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The SARS-CoV-2 virus, promoter of COVID-19, already infected millions of people around the world, resulting
in thousands of fatal victims. Facing this unprecedented crisis in human history, several research groups,
industrial companies and governments have been spending efforts to develop vaccines and medications.
People from distinct knowledge fields are doing their part in order to overcome this crisis. Chemical Engi-

neers are also contributing in the development of actions to control the SARS-CoV-2 virus. However, many
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chemical engineers still do not know how to use the knowledge acquired from Chemical Engineering school
to collaborate in the fight against the COVID-19. In this context, the present paper aims to discuss several
knowledge fields within the Chemical Engineering and correlated areas successfully applied to create innova-
tive and effective solutions in the fight against the COVID-19.

© 2020 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

The new coronavirus was identified for the first time by Novem-
ber, 2019, at Wuhan city in China. Since then, the virus has been
spread around the world, leading the coronavirus disease 19
(COVID-19) to the pandemic status according to World Health Orga-
nization (WHO) already in February, 2020. The SARS-CoV-2 virus,
promoter of COVID-19, already infected millions of people around
the world and resulted in thousands of fatal victims. By august,
2020, there were 18,614,177 confirmed registered cases of COVID-
19 and 702,642 related deaths, as reported to WHO. These numbers
keep increasing due to the easy transmission by airways via spittle
droplets from cough, sneeze and speak. Thus, a mere proximal con-
tact with an infected person would be enough to promote the trans-
mission between human beings. The easy transmission
characteristics lead billions of people, around the world, to stay
home under a rigid social distancing quarantine [1-4]. According to
the reported data, about 80% of COVID-19 infected patients devel-
oped light to mild symptoms, while about 20% can suffer severe

* Corresponding author.
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https://doi.org/10.1016/j.jtice.2020.11.024

symptoms, such as pneumonia, severe acute respiratory syndrome
(SARS), pulmonary sepsis, including death as outcome. The COVID-
19 also could affect other organs, including heart, brain and kidneys
[5,6]. The SARS-CoV-2 belongs to coronavidae family. From elec-
tronic microscopy analysis of the coronavirus surface morphology,
spikes formed by S protein trimmers, the “spike protein”, given a
crown-shape appearance, and then the name “corona virus”. There-
fore, the new virus is from the SARS-CoV family, that infected 8,000
people and killed 800 in 2002 and the MERS-CoV, that infect 2294
people, leading 35% to death. Up to now, 14 different mutations
were identified, including structural alteration in the crown making
the vaccine development a hard task due to the transition of target
points. However, its similarities with other virus from coronaviridae
family aids the strategic and fast development achieved in the
researches about the SARS-CoV-2 [2,4,7,8].

Facing this unprecedented crisis in human history, several
research groups, industries and governments have been spending
efforts to develop vaccines and medications. Professional from dis-
tinct areas including virologists, immunologists, epidemiologists,
oncologists, biotechnologists, chemists, biochemists, bioinformatics,
among several others, have been working hard against the COVID-19.
People from distinct knowledge fields are doing their part in order to

1876-1070/© 2020 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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overcome this crisis. Chemical Engineers are also contributing in the
development of actions to control the SARS-CoV-2 virus.

The review was organized starting from the vaccines develop-
ment, since it is one of most common effective strategy to obtain pop-
ulation immunization. The medical protocols, including the active
pharmaceuticals tested in the fight against the COVID-19 were also
explained. Then, the most important fluid dynamics aspects were
elucidated, since they are directly linked to the disease spread from
the transmission routes by air and droplet dynamics. Following, the
hard task to fulfill the material demand generated form the pan-
demic, e.g. individual protection equipment, including the innovative
strategies, as the use of reverse engineering and additive manufactur-
ing to overcome such issue was detailed. Finally, some state-of-art
technologies in the disease diagnostics and the pandemic monitoring
were explored, including Microfluidic-based chips and the use of
Artificial Intelligence. Accordingly, this review was divided in the fol-
lowing sections: vaccines and medication, fluid dynamics, 3D print-
ing, microfluidics and artificial intelligence.

The main goal of each one of these sections was to familiarize the
reader with the most important researches on COVID-19 and the
topic in question, also to provide the reader a direction guide by pro-
viding current research in these areas. Our main goal is that the pres-
ent review serves as a source of information for researchers,
professors, professionals and students of Chemical Engineering and
related areas.

2. Vacinnes and medication

Currently, the main concern of worldwide community is probably
the development of an effective vaccine against the COVID-19. Up to
now, there is no drug proven to be capable to combat the virus in
vivo, however, as the days go by, researchers around the world are
looking for more effective treatments of SARS-CoV-2. Researches are
advancing and the scientific community is moving towards a resolu-
tion at a speed never seen before. The vaccine development is funda-
mentally important, as it allows the patient to develop an acquired
immunity, enabling their immune system to fight a specific pathogen
[9]. While researchers around the world are working incessantly to
achieve the first vaccines already later this year, the fact is that we
still do not have a vaccine for COVID-19 or a specific drug, although
there are several vaccine candidates in clinical trial phases, such as
mRNA1273, BNT162, AZD1222 and AD5-nCov.

Since the COVID-19 is a disease without historic, protocols with
medication already available in market have been tested, reducing
the time spent in research and development of active components
and increasing the positive response to the disease treatment.
Accordingly, some tested medications include: Chloroquine and
Hydroxychloroquine (used to treat malaria); Lopinavir and Ritonavir
(used to treat HIV); Heparin (an anticoagulant); Remdesivir (antiviral
used to treat Ebola virus). The latter one exhibited effective results
for recovery time of COVID-19 patient, according to preliminary tests.
The Gilead Science, the biopharmaceutical company responsible for
Remdesivir development announced its production increment after
the FDA authorization in hospitalized patients under severe condi-
tions.

