holiday/work schedule.

In the first instance, data for the classification module were analyzed through Gen-
eralized Rule Induction (GRI) [76] and the Apriori algorithm [77] to study the correlation
between the selected variables and consumption. GRI begins with the original set S as a
root node. It iterates through every unused attribute of the set S and calculates the entropy
H(S) or the information gain IG(S) of that attribute. It selects the attribute with the smallest
entropy (or largest IG), and the set S is partitioned by the selected attribute. Finally, the
algorithm continues recursion on each subset.

Entropy H(S) is a measure of the amount of uncertainty in the dataset S:

H(S) = ∑x∈X p(x)log2 p(X)

where S is the current dataset for which entropy is being calculated, X is the set of classes in
S, and p(x) is the proportion of the number of elements in class x to the number of elements
in set S.

Information Gain IG(A) is the measure of the difference in entropy from before to
after the set S is split on the basis of an attribute A. In other words, it measures how much
uncertainty in S was reduced after splitting set S on the basis of attribute A:

IG(S, A) = H(S)− ∑t∈T p(t)H(t) = H(S)− H(S|A)

where H(S) is the entropy of set S; T is the subsets created by splitting the set S by attribute
A, such as S =

⋃
t∈T t; p(t) is the proportion of the number of elements in t to the number of

elements in set S; and H(t) is the entropy of subset t.
Additionally, the Apriori algorithm is used for frequent item set mining and association

rule learning, and it uses breadth-first search and a hash tree structure (Algorithm 1).

Algorithm 1. A Priori with breadth-first search.

Apriori(T,ε)
L1 ←− {large 1 − itemsets}
k ←− 2
while Lk−1 = ∅

Ck ←− {a ∪ {b} | a ∈ Lk−1 ∧ b /∈ a} − {c|{s|s ⊆ c ∧ |s| = k − 1}� Lk−1}
for transformations t ∈ T

Ct ←−{c|c ∈ Ck ∧ c ⊆ t}
for candidates c ∈ Ct

count[c] ←−count[c + 1]
Lk ←−{c|c ∈ Ck ∧ count[c] ≥ ε}
k ←−k + 1

return
⋃

k Lk
where
T—The set of data;
ε—Confidence threshold;
k—Size of the set of candidate items;
Ck—Candidate set at level k;
c—Candidate c;
count[c]—Pointer to the candidate set c.

As a result, 24 features were selected from the initial set of 25 variables that were
previously filtered. These features provided more detailed and useful information to
develop the classification module through DM techniques with the aim of supplying the
most accurate results possible. The features selected for the classification module are shown
in Table 1.
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Table 1. Selected features.

Feature Unit

AEMET_AT ◦C
AP_COMPRESSOR kW

AP_COMPRESSOR_MINUTES minutes
AP_COMPRESSORS_MEAN kW

AP_LIGTH kW
DATE DD/MM/YY hh:min:ss

HOLIDAY DD/MM/YY
LIG_MINUTES minutes

NPSONC_MINUTES minutes
NPSONC_PERIODNUMBER integer

NPSONC_TIMES integer
OCC_STOPPOINTS integer

ORCC_PERIODNUMBER integer
ORCC_MINUTES minutes

ORCC_TIMES integer
PRESENCE_ID_ENT DD/MM/YY hh:min:ss
PRESENCE_ID_EXI DD/MM/YY hh:min:ss

SOFFCCIT_MINUTES minutes
SOFFCCIT_PERIODNUMBER integer

SOFFCCIT_TIMES integer
SONCCIT_AP kW

SONCCIT_MINUTES minutes
SONCCIT_PERIODNUMBER integer

SONCCIT_TIMES integer

Subsequently, the resultant variables, also called features, were analyzed and classified
according to outdoor temperature (AEMET_AT), occupant presence (PRESENCE_ID_ENT and
PRESENCE_ID_EXI) and HVAC compressor consumption (AP_COMPRESSORS_MEAN).

Firstly, a filter was applied to exclude all data without compressor measurements.
On the one hand, after obtaining the sample without null compressor function values, an
analysis of this sample was carried out to realize the segmentation of the data according to
outdoor temperature (AEMET_AT). As a result of applying a binning algorithm, 8 groups of
outdoor temperature (TE_Mean_BIN) were defined with a range from 3.56 ◦C to 39.52 ◦C in
5 ◦C intervals, as is shown in Table 2. The binning algorithm is used to reduce the effects of
minor observation errors, and it carried out bucketing, where bins have an equal frequency
of 5 degrees Celsius following the formula:

L =
max(x)− min(x)

n
(1)

where L is the length of the bucket, and n is the number of buckets.

Table 2. External temperature binning.

Bin Lower Upper

1 ≥3,562,762 <8,562,762
2 ≥8,562,762 <13,562,762
3 ≥13,562,762 <18,562,762
4 ≥18,562,762 <23,562,762
5 ≥23,562,762 <28,562,762
6 ≥28,562,762 <33,562,762
7 ≥33,562,762 <38,562,762
8 ≥38,562,762 <39,529,412

On the other hand, the distribution of the building occupancy was analyzed by
applying statistical methods and defining 3 clear groups: a group with fewer than 50
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persons, which mainly represents holidays; a group with between 50 and 110 persons,
which indicates days with medium occupancy; and finally, a group with a range between
110 and 160 persons corresponding to working days with high occupancy, which contains
the majority of the sample, as is shown in Figure 2.

Figure 2. Occupancy distribution.

Finally, the data were represented in terms of compressor consumption (AP_COMPRESS
ORS_MEAN), external temperature (AEMET_AT) and occupancy (PRESENCE_ID_ENT
and PRESENCE_ID_EXI) to be further analyzed. Furthermore, a discriminant analysis
between workdays and non-workdays was performed to provide more depth to our model.
The sample distribution is illustrated in Figure 3.

Figure 3. Sample compressor consumption distribution.

After representing and studying the data distribution through the different features,
a classification model based on a C&RT decision tree using Gini impurity measures was
carried out, with the aim of modeling the sample based on the mean daily active power of
the compressors (AP_COMPRESSORS_MEAN). As a result, a set of rules were obtained.
C&RT is used for both classification and regression, and it uses the Gini Index (GI) criterion
to split a node into subnodes. It starts with the training set as a root node, and after splitting
the root node in two, it splits the subsets using the same logic recursively until it finds
that further splits will not result in any pure subnodes or reaches the maximum number of
leaves in a growing tree. The Gini Index is expressed as follows:

GI =
c

∑
i=0

Pi(1 − Pi)
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where c is total classes, and Pi is the probability of class i.
This set of rules was the basis for substantiating our clustering model. The scheme of

this classification algorithm is shown in Figure 4.

Figure 4. Set of rules for the clustering of the sample with the objective of average active power
compressor versus temperature and work or non-workdays.

As can be seen at the first level of the decision tree, the sample was classified into 2
groups distinguished by external temperature (AEMET_AT). On the one hand, groups with
lower external temperature ranging from 3.5 ◦C to 23.5 ◦C correspond to groups 1, 2, 3 and
4. On the other hand, groups with higher external temperature ranging from 23.5 ◦C to
39.5 ◦C correspond to groups 5, 6 and 7. Once this first classification was carried out, it
was possible to observe a division between days with lower temperature: one group has
external temperature ranges from 3.5 ◦C to 18.5 ◦C (1, 2 and 3) with very little compressor
use, and another group has a comfortable temperature range ranging from 18.5 ◦C to
23.5 ◦C (4) with slight compressor use.

These 3 groups were derived from the following clusters analyzed to study EE in the
BlueNet building.

3.2.1. Cluster 1

In cluster 1 (Figure 5), it was possible to observe a classification of days with lower
external temperature ranging from 3.5 ◦C to 18.5 ◦C. This group (158 days) had an average
compressor consumption ranging from 2.566 kW/h to 2.583 kW/h on working days with
an effect of −0.006 and 0.011, respectively. On non-working days (LaborFestive equals 1), the
average consumption of the compressor ranged from 2.067 kW/h to 2.409 kW/h with an
effect of −0.18 and 0.114, respectively, which indicates the effect on the entropy—average—
when removing a value from the cluster. Furthermore, it should be noted that most of the
days followed this distribution, while scattered days usually coincided with individual
cases of high consumption over a short period of time. In addition, non-working days
had a homogeneous distribution with compressors having quite low average active power
consumption, very close to 2 kW/h.
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Figure 5. Graphical representation of distribution of cluster 1.

3.2.2. Cluster 2

In cluster 2 (Figure 6), it was possible to observe a classification of days with a com-
fortable external temperature that ranged between 18.5 ◦C and 23.5 ◦C. This group (38
days) had an average compressor consumption of 3.086 kW/h on workdays with an ef-
fect of −0.016. On non-working days, the compressor average was 2.934 kW/h with
an effect of −0.136. In addition, it was possible to observe a wider dispersion and high
similarity between workdays and non-workday cases. This is caused by a comfortable
external temperature ranging between 18.5 ◦C and 23.5 ◦C. In addition, in Figure 6, it is
possible to observe the number of minutes in which the HVAC system was switched on
(C_FunctionMins).