Despite some researchers are against the use of antimicrobials in
the treatment of viral infections, drugs such as Azithromycin, Teico-
planin, Oritavancin and Dalbavancin, were also used in tests in vitro,
exhibiting positive results in the SARS-CoV-2 inhibition in human
cells. The results of medications on COVID-19 treatment are still
inconclusive and some of these could lead to major problems to the
patient, as reported for the use of Chloroquine and Hydroxychloro-
quine [10—-12].

The discussion about the use of Chloroquine and Hydroxychloro-
quine is controversial. It is known that both medications could pres-
ent toxicity, in addition to collateral effects and even could lead to

death. However, in vitro tests indicate that the use of these medica-
tions could effectively inhibit the infection caused by SARS-CoV-2.
Other studies reported that, especially in the case of administration
of Hydroxychloroquine combined with Azithromycin, patients pre-
sented the viral cure at the sixth day of treatment. Nevertheless,
using solely the Hydroxychloroquine, only 57.1% of the patients pre-
sented the viral cure. The main worry related to Hydroxychloroquine
treatment concerns in its use outside the hospital environment, due
to its collateral effects, especially risks related to cardiac rhythm, as
alerted by the FDA [13]. In summary, the studies that used Chloro-
quine, Hydroxychloroquine and Azithromycin have received rough
criticism, due its flaw methodology and its inconclusive results [14],
up to now, in which its use for research was suspended by the World
Health Organization (WHO) [15]. Accordingly, the development of an
effective vaccine is mandatory.

Usually, the development of vacines takes some years, since its
idealization until pre-clinical and clinical studies. The previous expe-
rience in the researches related do SARS-Cov and MERS-CoV,
together with the prompt response need in the pandemic, allowed a
fast development of candidates to effective vaccines for COVID-19.
Furthermore, new production platforms, computational biology, pro-
tein engineering and antigen configuration based on structures,
spread possibilities to produce vaccines faster and more accurate
[16,17].

There is a perspective that one or more vaccines get in market
between the end of 2020 and the beginning of 2021. The genetic
sequencing of SARS-CoV-2 was first published on January 11, 2020.
Since then, more than 40 pharmaceutical companies and academic
institutions around the world are searching for an effective vaccine
against the COVID-19. By the time, some of these are already in clini-
cal test stage. This is the first time that a new vaccine entered the
phase I of clinical test after only three months from the disease dis-
covery [8,13,16,17].

The potential vaccines against the SARS-CoV-2 present distinct
specifications, including vaccines with attenuated or inactive virus,
vaccines of viral subunits, conjugated vaccines, vaccines of DNA and
mRNA (gene therapy), vaccines with nanoparticles, among others.
Each one of these vaccines possess advantages and disadvantages,
however, key features as development velocity, manufacture flexibil-
ity, safety, stability, immunity period, scale increment and production
costs must be considered. Despite the recombinant DNA/mRNA vac-
cines presents the easy scale-up of production, it is probably that no
single vaccine can meet the global need [5,8,18]. The recombinant
DNA vaccine is administered to the patient by an electroporation pro-
cess, or by another device allowing the DNA to enter the cell. The
mRNA vaccines use lipid nanoparticles to protect and carry the
mRNA to the action site. However, the lack of knowledge and com-
mercial expertise in this technology field could be an issue to develop
successfully this type of vaccine [18].

By May 20, 2020 the WHO announced 124 vaccines candidate to
COVID-19 immunization. From these, 10 candidates were already at
clinical stage, while the other 114 were at pre-clinical evaluation
stage. It is possible to access the vaccine candidates list from WHO
website at: https://www.who.int/who-documents-detail/draft-land
scape-of-covid-19-candidate-vaccines. Some of these vaccines search
the neutralization of the protein crown on the virus surface by anti-
bodies action, in the same way that other effective vaccines used in
other diseases. Once the SARS-CoV-2 is a pathogen acting mostly in
the airways, the vaccines have been developed to induce neutralizing
antibodies and to prevent the infection especially in the respiratory
tract [19].

Recent publications showed promising results, including Gao et al.
[5] and Zhu et al. [20]. The first research group reported a neutraliza-
tion of SARS-CoV-2 by the candidate vaccine in clinical test in rats,
mice and monkeys. Zhu et al. [20] reported results from an effective
and safe vaccine, already in phase I clinical stage in humans. The
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vaccine was tested in patients of Wuhan (Chine). Immunogenic
action was noticed within the 28-day period. No adverse effects were
reported in this period. Fast response from T cells/lymphocytes was
noticed from the 14™ day since the vaccine application. The run for
the effective vaccine also is of interest of big pharmaceutical compa-
nies, like Pfizer, GSK and INOVIO. The latter one, in a partnership
with South Korean National Institute of Health (KNIH), already per-
formed tests in human since March 2020, for a vaccine of recombi-
nant mRNA type [18,20].

Although the optimistic projection of an effective vaccine with
accessible cost already in 2021 [21], there is a long procedure to
achieve an effective and market available vaccine. Validation of effec-
tiveness and safety, including the clinical studies to ensure the
patient to stay immune from new contaminations, the approval of
federal and world organs, the production scale-up considering the
global demand and logistics, are some of the key factors. Up to now,
the only way to restrain the coronavirus spread is to respect the
social distancing.