Figure 6. Graphical representation of distribution of cluster 2.

3.2.3. Cluster 3

After analyzing cluster 1 and cluster 2, cluster 3 was the most relevant and interesting,
and it covered the majority of cases with high external temperature. This cluster, with 116
days, has a somewhat complex distribution because it was analyzed carefully and split into
3 well-defined groups, as is shown in Figure 7.
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Figure 7. Graphical representation of distribution of cluster 3.

Cluster 3.1

Cluster 3.1 contains the majority of non-working days, in which the compressor had a
low range of average energy consumption, with values between 1.7 kW/h and 3 kW/h for
the entire period covered in the data sample (26 days) (Figure 8).

Figure 8. Graphical representation of distribution of cluster 3.1.

Cluster 3.2

Cluster 3.2 includes the majority of working days during the year 2011 until the
months of July–August (22 days), during which consumption was higher, with values of
3 kW/h and 5 kW/h, except for a day on which data were dispersed to almost 8 kW/h.
As it is possible to observe, this cluster corresponds to a season with more moderate
temperatures, as is illustrated in Figure 9. Furthermore, in the illustration in Figure 9, it is
possible to observe the number of minutes in which the HVAC system was switched on
(C_FunctionMins), providing further detail.
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Figure 9. Graphical representation of distribution of cluster 3.2.

Cluster 3.3

Finally, cluster 3.3 corresponds to most of the working days during 2012 from April to
October. This cluster (68 days) is characterized by days with a large dispersion, caused by a
hotter season with higher temperatures, and an average compressor consumption ranging
between 3 kW/h and 7 kW/h in a regular manner, as is illustrated in Figure 10.

Figure 10. Graphical representation of distribution of cluster 3.3.

In this case, the behavior of all days is characterized by a high compressor consumption
and a high number of changes in compressor consumption. Thus, on days with similar
environmental characteristics, the features that indicate the grades of efficiency comprise
lower compressor consumption, uniform compressor consumption and a small number of
slight changes in compressor consumption.

3.3. Energy Efficiency Prediction Module

Once the developed classification module was implemented, the results of this module
were carefully studied. As a result of the study, an energy efficiency prediction module
was developed. The purpose of this module was mainly to obtain a metric of EE for this
study. Therefore, clusters were studied independently, and the EE estimation was based on
historical behavior inferred through statistical methods.

First, every cluster was selected, and a distribution analysis for each sample was
carried out. The distribution analysis was based on an energy consumption histogram.
This distribution curve follows a distribution that is similar to a Gaussian distribution; thus,
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the EE categories were fitted with a function of the sample distribution, as is shown in
Figure 11.

Figure 11. Gaussian distribution of energy consumption in cluster 3.3.

Thus, the days were categorized into 5 EE categories based on cluster dispersion. These
categories were established on the basis of the normal distribution, which approximates
a Gaussian distribution. The limits for each category comprise the following segments:
μ− 3/2 σ, μ− 1/2 σ, μ+ 1/2 σ and μ+ 3/2 σ, where μ is the mean, and σ is covariance.
As a result, the consumption on each day was categorized according to every cluster
characteristic following the classification based on the data distribution shown in Figure 12.

Figure 12. EE category prediction for cluster 3.3 and energy consumption behaviors.

Besides EE categories for each cluster, this module is able to provide some insights
that can help to reveal and detect the patterns and anomalies observed on inefficient days.
For example, the consumption behaviors on 4 October 2012 (cat. 1) and 20 September 2012
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(cat. 5) had the same features (cluster 3.3), which comprise the same range of outdoor
temperatures, number of persons and other environmental conditions, but the energy
consumption behavior was very different, as it was highlighted through the EE category
carried out by the EE prediction module. Figure 12 shows a wide range of consumption
(0–6 kWh vs. 0–12 kWh), a greater number of stop points (5 OCC vs. 3 OCC) and regime
changes (43 ORCC with 293 min of anomalous function vs. 77 ORCC with 532 min of
anomalous function), a less softened energy consumption curve with a larger variation
in energy consumption changes at the same time, etc. All of these results can indicate
an anomaly, such as HVAC breakdown, poorly dimensioned HVAC, a possible isolation
problem in the room and other issues.

In summary, the EE prediction module indicates the EE category for every day as a
function of the historical behavior for the cluster sample. In addition, the EE prediction
module, together with the classification module, can indicate possible anomalous consump-
tion patterns that occur in the building and other possible anomalies. These cases were
studied, and the results show a tight correlation between the detected OCC and ORCC
anomalies and the index of EE, as shown in Tables 3–7. At the same time, it is observed
that SOFFCCIT, SONCCIT and NPSONC anomalies are not correlated with inefficient
consumption behavior.

Table 3. Cluster 1 anomaly distribution. Each EE Category is associated with a color as depicted in
Figure 12.

Cluster 1 Days OCC ORCC SOFFCCIT SONCCIT NPSONC TOTAL

EE Categ. 1 0 - - - - - 0
EE Categ. 2 9 0 1 1 1 9 12
EE Categ. 3 8 0 5 9 6 8 28
EE Categ. 4 2 0 1 1 0 2 4
EE Categ. 5 0 0 1 0 0 0 1

19 0 8 11 7 19 45

Table 4. Cluster 2 anomaly distribution. Each EE Category is associated with a color as depicted in
Figure 12.

Cluster 1 Days OCC ORCC SOFFCCIT SONCCIT NPSONC TOTAL

EE Categ. 1 3 0 0 0 0 1 1
EE Categ. 2 8 0 0 0 0 1 1
EE Categ. 3 13 0 0 0 0 3 3
EE Categ. 4 12 0 2 0 0 0 2
EE Categ. 5 2 0 2 0 0 1 3

38 0 4 0 0 6 10

Table 5. Cluster 3.1 anomaly distribution. Each EE Category is associated with a color as depicted in
Figure 12.

Cluster 1 Days OCC ORCC SOFFCCIT SONCCIT NPSONC TOTAL

EE Categ. 1 0 - - - - - 0
EE Categ. 2 11 0 1 0 0 7 8
EE Categ. 3 8 0 1 0 0 4 5
EE Categ. 4 4 0 0 0 0 2 2
EE Categ. 5 3 0 0 0 0 1 1

26 0 2 0 0 14 16
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Table 6. Cluster 3.2 anomaly distribution. Each EE Category is associated with a color as depicted in
Figure 12.

Cluster 1 Days OCC ORCC SOFFCCIT SONCCIT NPSONC TOTAL

EE Categ. 1 0 - - - - - 0
EE Categ. 2 7 0 3 0 0 3 6
EE Categ. 3 12 0 3 0 0 3 6
EE Categ. 4 2 0 0 0 0 0 0
EE Categ. 5 1 0 1 0 0 0 1

22 0 7 0 0 6 13

Table 7. Cluster 3.3 anomaly distribution. Each EE Category is associated with a color as depicted in
Figure 12.

Cluster 1 Days OCC ORCC SOFFCCIT SONCCIT NPSONC TOTAL

EE Categ. 1 5 0 0 0 0 0 0

EE Categ. 2 16 8 12 0 0 1 21

EE Categ. 3 20 13 16 0 0 1 30

EE Categ. 4 18 14 14 0 0 2 30

EE Categ. 5 5 4 5 0 0 0 9

64 39 47 0 0 4 90

The above-mentioned correlation between detected OCC and ORCC anomalies versus
the index of EE highlights not only the number of anomalies but also the period (in
minutes) of each anomaly for ORCC and the number of stop points for OCC, as shown
in Table 8. This insight is even more relevant when one of the principles of EE consists in
softening the consumption curve, aiming to avoid peaks and large changes in consumption.
Furthermore, OCC and ORCC anomalies denote large changes and peaks in consumption,
which means that the HVAC system is poorly dimensioned or calibrated, the HVAC system
is too powerful, or a possible breakdown in a temperature sensor has occurred. On the
other hand, a compressor with high OCC is prone to break and to have a shortened lifetime.
Table 8 highlights the correlation between an increasing number of stop points for OCC
and an increasing number of minutes with ORCC in each period when EE decreases.
Additionally, in Table 9 are detailed the average of OCC and ORCC anomalies per day and
its correlation with each EE Category.

Table 8. Stop points and minutes for OCC and ORCC anomalies vs. EE category. Each EE Category
is associated with a color as depicted in Figure 12.

Cluster Anomaly Days Categ. 1 Categ. 2 Categ. 3 Categ. 4 Categ. 5

Cluster 1
OCC 5 0 0 0 0 0

ORCC 16 0 313 (1) 1769 (5) 418 (1) 544 (1)

Cluster 2
OCC 20 0 0 0 0 0

ORCC 18 0 0 0 724 (2) 658 (2)

Cluster 3.1
OCC 20 0 0 0 0 0

ORCC 18 0 340 (1) 315 (1) 0 0

Cluster 3.2
OCC 20 0 0 0 0 0

ORCC 18 0 1020 (3) 945 (3) 0 543 (1)

Cluster 3.3
OCC 20 0 64 (8) 142 (13) 158 (14) 39 (4)

ORCC 18 0 5026 (12) 7278 (16) 5881 (14) 2671 (5)

Total 64 0 64/6699 142/10307 158/7023 39/4416
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Table 9. Average stop points and minutes per day for OCC and ORCC anomalies. Each EE Category
is associated with a color as depicted in Figure 12.