3. How flow physics comprehension can enable mitigation and
prevention of COVID-19?

Fluid dynamics analysis tools have been a critical aspect to fight
the COVID-19 pandemic [22]. Previous investigations that focused on
understanding the behavior of virus-laden particles on air gave to
health organizations, as WHO, CDC, and ECDC, sufficient information
to prescribe measures to reduce virus spread. Some of these meas-
ures include inter-personal distance of 1.5 to 2 m from each other,
although there are evidences that show this could not be enough
[23]. In this context, we describe here the following topics related to
flow physics role regarding to COVID-19, based on a review of recent
studies: transmission routes; droplet and aerosol dynamics on air;
aerosol infection and ventilation effects; and possible mitigation
alternatives on environments to prevent COVID-19 spread.

3.1. Transmission routes

The coronavirus that causes COVID-19, SARS-Cov-2, can be trans-
mitted via droplets and surface contamination. Furthermore, recent

Table 1
Summary of recent studies on virus-laden particles on air.

studies have brought solid evidence of coronavirus airborne trans-
mission, i.e., it can be carried as an aerosol [24,25]. Indeed, other
coronaviruses that caused SARS and MERS also proved to be airborne
transmitted, which explains why pandemic spread in just few
months, although infection dynamics is more complex [26].

Regarding to infection, droplet transmission is usually referred as
the via of virus contamination caused by exhaled droplets containing
water and microorganisms, e.g., when a person talks to another, and
such droplets have higher diameter than other particles in the air (d
> 100 um) [27]. Since these droplets are heavy, they fall onto hori-
zontal surfaces at distances usually shorter than 1.5 m [28]. On the
other hand, airborne cross infection refers to contamination caused
by virus-laden particles that remain suspended on air, exhaled
already by breathing of an infected person. Such via of transmission
involves droplet nuclei, i.e., particles with d < 5~10 um [27]. Since
these particles are aerosols, they not only tends to be suspended on
air but also, when expelled, can travel long distances [29,30].

The impact of SARS-CoV-2 airborne transmission is that it turns
virus spreading more effective, since cellular entry receptor for such
virus, the Angiotensin Converting Enzyme 2 (ACE-2), is abundantly
present in humans. ACE-2 is present in the mucosae, i.e., airways, epi-
thelia of the lung, and even in the conjunctiva, in the eyes [31].

3.2. Droplet and aerosol dynamics on air

Researchers have endeavored to comprehend how human cough,
sneeze and even speech may spread virus-laden droplets in the air,
which explains why COVID-19 is so contagious. During this review,
we could identify some important experimental and numerical stud-
ies that focused on this aspect, especially airborne transmission.
Table 1 summarizes these investigations.

Among these studies, we would like to emphasize on the one car-
ried out by Feng et al. at the School of Chemical Engineering in Okla-
homa State University, which elucidates how chemical engineers can
contribute to pandemic mitigation with fluid dynamics knowledge
[35]. This study was, according to our review, the most complete
numerical study on virus-laden droplets dynamics on air, involving
effects usually neglected, as wind velocity in an environment. The
results obtained showed that interpersonal-distance prescriptions,

Type of study Title Method

Main findings

Experimental Aerodynamic analysis of SARS-CoV-2 in two
Wuhan hospitals

Collection of aerosol samples and quantification
of RNA concentration of SARS-Cov-2.

Higher concentrations of SARS-CoV-2 aerosols in
areas with low air circulation, as medical staff
areas [32].

Numerical

Aerosol and surface stability of SARS-CoV-2 as
compared with SARS-CoV-1

Could SARS-CoV-2 be transmitted via speech
droplets?

Influence of wind and relative humidity on the
social distancing effectiveness to prevent
COVID-19 airborne transmission: a numerical
study

Understanding transmission dynamics of COVID-
19-Type infections by direct numerical simula-
tions of cough/sneeze flows.

Aerosols containing SARS-CoV-2 or SARS-CoV-1
generation, feeding into a Goldberg drum, and
analysis on inoculum.

Detection of saliva droplets using a planar beam
of laser light in a dust-free enclosure during a
human speech.

Modeling and CFD simulation of transient trans-
port, condensation/evaporation and deposition
of SARS-CoV-2 laden droplets emitted by
coughs, using two virtual humans and varying
distance, wind velocity, relative humidity, and
facial covering effect.

Modeling and CFD simulation of turbulent flow,
similar to expiratory flows, and analysis of
temperature distribution in a moist plume.

SARS-CoV-2 remains at least throughout 3 h in
aerosols, although there is a reduction in infec-
tious titer;

SARS-CoV-2 is more stable on plastic and stain-
less steel than on copper and cardboard, and
remains detectable for days on these surfaces
[33].

Droplets of different sizes are exhaled during
speech in asymptomatic individuals, and a
great part of them becomes aerosolized [34].

Wind effect on the droplet transport and deposi-
tion is significant and so, current inter-personal
distance policies are not sufficient to protect
from SARS-CoV-2 exposure, although wearing
facial masks significantly reduces droplets for-
mation;

Higher relative humidity causes higher virus-
laden particle deposition fractions, which could
reduce airborne transmission [35].

Temperature distribution in a “dry cough” simu-
lation indicates that liquid content expelled in
this situation spreads rapidly (< 1 s) along
more than 1 m [36].
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even the most severe, with 6 ft distance, just do not fit in real situa-
tions, since it is only applicable with static air. Authors also observed
that high air relative humidity (99.5%) leads to droplet hygroscopic
growths, which intensifies droplet deposition on surfaces. On the
other hand, low relative humidity (40%) leads to water evaporation
of droplets, intensifying the aerosol formation process. These conclu-
sions may suggest a positive effect of air relative humidity in reduc-
ing virus spread since, since if in the one hand, this effect increases
surfaces contamination, on the other hand, it reduces airborne trans-
mission, which is far more difficult to control.