Cluster Anomaly Days Categ. 1 Categ. 2 Categ. 3 Categ. 4 Categ. 5

Cluster 1
OCC 5 0 0 0 0 0

ORCC 16 0 313 353.8 418 544

Cluster 2
OCC 20 0 0 0 0 0

ORCC 18 0 0 0 362 329

Cluster 3.1
OCC 20 0 0 0 0 0

ORCC 18 0 340 315 0 0

Cluster 3.2
OCC 20 0 0 0 0 0

ORCC 18 0 462.7 437.7 0 543

Cluster 3.3
OCC 20 0 8 10.9 11.3 9.8

ORCC 18 0 418.8 454.9 420.1 534.2

Total 64 0 8/394.1 10.9/412.3 11.3/413.1 9.8/490.7

4. Summary and Experimental Results

The objective of the present work was to present a decision support system to optimize
Energy Management and Control Systems (EMCSs) in smart buildings for any energy-
consuming operations. Thus, in order to achieve the main purpose of this work, a model
to extract knowledge to realize the efficient management of energy consumption was
developed. This model was based on a classification module and a prediction module
developed through DM techniques and statistical inference. All BlueNet variables were
considered for this EE classification study (indoor, outdoor, energy analyzers, EEIs and
work schedule). In addition, the knowledge extracted from data and EE experts was
considered for this purpose. Once the study was carried out, five clusters were identified.
Each cluster was defined by the following set of conditions:

• Cluster 1: This cluster represents days with lower external temperature ranging from
3.5 ◦C to 23.5 ◦C. This cluster does not discriminate between energy consumption or
between work and non-workdays.

• Cluster 2: This cluster represents days with a softer curve of intermediate temperature
ranging from 23.5 ◦C to 28.5 ◦C. This cluster does not discriminate between energy
consumption or between work and non-workdays.

• Cluster 3.1: This cluster groups days with higher external temperature ranging from
28.5 ◦C to 39.6 ◦C, in which most of the days are non-working days with low energy
consumption.

• Cluster 3.2: This cluster represents days with higher external temperature ranging
mainly from 28.5 ◦C to 33.5 ◦C. Most of the selected days are working days with high
energy consumption.

• Cluster 3.3: This cluster groups days with higher external temperature ranging mainly
from 28.5 ◦C to 39.6 ◦C, in which most of the selected days are working days with high
energy consumption.

Once clusters were defined, days that belong to the same cluster were compared to
observe differences among behaviors and, consequently, the effects of the different variables
on each day. In order to validate and quantify the results, the results were analyzed and
corroborated by EE experts of the BlueNet building, and additionally, a module for EE
prediction was developed. The aim of the EE prediction module was to evaluate EE
according to the type of cluster analyzed. The results obtained were applied to the sample
of 509 days with the following results.

All of the results in this study were corroborated by EE experts. In summary, only
3.25% of the total days classified were considered to be very efficient, 29% were efficient and
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41.36% were classified with normal EE. The remaining 20.29% of the days were considered
to be energy inefficient, and 6.36% of days were classified as very inefficient, indicating a
large margin for EE improvement, as detailed in Table 10.

Moreover, in this study, days that represent anomalous behavior were detected with
the support of the classification module and prediction module. These anomalous behav-
iors usually correspond to days that were very inefficient. In addition, these anomalous
behaviors can indicate possible problems that are affecting the BlueNet building (HVAC
breakdown, incorrectly dimensioned and other problems), as shown in Tables 2–8. With the
results in this study, system integration with EE software could yield substantial benefits:
detection of anomalous behaviors in energy consumption, facilitation of energy savings,
large profits due to consumption reduction and environmentally friendly management of
the building.

Table 10. Distribution of days for each cluster based on EE category. Each EE Category is associated
with a color as depicted in Figure 12.

Cluster Days Categ. 1 Categ. 2 Categ. 3 Categ. 4 Categ. 5

Cluster 1 171 0% 32.35% 48.87% 13.53% 5.25%

Cluster 2 91 7.89% 21.05% 34.21% 31.58% 5.27%

Cluster 3.1 26 0% 42.31% 30.77% 15.39% 11.53%

Cluster 3.2 22 0% 31.82% 54.55% 9.09% 4.54%

Cluster 3.3 64 7.81% 25% 31.25% 28.13% 7.81%

Total 374 3.25% 29% 41.36% 20.29% 6.36%

5. Conclusions

After a bibliographical review, an intensive field of research with strong interest in EE
was identified. This review revealed that similar approaches have been considered, but no
other works have been performed with the aim of rendering support in EE classification
and prediction. Specifically, systems able to measure EE and support the detection of
anomalies have not been investigated with similar approaches or results.

This paper presents a system for the optimization of energy consumption in smart
buildings. The main purposes of this work are the following: extract the knowledge hidden
in building data, develop a classification module and build an EE prediction module that
helps to predict EE for each day. This proposal was tested in the BlueNet building scenario,
but it is applicable to any other building and is not specific to BlueNet.

The process of energy optimization was carried out through a hybrid system whose
cornerstone is a classification module and an EE prediction module. The classification
module is made up of a hybrid system based on a CR&T decision tree and a clustering
model. As a result, this module is able to compare EE on days with similar characteristics,
regardless of the season and other factors, which are difficult to compare without this
information, and it is also able to highlight the presence of anomalous energy consumptions
and other possible problems. This module provides an objective point of view that is key
to measuring, comparing and predicting the EE for each day.

The EE prediction module is able to quantify the energy efficiency of each day, comparing
days with similar EE conditions supported by previous cluster classifications. This module
is able to measure and predict the efficiency for each day based on the knowledge extracted
from historical data by applying statistical analysis. Furthermore, this module is able to unveil
insights that highlight correlations between inefficiencies and anomalous behaviors.

Finally, this work presents a classification for each day of the historical data and their
respective EE categories. These results were compared and corroborated by experts to, first,
understand how the energy consumption is behaving and, second, understand the reasons
for this behavior and how to enhance the efficiency. Furthermore, our approach highlights
some evidence that days with less efficiency (6.36% and 20.29% of days respectively)

263



Sensors 2022, 22, 1380

contain more anomalies and that these anomalies also occurred over a greater amount of
time. Furthermore, this work unveils an exponential correlation between OCC and ORCC
anomalies and EE.

Based on the results obtained in the BlueNet building and aligned with this research
area, interesting future research lines that could be explored include the automation of the
full process through AI techniques that are able to classify and predict EE in an analytical
manner in real time and, based on anomalous behavior, determine how to apply actionable
measures to correct and improve EE in the building automatically. On the other hand, this
work aimed to support the gap in the understanding of building behavior, as cited in [39].
A future goal is the integration of this module with the commercial EE software called
Eugene, whose owner is the company Isotrol.
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Appendix A. Main Variables for Optimization in BlueNet Building

AEMET_AT (◦C): Outdoor air temperature in Celsius degrees outside of the
BlueNet building.

AP_AIR_MIXERS (kW): Active power in air mixers of the HVAC system.
AP_COMPRESSOR_MEAN (kW): Average daily active power of the HVAC compressor.
AP_COMPRESSOR_MINUTES (min): Total number of daily minutes of HVAC com-

pressor use.
AP_COMPRESSOR (kW): Active power of the HVAC compressor.
AP_SPLITS (kW): Active power in splits of the HVAC system.
AP_LIGTH (kW): Active power in the lighting system.
LABOR/FESTIVE (time): Date of a non-working day.
LIG_MINUTES (min): Time in minutes in which lighting was working during a day.
LIG_PERIODNUMBER: Total number of periods of lighting during a day.
NPSONC_ MINUTES (min): Time in minutes in which lighting was working and an

NPSONC anomaly was detected.
NPSONC_ PERIODNUMBER: Total number of periods with an NPSONC anomaly

during a day. A period constitutes the number of consecutive points with NPSONC
anomalies detected.

NPSONC_ TIMES: Number of times with an NPSONC anomaly during a day.
OCC_STOPPOINTS: Number of daily On-Off operations in HVAC compressor (OCC).
ORCC_PERIODNUMER: Total number of periods with an operational regime change

(ORCC) in HVAC compressor during a day.
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ORCC_MINUTES (min): Time in minutes in which an operational regime change in
HVAC compressor (ORCC) anomaly was detected.

ORCC _ TIMES: Number of times with an operational regime change in HVAC
compressor (ORCC) anomaly during a day.

SOFFCCIT _MINUTES (min): Time in minutes in which the HVAC compressor was
switched off and an abnormal change in interior temperature (SOFFCCIT) was detected.

SOFFCCIT_PERIODNUMBER: Total number of periods in which the HVAC com-
pressor was switched off and an abnormal change in interior temperature (SOFFCCIT) is
detected during a day.

SOFFCCIT_TIMES: Number of times in which the HVAC compressor was switched off
and an abnormal change in interior temperature (SOFFCCIT) was detected during a day.

SONCCIT_AP (kW): Active power waste in the HVAC system while the HVAC compressor
was switched on and an abnormal change in interior temperature (SONCCIT) was detected.

SONCCIT_MINUTES (min): Time in minutes in which the HVAC compressor was
switched off and an abnormal change in interior temperature (SONCCIT) was detected.

SONCCIT_PERIODNUMBER: Total number of periods in which the HVAC compres-
sor was switched off and an abnormal change in interior temperature (SONCCIT) was
detected during a day.

SONCCIT_TIMES: Number of times in which the HVAC compressor was switched off
and an abnormal change in interior temperature (SONCCIT) was detected during a day.

ZIGBEE_AT (◦C): Indoor air temperature in Celsius degrees inside the BlueNet building.
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Abstract: The human cerebellum plays an important role in coordination tasks. Diseases such as
spinocerebellar ataxias tend to cause severe damage to the cerebellum, leading patients to a progres-
sive loss of motor coordination. The detection of such damages can help specialists to approximate the
state of the disease, as well as to perform statistical analysis, in order to propose treatment therapies
for the patients. Manual segmentation of such patterns from magnetic resonance imaging is a very
difficult and time-consuming task, and is not a viable solution if the number of images to process
is relatively large. In recent years, deep learning techniques such as convolutional neural networks
(CNNs or convnets) have experienced an increased development, and many researchers have used
them to automatically segment medical images. In this research, we propose the use of convolutional
neural networks for automatically segmenting the cerebellar fissures from brain magnetic resonance
imaging. Three models are presented, based on the same CNN architecture, for obtaining three
different binary masks: fissures, cerebellum with fissures, and cerebellum without fissures. The
models perform well in terms of precision and efficiency. Evaluation results show that convnets
can be trained for such purposes, and could be considered as additional tools in the diagnosis and
characterization of neurodegenerative diseases.

Keywords: convolutional neural network; cerebellum segmentation; neurodegenerative disease;
cerebellar fissures; magnetic resonance imaging

1. Introduction

The human cerebellum plays an essential role in critical tasks, like motor coordination
and cognition, and is related to other functions, e.g., language and emotions [1,2]. Diseases
like spinocerebellar ataxias (SCAs), multiple sclerosis (MD), or Alzheimer’s disease (AD),
are known to cause damage in the cerebellum, conducting patients to progressive loss in
such functions and, in some cases, to premature death [3]. Cerebellar damage caused by
such diseases occurs in the form of degeneration, reducing the cerebellar volume. The dam-
age can be seen as large fissures, and grows with the progression of the disease. Knowing
how to observe such fissures allows specialists to obtain some important characteristics
from the patients, like volume loss related to the specific disease.

Segmentation of magnetic resonance imaging (MRI) is often performed, and clinicians
make research with several patients, with the goal of learning more about the disease,
and how to treat it better. However, manual segmentation of MRIs is a complex and
time-consuming task, and becomes impractical as the number of images increases. For that
reason, computational tools are required for performing those processes automatically.
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Automated cerebellum processing from MRIs has been addressed by several authors,
in studies mainly oriented to the delineation and volume calculation of the whole organ and
its lobules [1,4–8], deep nuclei segmentation [9], and gray/white matter segmentation [10].
Diedrichsen et al. [7] proposed a probabilistic atlas of the human cerebellum, and performed
automatic cerebellum parcellation by combining it with registered images. Weier et al. [8]
parcellated cerebellum using patch-based label-fusion and a template library composed of
manually labelled images. Romero et al. [5] proposed CERES, which is currently one state-
of-the-art pipeline for cerebellar segmentation and parcellation, based on atlas templates
and several registration steps for each image to be processed. Manjón and Coupé [10]
proposed VolBrain as a tool for subcortical structure segmentation, based on multi-atlas
label-fusion. Dolz, Desrosiers and Ben Ayed [11] used a fully convolutional neural network
which has been tested in [6] for cerebellar parcellation, obtaining good results. Han et al. [1]
proposed the ACAPULCO pipeline, which relies on convolutional neural networks, for per-
forming cerebellar parcellation from MRIs. Kim et al. [9] performed deep cerebellar nuclei
segmentation using a fully connected densenet. Thyreau and Taki [12] used convolutional
neural networks for brain cortical tissue parcellation from an initial brain mask.

Currently, two of the top-most ranked applications on cerebellar segmentation and
parcellation are CERES and ACAPULCO. CERES is based on multi-atlas segmentation, and
consists of a pipeline which includes several registration stages, inhomogeneity corrections,
and intensity normalizations. It has outperformed all other solutions in the study made by
Carass et al. [6]. ACAPULCO is based on convolutional neural networks. The system uses
a first CNN to find a bounding box of the cerebellum, and a second, deeper CNN to divide
the organ into 28 regions. As reported by Han et al. [1] it surpassed an improved version of
CERES in the segmentation of various cerebellar lobules.

In the last decade, convolutional neural networks [13] have experimented a rapid
development, as the number of researchers using them for medical image processing grows,
in systems where performance is an important factor [14–17]. Specifically, for brain MRI pro-
cessing, convnets have been successfully applied in segmentation and classification tasks,
predicting the stage of Alzheimer’s disease [18], cerebellum [4] and brain parcellation [19],
and tumor detection and segmentation [20].

Despite the excellence of the existing methods and the reported results, none of
this research is oriented to correctly segment and determine all important fissures in
cerebellum of patients with neurodegenerative diseases. Figure 1 shows a comparison
between segmentations produced by CERES and ACAPULCO for one magnetic resonance
from a SCA2 patient with severe cerebellar atrophy. It can be seen that CERES made a better
recognition of increased fissures than ACAPULCO, however, some of them have been
incorrectly classified as cerebellar tissue. This phenomenon must be related to the training
images and labels for both methods, but it should have great impact on the calculation of
volumes for the affected parts. As the fissures are classified as cerebellar tissue, the resulting
volumes should be larger than the actual ones, giving an incorrect idea of the atrophy
produced in the patient’s cerebellum. Images were generated with ITK-Snap software [21],
CERES segmentation was obtained through the web portal (https://www.volbrain.upv.es/,
accessed on 5 December 2021), and ACAPULCO segmentation was obtained by using a
docker container shared by the authors in the original paper [1].

 

Figure 1. Comparison between segmentations on MRI of SCA2 patient. In (a) the original imaging,
in (b) segmentation produced by ACAPULCO, and in (c) segmentation obtained by CERES.
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This article proposes the use of convolutional neural networks for segmenting the
cerebellum and its fissures. The study comprises analysis over three CNN models, based in
the same architecture, for obtaining binary masks of the whole cerebellum without fissures,
the cerebellum with its fissures, and the fissures mask itself. Our analysis demonstrates the
feasibility of convnets for such tasks. We think that the existence of tools for recognizing the
cerebellar fissures from brain MRIs of patients with cerebellar disorders should improve the
automated volume estimation currently applied by the aforementioned research, bringing
the calculations closer to the real values. Produced segmentations might give an idea
of the total volume loss in patients, as well as the stage and progression of the disease
itself. As part of the performed analysis, our system is compared with ACAPULCO and
CERES, demonstrating an improvement in the segmentation of cerebellar tissue with a
correct estimate of the fissures. Additionally, a simple procedure is proposed to help
in the construction of similar datasets, relying on an existing mask of the structure to
be segmented.

2. Materials and Methods

2.1. Models and Implementation Details

Our three models are built upon the same U-Net architecture. The only differences
between models are the labels used for training. Table 1 shows the difference between
the three models. The proposed structure is based on U-Net [22], a well-known CNN
architecture which takes advantage of feature maps created in previous steps. This charac-
teristic gives the network the ability of processing more complex images while reducing
the computational requirements. The system consists of four down- and up-sample steps,
composed of inception modules [23] and instance normalization layers, and two chained in-
ception modules as a bottleneck. Each inception module is composed of four convolutional
layers, one max pooling operation, and a final concatenation. After each inception module,
an instance normalization [1,24] layer processes the produced features. All the activation
layers (one per convolution) are Rectified Linear Units (ReLU) [25]. Figure 2 shows the
main architecture. The total number of inception modules used was 10, and the number of
filters passed to them, in sequence, were 16, 16, 32, 64, and 128 for the contracting path. For
the decoding section, the number of parameters were 128, 64, 32, 16, 16. Note that, for each
inception module, the output size is four times the input size; e.g., a module with an input
of size 128 will return an output with 512 feature maps. The final layer of the architecture
consists of a convolutional layer with one single filter, returning the segmented mask from
the input.

Table 1. Differences between the three used models.