3.3. Aerosol infection and ventilation effects

A significant investigation on SARS-CoV-2 spread in aerosols was
made by Evans et al. [27]. In this investigation, they developed a
mathematical model to analyze guidelines for ventilation and occu-
pancy in an indoor environment. From assumptions made for infec-
tion probability and infectious dose in droplet nuclei content, solving
modelling equations gave results for steady and transient occupancy
in some environments where only a contagious individual is. Results
showed that in small spaces with low ventilation, e.g., a car or a bath-
room, with room ventilation rate of 1 m®.min~!, the infection dose
could be crossed in just 10 minutes, only by breathing. In spaces such
as an office, this time is after 100 minutes. These times are very much
smaller if a contagious individual talks, coughs or sneezes. From that,
authors concluded that it is necessary at least 50 m®.min~! per occu-
pant air change rate for this environment sharing, in order to reduce
infection risks.

Evans et al. analyzed how aerosol transmission can occur in a
building at steady state. In this case, there is a possibility of transmis-
sion through the HVAC system. Since most of the HVAC filters
reduces at least 90% of droplet nuclei, on the other hand, the remain-
ing droplets persists even more diluted in the air and spread among
all the air space. Results obtained for this condition indicate that it is
necessary a 10 m> min~! per occupant room ventilation over all
rooms, using a well filtered HVAC system to prevent virus spreading.

In this study, they also analyzed how virus spread via aerosol can
occur in cases of transient occupancy, i.e., in spaces briefly occupied
by many people, in which air patterns do not reach steady state. In
such situations, in a 6.5 m? bathroom with 1.98 m>min~! air fan
operation, it is necessary a 16 minutes waiting time between occu-
pants to keep this environment safe. They also concluded that
increasing the airflow to 10 m>min~! could eliminate this waiting
time.

3.4. Mitigation alternatives on environments

3.4.1. Air distribution in a room

Nielsen et al. showed that since aerosols are so small that they fol-
low the airflow, air distribution patterns in a room might influence
this virus transmission route [28]. Therefore, concentration and dis-
tribution of virus in a room are related to aspects as the layout of the
room, heat load distribution, positioning between persons and direc-
tion and height of their faces, type of air distribution in the room, and
location and type of air diffuser, according to previous Nielsen at el.
studies [37,38].

Among all cited aspects that influence indoor virus distribution,
we can highlight positioning between people and airflow patterns
according to type of air diffuser. Considering a vertical temperature
gradient, in a room displacement with ventilation, direct exposure
occurs between two persons in less than 80 cm distance, although
positions of people also influence exposure. Such results showed that
exposure is maximum when two persons is positioned face to face,
and minimum when they are positioned face to back, considering the
infected person is seated. Regarding to air distribution in the room,
results pointed that minimum exposure is reached when the diffuser

is located at the roof, just ahead two persons in the room, and air is
expelled towards the walls. On the other hand, maximum exposure
to virus transmission is observed when the air diffuser is located
down the wall and air is expelled horizontally [38].

3.4.2. HVAC system

Evans et al. [27] studies showed that is necessary to increase air
exchange rates in an HVAC system to minimize COVID-19 airborne
transmission indoors. A stand-alone unit with filtering capacity of 10
m> min~! is sufficient to increase safety in bathrooms and small offi-
ces, for example. Besides that, they also showed that air recirculation
in HVAC systems should be avoided, and local ventilation, as
exhauster and bathroom fans help to mitigate infection. Authors also
warned about cares to be taken when changing filters in stand-alone
units and HVAC units, as they may contain significant viral load.

3.4.3. Wastewater plumbing

In buildings where plumbing systems are fully connected, virus-
laden droplets may be transported through empty U-bends in bath-
rooms, consisting in an airborne transmission route [39]. Authors
carefully studied this effect in a Honk Kong super spreading event of
SARS in 2003 [40]. Therefore, some recommendations have to be
taken to ensure wastewater plumbing transmission of SARS-CoV-2 is
minimized as prevent loss of the water trap seal with U-bend, open
all water appliances for, at least, 5 s twice a day, monitoring and
repairing possible crack or leaks in pipework [39].

3.4.4. Portable air filters and purifiers

Since studies results evidenced there is an airborne transmission
route of COVID-19, discussions have been made on the use of special
filtering technology in HVAC and indoor ventilation systems. Indeed
such measure is not necessary, once most aerosol particles are fil-
tered in commonly used systems [27]. Even so, government authori-
ties also proposed the use of indoor air purifiers to prevent droplet
and aerosol infections [41]. However, researchers warned that air
purifiers use a dilution ventilation method that may increase virus
spreading. Therefore, engineering control measures, i.e., control of
room ventilation patterns, is a more effective way of control such bio-
logical hazard, instead of mere using of air purifiers itself [41].

3.4.5. Fresh air ventilation rates requirements in confined spaces

Dai and Zhao [42] studied the association of COVID-19 infection
probability with ventilation rates in confined spaces employing the
Wells-Riley equation. This equation, given as follows, relates the
probability of infection, in a room, with the ventilation rate.

P:g:pe’%‘” 1)

Where P is the probability of infection of an individual in the
room. C is the number of cases to develop infection. S is the number
of susceptible individuals. I is the number of infectors. p is the pulmo-
nary ventilation rate of each susceptible. Q is the room ventilation
rate. q is the quantum generation rate produced by one infector, i.e.,
number of virus RNA copies exhaled, at a time interval. t the is the
exposure time [43].

Authors obtained results for different scenarios, considering even
the effect of mask wearing. To add this factor in the model, they
assumed that this effect is equivalent to increasing the room ventila-
tion rate due to the filtration effect of the mask. The results obtained
pointed that, for example, to decrease infection probability in an
office to less than 5%, without wearing masks, it is necessary a venti-
lation rate of 500 m>.h~! per occupant. To reduce the infection proba-
bility in a classroom to less than 1%, without wearing masks, the
ventilation rate required is higher than 750 m>h~! per occupant
[42]. Therefore, such findings suggest that improvements in built
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environments are required to mitigate droplets and airborne trans-
mission in confined spaces, especially those asymptomatic.

4. The role of 3D printing in the COVID-19 pandemic

The 3D printing consists in the direct manufacture of physical
objects from digital models. This technique, also known as additive
manufacturing, allows, in few hours, the fabrication of a device from
its initial design using low-cost material, providing also an indepen-
dence on device design [44]. Zhang et al. [45] presented some advan-
tages of 3D printing: the development of complex geometries; low
manufacturing costs; development time reduction; diversity of raw
materials; personalized designs. In order to better understand how
this technique is present on scientific community and has been play-
ing a fundamental role in the fight against the COVID-19, a brief his-
toric review was provided.

4.1. 3D printing historic

The 3D printer with FDM (Fused Deposition Modeling) or FFF
(Fused Filament Fabrication) technology was invented by Scott
Crump, founder of Stratsys corporation, being patented in 1989 [46].
The 3D printing was popularized only after the fall of patent right in
2009 and the RepRap project (Replicator for Rapid Prototyping). The
RepRap project was born in England in 2004, aiming the fabrication
of 3D printer capable to rapid prototype and to manufacture their
own components in plastic [46]. Furthermore, the RepRap project
accounted with Arduino (open code for microcontrollers) project col-
laboration and the Marlin developer community, a free program that
currently operates the mostly of 3D printers [46,47]. The main project
goal was to become the 3D printing accessible to all scientific com-
munity.

Accordingly, with the popularization of 3D printers, a growing
number of scientific researches using this technique were observed.
Fig. 1 presents the number of publications with topics “3D printing”
and “Chemical Engineering” from 1989 to 2020, taken from Scopus
base data [48]. A rapid grown of documents from 2010 was observed
from Fig. 1. In 2020 (up to June, 06), the number of published
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documents was superior to the one produced in half of 2019. This
confirms the importance of RepRap project on the popularization and
low cost of 3D printing technique and its grown application in chemi-
cal engineering. The major advantages of 3D printing on chemical
engineering are related to design independence and fast testing of
manufactured components. In the following section the main charac-
teristics of 3D printing are detailed.

4.2. 3D printing: operation and characteristics

Before the 3D printing procedure, it is necessary to provide the
digital model of the part. The drawing can be generated from CAD
software, such as Autodesk Inventor and Sketch-up. The direct use of
the digital modeling from CAD allows superior design independence,
relative to other manufacturing techniques. The drawing parts do not
have to be in accord with the machine standards (except to the print-
ing area limit from the 3D printer) or pre-molded shapes. The 3D
drawing is exported to STL extension, providing a 3D object from the
drawing. The STL file is sent to the slicer program that generates a
multilayered object (according to the required object resolution) in a
G-code file, being the 3D printer input. The 3D printing based on
FDM or FFF technology occurs from the heating of a polymer wire up
to its melting point. The polymer is then deposited, layer by layer by
anozzle in the printing desk, producing the physical object.

4.3. 3D printing applied to chemical engineering

The Chemical Engineering is composed of several fields, including
chemical synthesis, separation, nuclear, environmental and biopro-
cess engineering, among others. Due to the inherent multidisciplin-
ary field encompassed in Chemical Engineering, the chemical
engineers are complete professional with high analytical capacity
and an excellent processes overview, capable to quickly solve prob-
lems and propose innovative improvements to existing processes.
Accordingly, the 3D printing is a support tool for such professionals
in the research and development of new technologies and processes.
Some examples of 3D printing in Chemical Engineering are presented
below.

Scopus

2004 2007 2010 2013 2016 2019 2022

Year

Copyright © 2020 Elsevier B.V. All rights reserved. Scopus® is a registered trademark of Elsevier B.V.

Fig. 1. Number of published documents per year considering the topics: 3D printing and Chemical Engineering. Source: Scopus [48].
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The 3D printing can be employed to fabricate a chemical micro-
plant for biodiesel synthesis, including microreactors, flow distributors
and mechanical supports [49,50,51]. In the separation engineering, 3D
printers were used to manufacture distillation and absorption col-
umns, including the development of trays and packs aiming higher
specific area internals to enhance the separation [52,53]. In the nuclear
engineering, 3D printing was employed to manufacture parts of
nuclear fusion reactor, substituting the traditional configuration to
improve the packing and minimize issues from tension concentration
[54]. In the environmental area, the 3D printing provides alternatives
for water treatment including new membranes for filtration and desa-
linization, adsorption, among others [55].

Wolf [56] stated the growing use of 3D printing in laboratory facil-
ities aiding researches to fabricate equipment in their own laboratory
with a reduced cost. In this context, the 3D printing presents a great
potential related to process improvement in Chemical Engineering.