Model Name Desired Output Reference Figure

M1 Binary mask with only cerebellar fissures Figure 3g
M2 Binary mask of the cerebellum with its fissures Figure 3h
M3 Binary mask of the cerebellum without fissures Figure 3f

Implementation was made with Keras [26] and TensorFlow backend [27], using the
Python 3.7 programming language, and the training was done on a 16 GB Tesla P100-
SXM2 GPU, available through a Jupyter notebook on Google Colab (https://colab.research.
google.com/, accessed on 5 December 2021). The used optimizer was Adam [28], with
its default values. To avoid overfitting, a dropout of 0.3 was established after the last
convolutional layer of each model. Rather than preparing a single model for predicting the
three desired features, we trained separated ones for simplicity, making our task a single
label segmentation problem. Finally, image cropping was done for reducing computational
cost of algorithms. All images were cropped to a volume containing only the cerebellum.
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Figure 2. Architecture diagram (a), and inception module pipeline (b).

 

Figure 3. Steps of data construction procedure. Sagittal views of the original image (a), cerebellar
mask obtained with ACAPULCO (b), result of BFC and registration (c), contrast-enhanced image (d),
binary image obtained (e), feature map containing the whole cerebellar tissue (f), obtained fissures
mask (g), and cerebellum with fissures (h). In (i) a 3D view of the union of (g,h); red color represents
the cerebellar tissue, and green color shows the fissures.

2.2. Data Preparation and Dataset Construction

The used dataset consists of 24 magnetic resonances retrieved from the Cuban Neuro-
sciences Center. The images belong to 15 patients, divided into three categories: five healthy
controls, five presymptomatic carriers, and five patients diagnosed with spinocerebellar
ataxia type 2 (SCA2). Presymptomatic carriers in this research are treated as patients,
as it is well known that cerebellar atrophy due to SCA2 may be present long before the
disease onset [29–31].

Building a manually labelled dataset from 3D images is a very difficult task. For this
reason, we created a simple procedure for the preparation of our dataset. For each MRI, the
following steps were applied:

1. Obtain a cerebellar mask, using any existent technique. See Figure 3b.
2. Bias Field Correction (BFC) for reducing intensity inhomogeneities. The algorithm

used in this research was the N4 method [32].
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3. Image registration to the 1 mm isotropic ICBM 2009c template [33] in MNI space.
See Figure 3c.

4. Obtain a contrast-enhanced image (Figure 3d).
5. Binarize equalized image using any existent technique (Figure 3e).
6. Build a mask containing the cerebellar segmentation obtained in step 1 (output 1).

See Figure 3f.
7. Build a feature map containing cerebellar fissures, by applying binary xor operation

to outputs from steps 5 and 6 (output 2, Figure 3g,i).
8. Build a feature map containing the cerebellar tissue, with all its fissures, by subtracting

output 1 from output 2 (output 3, Figure 3h,i).
9. Imaging cropping for reducing computational cost.

For the original cerebellum mask, any available tool can be used, but we highly
recommend using ACAPULCO [1] or CERES [5], which are state-of-the-art pipelines for
cerebellum parcellation. For this study, ACAPULCO was used, accessed through a docker
image shared by the authors in the original paper. The segmented masks have been
manually corrected, in order to eliminate any errors than can occur. Manual correction was
done with the software ITK-Snap [21].

N4 bias field correction and rigid registration were performed with the ANTS suit [34],
available at http://stnava.github.io/ANTs/ (accessed on 5 December 2021).

Enhanced-contrast images were obtained by following a pipeline of intensity nor-
malization (Equation (1)), rescaling to range [1; 255], and histogram equalization. This
contrast-enhanced image will serve as the input for the three segmentation models.

i =
i − mean(i)

std(i)
(1)

To obtain the binary maps, we computed the Otsu threshold [35], and kept only those
voxels with an intensity higher than the calculated threshold. If the original imaging
contains a high contrast, some errors may be carried through this procedure, obtaining an
incorrect binary map (i.e., several parts of the cerebellar tissue can be removed). For that
reason, the binary images must be visually inspected and corrected.

For creating the mask parting from the original cerebellum segmentation, we used the
Morphological Snakes algorithm [36]. We applied this step as it improves border smooth-
ness, and may be used to regularize segmentations created/corrected by different raters.
The original implementation can be found at https://github.com/pmneila/morphsnakes
(accessed on 20 November 2021).

Steps 6, 7 and 8 from the algorithm (outputs 1, 2 and 3), are used as the output
maps for the system training. They correspond to the whole cerebellar mask, cerebellar
fissures, and cerebellum tissue with its fissures, respectively. The last step is optional, but
recommendable if low computational resources are available.

By following the procedure, the construction of an entire dataset may be significantly
reduced, since user interaction is limited only to correcting errors, which in some cases
are minimal.

2.3. Analysis Description

From the 24 images composing our dataset, 17 were used for training, two for valida-
tion, and five for testing purposes. To avoid overfitting, data augmentation was applied
to those images on the train/validation partition. The images were augmented using
combinations of rotations in the range [−10◦, 10◦] and shifts on random axes, in the range
[–10, 10]. For every training/validation image, 40 new augmented images were created.
The three models were trained during 120 epochs, and evaluations were made on the five
unseen images.

For testing the robustness of trained models, we tested on subsets of other three datasets:

1. Ten magnetic resonances from the Hammers 2017 dataset (Hammers) [37]. The
dataset contains 30 MRIs from healthy subjects, manually segmented by experts into
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95 regions [38–40]. From the 95 labels, we used only 17 and 18, corresponding to left
and right cerebellum, respectively.

2. Ten magnetic resonances from the Dallas Lifespan Brain Study dataset (DLBS) [41–43].
The dataset contains 315 MRIs of healthy people, some of them are healthy carriers of
APOE gene. The initial cerebellar maps for this dataset were obtained by combining
the labels from the output of ACAPULCO.

3. Seven magnetic resonances obtained from BrainWeb [44,45]. The site allows the
construction of simulated MRIs from healthy people and MS patients, based on
templates. The images used in this study were constructed simulating mild, moder-
ate and severe MS lesions (http://www.bic.mni.mcgill.ca/brainweb/, accessed on
5 December 2021).

As a preprocessing stage, steps 2–4 and 9 from the described procedure were applied.
Therefore, our preprocess comprises bias field correction, registration to MNI space, contrast
enhancement, and image cropping.

For the model predicting cerebellar fissures (M1), no postprocessing technique was
applied. The evaluations were carried on the untouched outputs. In the case of the models
responsible for segmenting cerebellum with and without fissures (M2 and M3, respectively),
a selection of longest connected component was done, classifying only the biggest structure
as cerebellar tissue.

Finally, for evaluating the impact of the current research, segmentations of model M2
were compared with the results of ACAPULCO and CERES.

2.4. Evaluation Metrics

Dice Score (DSC, F1-score), overlap coefficient (OC), specificity (SP, True negative rate,
TNR), sensitivity (SN, True positive rate, TPR), and area under the ROI curve (AUC), are
used as the evaluation metrics for the three models. DSC allows comparison of two volumes
of the same dimensions through Equation (2) [46]:

DSC =
2 × ∑N

i pigi

∑N
i p2

i + ∑N
i g2

i
(2)

where N represents the total number of voxels in one image, p belongs to the prediction
volume, and g belongs to the ground truth volume. SP allows to quantify the proportion
of those voxels that do not belong to the ground truth mask, and can be obtained with
Equation (3) [47]:

SP =
TN

FP + TN
(3)

where TP and TN are the number of voxels which have been correctly recognized as part
of the mask and part of the background, respectively, and FP, FN correspond to those
incorrectly identified as mask and background, respectively. SN allows to quantify the
proportion of voxels that belong to the ground truth mask, and can be obtained as in
Equation (4) [48]:

SN =
TP

TP + FN
(4)

OC allows to calculate how close a finite set is from the other, in terms of over-
lapping [49]. A perfect overlap would have a value of 1, and two images without any
overlapping should obtain 0 score. It can be calculated with Equation (5).

OC =
∑N

i pigi

min
(

∑N
i pi, ∑N

i gi

) (5)

AUC is used as a measurement of a classifier’s performance, being more complete
than the usual overall accuracy [48,50], and can be obtained with Equation (6).

AUC = 1 − 1
2

(
FP

FP + TN
+

FN
FN + TP

)
(6)
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The measures were selected based on the guidelines proposed by Taha and Han-
bury [48], attending to the following properties and requirements on 3D medical image
segmentation: outliers exist (some outsider voxels might be incorrectly classified as ground
truth), complex boundary (cerebellar fissures present very complex shapes and boundaries),
and contour is important.

3. Results

This section exposes the result of evaluations performed to the three models. Table 2
allows to analyze the mean scores for the three models in the whole test set. It can be seen
that the worst results were obtained by model M1. Models M2 and M3 achieved very high
scores in evaluations.

Table 2. Mean scores for models M1, M2 and M3 in the whole set of test images.