4.4. 3D printing applications in the fight against the COVID-19

The chemical engineer is a complete professional and, together
with 3D printing, is capable to create innovative solutions for chemi-
cal engineering processes. This professional also can aid the fight
against the COVID-19 pandemic by applying its critical sense and
analytical capacity to develop solutions and to solve problems. The
COVID-19 pandemic is promoting a world scale high demand of
masks, face shields, medical ventilator valves, clinical test kits and
other individual protection equipment (IPE) [57]. However, the
industries have not been capable to produce and to supply materials
in the demanding rate. The 3D printing is an innovative technology
and a practical tool that has been applied to create solutions in the
current scenario. The pandemic enforced scientist and researchers to
an urgent situation requiring fast and effective solutions to save life.
In the next section some of developed 3D printing solutions for
COVID-19 will be discussed.

4.4.1. Medical equipment

Shortness of breath is one of the most serious symptoms of
COVID-19 [58]. This symptom is responsible for the most part of hos-
pitalization, once the infected patient is not capable to supply oxygen
to the body tissues, requiring mechanical ventilators [59]. In Italy, at
beginning of the COVID-19 pandemic, the Chiari Hospital experi-
enced a lack of ventilator valves, specifically the Venturi valve
(Fig. 2), a device used in Venturi oxygen masks, i.e., low-flow masks

Fig. 2. Original (left) and 3D printed Venturi valves. Source: Italian hospital saves
COVID-19 patients’ lives by 3D printing valves for reanimation devices [61].

that use the Bernoulli principle to drag ambient air when pure oxy-
gen is supplied through a small orifice [60]. Such valves are used in
patients’ masks to aid the oxygenation, thus requiring a new valve
for each patient. Nevertheless, the manufacturer did not have enough
valves to supply to the hospital due to the demanding urgency. In
this context, an Italian engineering startup received an order from
the hospital. The startup founder, Christian Fracassi, employed
reverse engineering to develop the digital model and used 3D print-
ing to fabricate the Venturi valves (Fig. 2). In two days, Fracassi and
his team designed, tested and manufactured 100 valves for the hospi-
tal and saved many people’s lives. The 3D printed valves were
donated to the hospital [61].

The Leitat technological center and its partners designed an in-
field respirator by 3D printing, the Leitat 1. The respirator had its
design and parts reduced and simplified, aiding the achievement of a
robust device, with low complexity and easy assembling and produc-
tion. From such technology, a daily production throughput of 50-100
units was achieved [62]. This project contributed to the fast produc-
tion of high demand equipment, aiding hospitals in the combat
against the pandemic. In the University of Campinas, Brazil, profes-
sors, researchers and volunteers used 3D printers to print parts
required for mechanical ventilator maintenance. Thereby, such
equipment could be used again in the hospital intensive care units
(ICU) to treat severe cases of COVID-19 [63].

Inside this urgent scenario inherent from the pandemic state, the
demand for hospital supplies and equipment, such as ventilators and
respirators were overcharged at world scale. However, the manufac-
turers were not capable to quickly achieve the production to the
required demand. Accordingly, 3D printing appeared as an interest-
ing alternative in such scenario, allowing a fast and low-cost fabrica-
tion of the required the parts [64].

4.4.2. Individual protection equipment (IPE)

The coronavirus transmission occurs from droplets produced by
cough or sneeze of an infected person [59]. Therefore, the use of indi-
vidual protection equipment (IPE), including masks and face shields,
that provides a protection barrier, became indispensable in the pan-
demic. This protection is even more fundamental for the medical
team and essential service professionals that deal directly with
infected patients. The N95 mask is capable to retain particles up to
0.3 mm in the air with an efficiency of 95%. The use of N95 masks by
health professionals treating COVID-19 patients was recommended
by the Centers for Disease Control and Prevention [57]. Another
important feature of a mask is its sealing on the person face. The 3D
printer, associated with facial scanners, can be used to manufacture
personalized sealing cast according to the health professional face,
even taking into account facial expressions [65]. These features could
ensure higher safety levels to the use of mask by health professionals.

N95 masks are disposable and due to the growing demand at
COVID-19 pandemic, a serious scarcity in the market was experi-
enced. Some N95 masks were passed through a disinfection/sanita-
tion procedure aiming at its reutilization. The disinfection procedure
must ensure the virus inactivation, without deprecating the filtration
efficiency and the mask sealing, ensuring the required safety level for
personal use [66]. In order to increase the number of masks in mar-
ket, some alternatives have been proposed, including 3D printed
masks. Swennen, Pottel and Haers [67] developed a reusable person-
alized face mask from facial scanning application (mobile app) and
3D printing. The mask is composed of two parts: the reusable one,
including the facial barrier and the filter support, both 3D printed;
and the disposable one, including rubbers and membrane filters (bar-
rier used for air filtration), as illustrated in Fig. 3. A cleaning protocol
and disinfection for reusable parts was proposed. However, valida-
tion tests evidencing the absence of viral activity after one or several
cleaning cycles are still missing. The authors made available the STL
file of the mask assemble. Aiding the enhancement of protection for
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Fig. 3. Individualized protection mask made by 3D printing: (a) 3D printed mask, (b) filter membrane support, (c) filter membrane made by polypropylene, (d) digital file of the 3D

prototype. Source: Swennen, Pottel and Haers [67].

health professionals, the use of face shields together with masks was
recommended. Face shields (Fig. 4) were composed by a fixed rod
that must be positioned at forehead and by a transparent polymer
visor, resulting in a physical barrier for droplets.

Face shields also experienced a market scarcity due to the COVID-
19 pandemic. 3D printing also provided a fast and cheap alternative
applied to manufacture this item. Different protectors were devel-
oped, printed and tested according to the medical application neces-
sity. Some examples include interventional radiology [68],
otorhinolaryngology professionals [69], general protection [70] and
personalized protectors with air flow barriers [71]. The 3D printing

companies made available for free the STL files of the developed face
shields. Accordingly, people around the world with 3D printers are
capable to fabricate this face shields and also donate it to health units
along the COVID-19 pandemic. Typically, polylactic acid (PLA) fila-
ments are applied in the construction of face shields by 3D printers
due to their biodegradable characteristics [70]. An example was the
biofabrication research facility (Biofabris) of the Chemical Engineer-
ing School of University of Campinas. The Biofabris received a dona-
tion of polymers to be used for 3D printing of face shields, that were
destined to public units of healthcare involved in the fight against the
COVID-19 [63]. When it comes to manufacturing costs for the face

Fig. 4. Face shield made by 3D printing (orange part). Source: PRUSA PRO Face Shield [72]. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Nasopharyngeal Swabs
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Fig. 5. Nasopharyngeal swab collector made by 3D printing. Source: 3D Printed Test Swabs for COVID-19 Testing [ 74].

shields, only Amin et al. [70] had a cost of $ 7.30 per piece. In other
cases, the material and the product were donated.

4.4.3. Sampling collector for COVID-19 test

The COVID-19 diagnosis test is a fundamental parameter to regu-
late the public policy for pandemic control, for example, the defini-
tion of social distancing rules. The COVID-19 diagnosis tests and its
reactants also suffered from scarcity due to the fast growth of cases.
Specifically, the molecular RT-PCR test (Reverse-Transcriptase Poly-
merase Chain Reaction) that analyses samples from nasopharyngeal
material of the infected person, detecting the COVID-19 by the pres-
ence of RNA from the virus [73]. This test employs nasal swabs, a
kind of flexible plastic rod with cotton in one of the tips. Due to the
lack of these biological material collectors, 3D printers were used to
supply the demand (Fig. 5)

The USF Health, the Northwell Health and the Formlabs worked
jointly to develop a nasal swab prototype to be manufactured by 3D
SLA (stereolithography). In the validation tests, the 3D printed nasal
swabs exhibited good performance and received the FDA certification
(U.S. Food and Drug Administration). The Formlabs Company is capa-
ble to fabricate up to 100,000 swabs per day and the kit is being sold
at cost price [74].

The 3D printing could be used in a near future to manufacture fast
tests for COVID-19 detection by antibodies from blood samples. The
3D printing is currently used to manufacture several components of
biosensors, including electrodes, substrates, parts for liquid handling
and devices’ packing [75]. The additive manufacturing appears as an
important platform for biosensors development when applied jointly
with Microfluidics in the detection of pathogens [75]. These charac-
teristics could make feasible a faster production of materials for a
massive population testing.

5. Microfluidics and the virus detection

The emergence of COVID-19 brought a new global reality about
the control and measures needed for a pandemic status. The scientific

community consensus lies on a closer monitoring of zoonotic viruses
and their rapid identification, assisting in a potential upcoming pan-
demic. However, the vigilance and the discovery of new viruses are
still a great challenge related to procedures and technological matu-
rity [76]. The researches related that the virus monitoring requires
several stages, including virus concentration growth in the culture
media. These stages require adjustment times to achieve the desired
efficiency, and it can be an issue when samples have to be disposed
or modified with time [77]. The virus detection requires previous
studies about structure and sequencing. Immunological and molecu-
lar methods, as the ELISA (Enzyme-Linked ImmunoSorbent Assay)
and PCR (Polymerase Chain Reaction) are capable to identity the virus
without the knowledge of the virus chains, which sometimes can be
at low and undetectable concentrations. In order to correct this, an
increase in virus concentration (enrichment) in the media should be
performed, by specific equipment and reactants [77,78]. In this con-
text, the Microfluidics appears as a potential technology to provide
solution about these issues.

Defined as the science and technology applied in structures of
dimensions ranging from tens to hundreds of micrometers, Microflui-
dics represents a great potential for chemical processes design, devel-
opment and optimization [79]. Microfluidics is an interesting
proposal to cost reduction in research and production, also allowing
an increase on the vigilance efficiency. Microdevices can be associ-
ated with different virus capture, enrichment and detection proce-
dures, using much reduced reactant and sampling volumes [78]. In a
worldwide range, researches related to virus detection and infection
monitoring are using microfluidic methods, with distinct techniques
of detection. The following section reports some of these researches
approaching virus detection and improvement of data processing for
virus detection.

Wou et al. [80] evaluated the efficiency of four rapid tests (ALLTEST
2019-nCoV IgG/IgM Rapid Test, Dynamiker 2019-nCoV IgG/IgM Rapid
Test, ASK COVID-19 IgG/IgM Rapid Test, and Wondfo SARS-CoV-2
Antibody Test) based on the antibodies detection by lateral flow
immunoassays. The results suggested that all four tests presented
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good sensibility and specificity to detect antiboides after a 3-week
period of contamination. Insignificant differences among the four
tests were reported for detection time and efficiency. These devices
have been widely used for COVID-19 detection tests around the
world.

The detection strategy knowing the physical structure of the virus,
e.g. the dimensions, could be an interesting alternative to the conven-
tional approaches. Yeh et al. [76] developed a microdevice capable to
capture, to enrich and to detect the virus by spectroscopy from data-
base and Machine Learning techniques. The device, named VIRRION,
possess a microchannel with carbon nanotubes spaced by a gap capa-
ble to capture different virus by its characteristic length scale. After
the enrichment, the virus is detected by Raman spectroscopy, since
each virus presents a different signaling. The study was validated in
the identification of rhinovirus, influenza and parainfluenza.