M1 M2 M3

DSC 0.761 0.965 0.959
OC 0.826 0.982 0.978
SP 0.997 0.992 0.991
SN 0.749 0.977 0.969

AUC 0.871 0.985 0.980

For an easy understanding and analysis, we decided to divide into six subsections.
The first four subsections correspond to results on each dataset used, the fifth presents our
time analysis, and the last subsection corresponds to the comparison with segmentations
produced by ACAPULCO and CERES.

3.1. Results for Our Dataset

The three models (see Table 1) were tested on five unseen magnetic resonance images.
The test subset contained one healthy control (subject 1), two presymptomatic carriers
(subjects 2 and 4), and two SCA2 patients (subjects 3 and 5). Figure 4 shows a comparison
between the original masks and the segmentations produced by M1, M2 and M3. It
can be appreciated the similarity between original and segmented images. Some errors
remain, mainly in the contour of segmented masks; those errors will be covered in next
investigations. Table 3 shows the result of the evaluations on model M1, segmenting
cerebellar fissures only.

Table 3. Evaluation results for model M1 in our dataset.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

DSC 0.803 0.895 0.864 0.834 0.875
OC 0.882 0.914 0.924 0.895 0.876
SP 0.998 0.998 0.997 0.999 0.996
SN 0.737 0.877 0.924 0.780 0.875

AUC 0.868 0.938 0.960 0.889 0.935
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Figure 4. Masks and predictions for an MRI belonging to one of the SCA2 patients in the test subset.
The top row shows the original masks, obtained with the procedure described in Section 2.2, and
the bottom row displays the segmentations produced by our models. Cerebellar fissures in (a,d),
cerebellum tissue with fissures in (b,e), and whole cerebellum without any fissure in (c,f).

Produced segmentations have relatively good scores. Mean DSC and OC are 0.854
and 0.898, respectively. All SP are above 0.99, which means an optimal recognition of back-
ground voxels. Low SN values represent some errors in the voxels belonging to cerebellar
fissures, mainly in the MRI belonging to the healthy control (0.73, the minimum SN value).
It seems that the best behavior was obtained for subject 3, one of the SCA2 patients in our
dataset. Note that segmenting cerebellar fissures is a difficult task and, as such, characteris-
tics change greatly between different people. Furthermore, no postprocessing was applied
to the results of model M1. Figure 4d shows an example of the outputs produced by our
model, compared against the ground truth mask in Figure 4a.

Table 4 shows the evaluation results for model M2 (segmentation of cerebellum tissue
with its fissures). As observed, results for this model were much better than the previous
one. This is a logical result, considering that segmenting a single, larger structure, which
is always located in the same place on MRI, should be easier than segmenting smaller
regions with many position changes. The best scores were achieved for the subject 4 MRI,
producing better segmentations. The mean values for DSC and OC are 0.973 and 0.987,
respectively. SP, SN and AUC are all above 0.98, which means a good background and
foreground voxel classification. Figure 4e displays an example output from this model.

Table 4. Evaluation results for cerebellar tissue with fissures (model M2) in our dataset.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

DSC 0.976 0.977 0.970 0.981 0.965
OC 0.991 0.984 0.992 0.992 0.977
SP 0.993 0.995 0.995 0.995 0.994
SN 0.991 0.984 0.992 0.992 0.977

AUC 0.992 0.989 0.993 0.994 0.986

Table 5 shows the results for the model segmenting the whole cerebellum (M3). As in
Table 4, all scores are above 0.95, which gives the idea of a high precision in the segmentation
results. Mean DSC and OC are 0.969 and 0.982, respectively. As in evaluation for model M2,
SP, SN and AUC are above 0.98, which means a high-quality segmentation. In a general
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way, the segmentations obtained by models M1, M2 and M3 have a good quality. Models
M2 and M3 obtained better scores than M1.

Table 5. Evaluation results for whole cerebellum segmentation without fissures (model M3).

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

DSC 0.976 0.975 0.954 0.980 0.963
OC 0.984 0.980 0.987 0.986 0.976
SP 0.994 0.994 0.991 0.995 0.991
SN 0.984 0.980 0.987 0.986 0.976

AUC 0.989 0.987 0.989 0.991 0.984

3.2. Results on Hammers Dataset

The three models were evaluated using a subset of the Hammers 2017 dataset. For
this evaluation, we used the first 10 images. The images in the dataset are named from
a01 to a30; we used images from a01 to a10. The images were processed with the same
procedure described in Section 2.2, but manual correction of generated binary maps was not
performed, as we wanted to check the possibility of automatically creating a new dataset. As
a cerebellar map for the initial step, the original segmentations were conveniently corrected.
Therefore, the rest of the dataset preparation was done in a fully automatic manner.

Evaluation results for model M1 on this dataset can be observed in Table A1. This
time the segmentations produced were less precise. The mean DSC obtained was 0.755,
while the mean overlap coefficient was 0.826. We believe that this result presents a direct
relation with the fact that binary maps for each MRI were not manually corrected. A
revision of those features should improve the segmentation, and it will be covered in
future investigations. As in evaluation with images from our dataset, high SP and low SN
and AUC were obtained, meaning that the model had some trouble identifying the tissue
belonging to cerebellar fissures.

Results for model M2 are presented in Table A2. It may be observed that the scores
obtained are competitive with those obtained in our dataset, as mean DSC and OC are
0.951 and 0.983, respectively. The scores in the segmentations were quite high and close to
each other. Minimum DSC and OC are 0.945 and 0.975, respectively, which indicates very
realistic segmentations as in previous evaluation of model M2. SP, SN and AUC are above
0.98, which demonstrates a high-quality segmentation on cerebellar tissue with fissures.

Finally, Table A3 shows the evaluations for model M3. As in Table A2, the results are
very promising, giving mean DSC and OC with values of 0.947 and 0.976 respectively. The
rest of calculated scores, all above 0.98, also give the notion of very good segmentations.

As in the previous case, the worst results were achieved for the model M1, in the
segmentation of cerebellar fissures.

3.3. Results on DLBS Dataset

As a third set of MRIs for evaluating the methods, 10 images from the Dallas Lifespan
Brain Study were used. For our purposes, we selected 10 MRIs belonging to older APOE-ε4
gene carriers.

Results of the evaluation on segmentations produced by model M1 can be observed in
Table A4. As in the previous discussion on cerebellar fissure segmentation (Section 3.2), the
DSCs are between 0.71 and 0.76. Mean DSC and OC are 0.745 and 0.799, respectively. The
rest of the scores remain similar to analysis performed in our dataset and Hammers: low
SN, which means errors in the precise classification of the fissures.

Evaluations for model M2 are presented in Table A5, and some improvement can be
seen with respect to evaluations on Hammers dataset. Mean values of DSC and OC are
0.967 and 0.975, respectively, for a very good segmentation of cerebellum with its fissures.
As expected, values of SN, SP and AUC are above 0.96.

Scores for model M3 are shown in Table A6. Again, the scores are quite good, with
mean DSC and OC of 0.963 and 0.975, respectively.
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3.4. Results on Dataset from BrainWeb

As commented in Section 2.3, seven MRIs were generated through the BrainWeb web
portal, simulating multiple sclerosis. The images were created with variable parameters
such as rotation, noise level, and MS severity.

Table A7 shows the scores for model M1, presenting the same situation as previous
evaluations. Mean DSC and OC obtained were 0.728 and 0.81, respectively, and the
sensitivity was severely affected. Table A8 shows the evaluations for model M2, with
another surprising result. Achieved scores are all above 0.97, and the mean DSC and OC
were 0.973 and 0.988, respectively. The same occurs with the scores for model M3 (Table A9),
with 0.964 and 0.982 as mean DSC and OC, respectively. Despite the high scores achieved in
this dataset, we believe that further analysis should be performed, as all images are created
from two original templates: one for severe MS, and one for mild and moderate MS.

3.5. Time Analysis

An analysis was performed to evaluate the time our architecture takes to segment new
images. All experiments were carried out on a Lenovo computer, equipped with an Intel
Core i3-8145U processor, and 8 GB RAM. Table 6 shows the mean times for models M1, M2
and M3, as well as preprocessing and load times.

Table 6. Mean times for loading, preprocessing, and segmentation processes. From left to right
column are presented: dataset names, load times, preprocessing times, and segmentation time for
M1, M2 and M3. The time is expressed in seconds (s).

Load Preprocessing Segmentation

M1 M2 M3

Ours 0.06 227.57 53.40 51.44 53.00
Hammers 0.06 263.77 49.89 50.24 50.42

DLBS 0.07 206.73 55.85 60.26 56.90
Brainweb 0.04 180.06 55.08 54.75 61.34

The load times for each dataset are small, ranging from 0.04 to 0.07 s. Preprocess-
ing times ranged from 177.95 to 265.75 s. This is the most time-consumer phase in our
pipeline, as it involves bias field correction, image registration, normalization, histogram
equalization, and cropping.

For model M1, the best segmentation times were obtained over Hammers subset, with
a mean processing time of 49.89 s per image. The global mean time of this model was
53.43 s. Segmentation times for M2 were slightly higher, averaging 54.55 s. The best results
were also obtained for Hammers subset, with a mean time of 50.21 s. Finally, results of time
analysis for model M3 were better on Hammers subset, with a mean of 50.42 s. The mean
time for all the images was 55.23 s.

In a general manner, the total time needed for processing an MRI is the sum of loading,
preprocessing and segmentation tasks. Since our three models work with the same cropped
portion of the preprocessed MRI, the load and preprocessing operations are performed
only once on each image. The total time for every image is then the sum of loading,
preprocessing, and segmentations for M1, M2 and M3. The total mean time of processing
for our models was 385.26 s (about six minutes for each image). Considering that manual
segmentation can take several hours for each MRI, we believe that it is a remarkable
advance in such task. However, finding a faster BFC/registration technique should greatly
improve this result, as preprocessing is the most time-consuming phase of our process.

3.6. Comparison with Other Methods

For stablishing an improvement on cerebellar tissue segmentation with special atten-
tion to fissures, comparisons were made with ACAPULCO and CERES. We compared the
results of our model M2 with the segmentations produced by these two tools. Segmen-
tations from ACAPULCO were obtained using the docker image that the authors made
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available in the original paper [1], and segmentations from CERES were obtained through
a web portal available to the public, also shared by the authors on their paper [6].

As these are tools for cerebellar parcellation, a binary mask of the whole cerebellum
was obtained for each segmentation, constructed by combining all the labels in the seg-
mented images. The evaluations were performed on the five test magnetic resonances of
our cohort, and the 10 images from the DLBS dataset. The measures used for the compari-
son were dice score (DSC), overlap coefficient (OC), and specificity (SP). Table 7 shows the
comparison of DSC in our images.

Table 7. DSC comparison between our M2 model, ACAPULCO and CERES.

S.1 S.2 S.3 S.4 S.5

M2 0.976 0.977 0.970 0.981 0.965
ACAPULCO 0.910 0.905 0.894 0.909 0.900

CERES 0.935 0.927 0.911 0.924 0.926

As can be seen, our model M2 achieved higher DSC than both methods. Mean DSC
were 0.973, 0.903 and 0.924 for M2, Acapulco and CERES, respectively. CERES performed
better than ACAPULCO in the segmentation, but in general both methods only identify the
largest fissures, and a substantial part of the small fissures is misclassified. We think that
this event is related with the segmentations used in both methods as a training/knowledge
base, since both methods were used without any modification. The best behavior for both
methods was on segmenting the first resonance image, corresponding to a healthy control.

Figure 5 presents an example of segmentation produced by the three models for
a subject in our dataset. As the figure shows, ACAPULCO (Figure 5d) only detected
parts of the biggest fissures, while the smaller ones are classified as cerebellar tissue.
CERES (Figure 5c) recognized fissures better than ACAPULCO, but some of them are also
misclassified. Furthermore, some irregularities are present in the front of the cerebellum,
leaving some holes in the mask produced by CERES. Segmentations obtained by model M2
(Figure 5b) are very close to the real ones, correctly recognizing most of the fissures.

 

Figure 5. Example of segmentations produced by the approaches for a sample image from our dataset.
Original mask (a), followed by segmentation produced by M2 (b), CERES (c) and ACAPULCO (d).

Table 8 shows a comparison for the OC scores achieved by the three methods. Mean
scores for M2, ACAPULCO and CERES were 0.987, 0.994 and 0.988, respectively. Results
are very close between approaches, but in general terms, ACAPULCO achieved higher
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OC scores. This is a logical conclusion, as ACAPULCO tends to misclassify fissures. As
a result, the original masks are almost entirely contained in segmentations produced by
ACAPULCO. The same happens with segmentations produced by CERES.

Table 8. OC comparison between our M2 model, ACAPULCO and CERES.

S.1 S.2 S.3 S.4 S.5

M2 0.991 0.984 0.992 0.992 0.977
ACAPULCO 0.999 0.990 0.990 0.996 0.999

CERES 0.991 0.989 0.981 0.991 0.988

In Table 9 are included the results of the SP analysis for the three models. It can be
appreciated that M2 model achieved the higher scores, followed by CERES, and finally
ACAPULCO. The mean values are 0.994, 0.971 and 0.964, respectively.

Table 9. SP comparison between our M2 model, ACAPULCO and CERES.

S.1 S.2 S.3 S.4 S.5

M2 0.993 0.995 0.995 0.995 0.994
ACAPULCO 0.965 0.967 0.966 0.971 0.953

CERES 0.973 0.973 0.980 0.977 0.955

Tables 7–9 clearly indicate that model M2 produced better segmentations than ACA-
PULCO and CERES. Higher DSC and SP combined with lower OC, means that our ap-
proach correctly identifies the most of fissures on the cerebellum.

Table 10 shows the DSC comparison for the DLBS subset. The three approaches
obtained close dice scores, with a mean value of 0.967, 0.931 and 0.945, respectively. The
10 images for this comparison belong to healthy controls, which means less fissures, so the
scores for ACAPULCO and CERES were increased.

Table 10. DSC comparison between the approaches, in DLBS subset.

Subject No. M2 ACAPULCO CERES

1 0.969 0.926 0.945
2 0.965 0.939 0.950
3 0.960 0.938 0.941
4 0.966 0.936 0.950
5 0.978 0.922 0.953
6 0.962 0.930 0.946
7 0.971 0.937 0.954
8 0.960 0.911 0.921
9 0.967 0.935 0.944
10 0.974 0.936 0.954

Figure 6 shows a case of the segmentations produced for this second dataset. As in
the previous example, the best segmentations were produced by model M2 (Figure 6b).
There are some irregularities on borders, which we think can be corrected by applying
some postprocessing technique (rather than longest connected component, which is the
only postprocessing we currently apply on segmentations). In this example, ACAPULCO
was capable of segmenting some fissures better than CERES (Figure 6c,d).
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Figure 6. Segmentations produced by the three approaches for a sample image from the DLBS dataset.
Original mask (a), followed by segmentation produced by M2 (b), CERES (c) and ACAPULCO (d).

Table 11 shows a comparison for the OC scores achieved in the DLBS dataset. Higher
values were obtained by ACAPULCO, followed by CERES, and finally M2. The mean
values were 0.998, 0.980 and 0.975, respectively. This represents the same phenomena as
Table 8: segmentations produced by ACAPULCO and CERES include the original masks
because of the problems when recognizing cerebellar fissures, resulting in elevated OC.

Table 11. OC comparison between the approaches, in DLBS subset.

Subject No. M2 ACAPULCO CERES

1 0.970 0.996 0.983
2 0.974 0.999 0.975
3 0.971 0.993 0.982
4 0.969 0.998 0.984
5 0.987 0.995 0.982
6 0.981 0.994 0.975
7 0.977 0.998 0.981
8 0.964 0.999 0.980
9 0.975 0.998 0.985
10 0.982 0.995 0.987

In Table 12 are included the SP scores achieved in the DLBS dataset. As in Table 9,
model M2 presented the best behavior, which means that the classification of background
voxels was better. Mean scores were 0.993, 0.970 and 0.977, respectively.

Results for this dataset were similar to those obtained in our five test MRIs. The model
M2 presented higher DSC and SP, and lower OC than ACAPULCO and CERES. This means
that M2 identifies cerebellar fissures better than the other approaches.
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Table 12. SP comparison between the approaches, in DLBS subset.

Subject No. M2 ACAPULCO CERES

1 0.995 0.969 0.978
2 0.992 0.970 0.979
3 0.991 0.972 0.971
4 0.994 0.973 0.975
5 0.995 0.972 0.976
6 0.992 0.973 0.982
7 0.996 0.969 0.983
8 0.993 0.973 0.982
9 0.993 0.970 0.980
10 0.995 0.961 0.968

4. Discussion

Three models have been proposed for segmentation tasks on human cerebellum
from magnetic resonance imaging: the first model (M1) segments cerebellar fissures, the
second (M2) segments the cerebellum with the most of its fissures, and the third (M3)
obtains the whole cerebellum without fissures. The three models were tested on a total
of 32 MRIs, composed of 21 healthy controls, four SCA2 patients, and seven MRIs with
multiple sclerosis.

In the case of cerebellar fissure segmentation (model M1), the best DSC obtained
was 0.895 in our dataset, and the worst case presented a score of 0.707 in the Hammers
dataset. We observed that the best results were achieved on the MRIs of SCA2 patients
with severe atrophy, indicating that the model might not be capable of correctly find the
fissures in healthy people. More tests need to be done to verify if the proposed U-Net
architecture can be modified in any way, or more augmentation techniques/training epochs
are necessary for improving segmentation results. A postprocessing stage could be added
too, increasing the possibility of producing better segmentations. Despite the low results
(minimum DSC = 0.707), we have not seen other investigations dedicated to specifically
segmenting and quantifying the cerebellar fissures, and we consider this to be a good
starting point for future researches on this kind of study.

The model for segmentation of the cerebellum with its fissures (M2) presented very
precise results, with DSC ranging from 0.946 to 0.981 among the four subsets used for
testing. This result implies that volumetric calculations might be performed in the human
cerebellum, with a higher grade of precision. We think that the model could be integrated in
some greater pipeline for characterizing neurodegenerative diseases. The model performed
well on MRIs of healthy people and patients, making it suitable for the task.

The model for segmenting the whole cerebellum (M3) also obtained very good results,
with dice scores ranging from 0.946 to 0.980, demonstrating very precise segmentations in
the 32 test images. Obtained scores highly reduce the chance of overfitting during training
process, and allow the affirmation that models have sufficient generalization for working
with images from different origins.

Segmentations produced by the models M2 and M3 could be used to improve current
cerebellar segmentation/parcellation methods, obtaining more accurate volumetric estima-
tions on patients with cerebellar degeneration caused by SCAs or other neurodegenerative
diseases. Furthermore, the procedure proposed in Section 2.2 for the creation of our dataset
can be adapted to any research with the same interests, always providing the correct mask
at the beginning.

The three models present good performance in terms of efficiency, as total time needed
when processing a new image is about six minutes (less than three minutes if the loading
and preprocessing stages are not considered).

The model M2 was compared with two state-of-the-art approaches, obtaining better
scores in all cases. The comparison was only made with 15 resonance images, and deeper
comparisons will be performed in future researches.
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Based on analysis results, we may conclude that convolutional neural networks can
be applied on segmenting complicated features from brain magnetic resonances. Not only
well-defined organs such as cerebellum, but also fissures can be obtained, always providing
the correct dataset and adequate training. Our model trained for cerebellar fissures did
not obtain such high scores as expected, but we think that fissures can be obtained by
combining outputs of models M2 and M3.

The outcomes of this study should provide a comprehensive set of tools to specialists in
neurodegenerative diseases. Digital tools can be generated and incorporated into existing vi-
sualization applications, increasing the speed and precision in diagnosis and characterization.

For more in-depth evaluation of the proposed method, larger datasets must be tried, as
well as other CNN architectures, with different grades of complexity, and a higher number
of features. In future research we aim to integrate the models described here into more
complex architectures and pipelines, such as cerebellum parcellation.

5. Conclusions

This article has evaluated the possibility of applying convolutional neural networks
for automatically segmenting the cerebellum and its fissures from brain magnetic reso-
nance imaging. Three models, built upon the same U-Net based architecture, have been
proposed for segmenting cerebellar fissures, cerebellum with all fissures, and cerebellum
without any fissures. Analysis has been performed on 32 MRIs, including healthy con-
trols, presymptomatic carriers, SCA2 patients, and multiple sclerosis patients. The best
dice scores achieved were 0.895, 0.981 and 0.98 on each task, respectively. The proposed
architecture is highly efficient, since segmentations can be carried on in less than a minute
after preprocessing. Analysis results indicate that convnets are capable of segmenting the
human cerebellum with high precision. The model prepared for segmenting the cerebellum
with its fissures was compared with two existent methods, achieving better results than
both in all tests. The images resulting from the segmentations could be incorporated into
higher pipelines, dedicated to diagnosing or characterizing any disease that affects the
cerebellum, and could help to improve the estimation of volume loss and general damage
to the cerebellum. Furthermore, a simple method has been proposed for facilitating the
construction of similar datasets. The use of the procedure should help to quickly construct
datasets, saving time and efforts.
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Appendix A

This appendix contains the tables for the evaluation results on the 10 first images from
Hammers, DLBS and BrainWeb datasets.

Table A1. Evaluation results for cerebellar fissures (model M1) on Hammers subset.

Subject No. DSC OC SP SN AUC

1 0.740 0.908 0.999 0.624 0.812
2 0.752 0.864 0.998 0.665 0.832
3 0.816 0.828 0.998 0.805 0.901
4 0.789 0.828 0.998 0.753 0.875
5 0.726 0.729 0.996 0.722 0.859
6 0.838 0.855 0.997 0.855 0.926
7 0.724 0.773 0.998 0.773 0.886
8 0.735 0.799 0.996 0.799 0.897
9 0.732 0.847 0.998 0.645 0.821
10 0.707 0.833 0.998 0.614 0.806

Table A2. Evaluation results for cerebellar tissue with fissures (model M2) on Hammers subset.

Subject No. DSC OC SP SN AUC

1 0.945 0.986 0.988 0.986 0.987
2 0.966 0.976 0.993 0.976 0.985
3 0.945 0.990 0.986 0.990 0.988
4 0.954 0.982 0.988 0.982 0.985
5 0.952 0.981 0.987 0.981 0.984
6 0.947 0.989 0.984 0.989 0.987
7 0.949 0.992 0.986 0.992 0.989
8 0.953 0.975 0.986 0.975 0.980
9 0.951 0.988 0.988 0.988 0.988
10 0.950 0.976 0.987 0.976 0.982

Table A3. Evaluation results for whole cerebellum segmentation, without fissures (model M3) on
Hammers subset.

Subject No. DSC OC SP SN AUC

1 0.950 0.973 0.990 0.973 0.981
2 0.955 0.958 0.992 0.958 0.975
3 0.938 0.985 0.983 0.985 0.984
4 0.949 0.978 0.986 0.978 0.982
5 0.944 0.972 0.984 0.972 0.978
6 0.945 0.982 0.983 0.982 0.982
7 0.943 0.992 0.984 0.992 0.988
8 0.953 0.977 0.985 0.977 0.981
9 0.950 0.979 0.988 0.979 0.983
10 0.946 0.965 0.987 0.965 0.976
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Table A4. Evaluation results for cerebellar fissures (model M1) on DLBS dataset.

Subject No. DSC OC SP SN AUC

1 0.776 0.813 0.997 0.813 0.905
2 0.738 0.833 0.997 0.833 0.915
3 0.730 0.858 0.997 0.858 0.927
4 0.723 0.724 0.997 0.723 0.860
5 0.720 0.794 0.998 0.658 0.828
6 0.769 0.776 0.998 0.763 0.880
7 0.738 0.752 0.997 0.724 0.861
8 0.723 0.875 0.998 0.616 0.807
9 0.719 0.754 0.997 0.664 0.875
10 0.769 0.820 0.999 0.725 0.862

Table A5. Evaluation results for cerebellar tissue with fissures (model M2) on DLBS dataset.

Subject No. DSC OC SP SN AUC

1 0.969 0.970 0.995 0.970 0.983
2 0.965 0.974 0.992 0.974 0.983
3 0.960 0.971 0.991 0.971 0.981
4 0.966 0.969 0.994 0.969 0.982
5 0.978 0.987 0.995 0.987 0.991
6 0.962 0.981 0.992 0.981 0.987
7 0.971 0.977 0.996 0.966 0.981
8 0.960 0.964 0.993 0.964 0.978
9 0.967 0.975 0.993 0.975 0.984
10 0.974 0.982 0.995 0.982 0.989

Table A6. Evaluation results for whole cerebellum segmentation, without fissures (model M3) on
DLBS dataset.

Subject No. DSC OC SP SN AUC

1 0.968 0.978 0.993 0.978 0.985
2 0.965 0.980 0.991 0.980 0.985
3 0.964 0.987 0.990 0.987 0.988
4 0.963 0.989 0.993 0.969 0.981
5 0.963 0.963 0.994 0.963 0.979
6 0.959 0.978 0.990 0.978 0.984
7 0.969 0.969 0.994 0.969 0.981
8 0.948 0.961 0.993 0.935 0.964
9 0.964 0.973 0.991 0.973 0.982
10 0.968 0.972 0.995 0.972 0.983

Table A7. Evaluation results for cerebellar fissures (model M1) on BrainWeb dataset.

Subject No. DSC OC SP SN AUC

1 0.722 0.729 0.993 0.714 0.854
2 0.711 0.932 0.993 0.691 0.842
3 0.715 0.724 0.993 0.706 0.849
4 0.722 0.938 0.993 0.707 0.850
5 0.739 0.781 0.994 0.701 0.847
6 0.754 0.801 0.994 0.713 0.853
7 0.738 0.767 0.993 0.912 0.852
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Table A8. Evaluation results for cerebellar tissue with fissures (model M2) on BrainWeb dataset.

Subject No. DSC OC SP SN AUC

1 0.973 0.986 0.996 0.961 0.979
2 0.972 0.981 0.995 0.964 0.979
3 0.973 0.985 0.996 0.962 0.979
4 0.973 0.984 0.996 0.962 0.979
5 0.974 0.980 0.995 0.969 0.982
6 0.974 0.989 0.995 0.970 0.982
7 0.974 0.982 0.995 0.966 0.981

Table A9. Evaluation results for whole cerebellum segmentation, without fissures (model M3) on
BrainWeb dataset.

Subject No. DSC OC SP SN AUC

1 0.965 0.983 0.995 0.949 0.972
2 0.964 0.982 0.995 0.946 0.970
3 0.965 0.982 0.995 0.948 0.971
4 0.965 0.983 0.995 0.948 0.971
5 0.963 0.982 0.995 0.944 0.969
6 0.963 0.983 0.995 0.944 0.970
7 0.963 0.981 0.995 0.945 0.970
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