The fluorescence methods using nanoparticles and Quantum Dots
(QD) appear as an efficient alternative for detection and differentia-
tion of viruses. Zhang et al. [81] used a controllable magnetic field
and a heating zone associated with magnetic nanoparticles and quan-
tum dots to detect and to classify influenza viruses (H1N1, H3N2 and
HIN2). The QD entered the complex formed by nanoparticles and the
complementary DNA, so that the component had specific fluores-
cence for later identification. The goal of the study was to use the
magnetic field and the heating area (45 °C) to create a specific mag-
netic zone of reaction for each type of virus by the emitted fluores-
cence.

Wang et al. [82] observed the necessity to perform simultaneous
and automatic detection of subtypes of hemagglutinin (HA) of influ-
enza virus in microfluidic chips. The device presented the advantage
of possessing microvalve components integrated with software,
avoiding the human contact with the samples, minimizing the con-
tamination risks. Another important feature was the separation of
magnetic beads linked to the protein chain by magnetophoresis and
the distinction by size. Also, the device accounted for Quantum Dots
to accomplish the luminescence of the HA linked to magnetic beads
for later analysis. The authors report that the device presented good
specificity and detection of concentration of 3.4 ng/mL and
4.5 ng/mL, for H7N9 and HON2, respectively.

One fundamental key to develop new products for virus analysis
is to ensure process efficiency and human operator safety along the
sampling collection and processing. Wang et al. [83] designed a
microdevice with 8 chambers capable to detect nucleic acids from
Influenza viruses. The device was developed to correct issues of the
LAMP (loop-mediated isothermal amplification) device that handles
the samples in an exposed manner, allowing possible aerosol con-
tamination and false-positive results. The microdevice generates a
colorimetric response from violet to sky-blue, when the nucleic acid
signal is amplified. The system works from the patient airway sam-
pling with a swab. The sample passes through lysis and magnetic
beads were used to extract the nucleic acids. The latter one flowed
throughout the 8 chambers that are capable to distinguish the virus.
Fig. 6 presents the procedure used to obtain the virus characteriza-
tion.

Lin et al. [84] evaluated the method LAMP to diagnose four types
of Ebola viruses. The methods consisted in four LAMP standards, a
microfluidic disk and a portable real time fluorescent detector. The
results showed that the device was capable to distinguish the four
types of viruses without cross contamination. The method lasted
about 50 minutes from sample addition to reactant mixing. The
authors suggested that such method is low cost and simple, with a
sensibility level useful for application to remote locations that fight
against the Ebola.

These innovative Microfluidic-based detection methods must be
always fast and sensible than traditional methods, ensuring an imme-
diate and safe response to the patient. Another desirable feature is to
transform the product into a personalized detection method, as for
example, to an application installed in the own patient smartphone.
Jin et al. [85] developed a microfluidic system to accomplish diagno-
sis and differentiation of human adenovirus in one hour, considering
the sampling time. The microdevice performs the DNA extraction
and employs a bio-optical sensor to conclude the reading. The extrac-
tion is carried out in 30 minutes inside the chamber containing
dimethyl suberimidate. The identification of 10 adenovirus copies by
the biosensor occurred in another 30 minutes. The authors compared
the designed device to the traditional PCR, considering the device
100 times more sensible and with superior velocity. These features
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make the proposed device competitive for the respiratory virus
detection.

Recently, Nishiyama [86] performed the detection of anti-H5 anti-
bodies, a subtype of Influenza A virus using an 8 channel microdevice
coupled with a device of polarized fluorescence. The coupling is
advantageous since it provides an increment of signal per area unit,
since the channel present the dimensions of 200 x 900 pm. The
authors suggested that the method could be amplified to detect the
SARS-CoV-2 virus and also can identify infection with several sam-
ples at same time.

Xia et al. [87] developed a low-cost microdevice coupled to a
smartphone to detect the Influenza virus. The colorimetric method
was used, presenting more sensible responses than the ELISA
method. The microdevice consisted in a fishbone cast, made by
PDMS, to conjugate the antibodies and to capture the virus. Gold
nanoparticles were employed allowing the colorimetric reaction to
detect the virus. The capture and detection of the virus lasted about
1.5 h. Despite the good response, the microdevice still requires
improvement concerning clogging and camera sensibility, once
smartphones possess distinct hardware qualities, and consequently,
could lead to different responses. The authors suggested a microde-
vice equipped with its own camera, capable to be integrated in the
smartphone by Bluetooth or USB.

Although the current situation requires faster and safer ways to
identify the presence of virus, scientific researches points out for
detection methods capable to ensure results reliability and low con-
tamination risks. Despite several methods still requires the sample
preparation procedures that can be considered expensive and time
consuming, devices as the proposed by Xia et al. [87] pointed out the
direction of future healthcare, which the microfluidic devices must
be personalized according to the individual necessity.

6. Artificial intelligence

The SARS-CoV-2 virus is a variation from the coronavirus (COVs)
family, infecting distinct mammal species, including camels, cattle,
cat and bats as receivers and affected species. In human, other varia-
tion of virus are known, as the MERS-CoV (Middle East Respiratory
Syndrome) and SARS-CoV (Severe Acute Respiratory Syndrome) [88].
The infection is caused by human contact, i.e. from person to person,
through the airways. A great number of contagion cases are related
to an asymptomatic or pre-symptomatic state [89,90]. Fig. 7 shows
the infection distribution considering the cases in China [91,92], in
which most part of cases did not develop any clinical aspect. Upon
being infected, the angiotensin 2 (ACE2) converting enzymes - pres-
ent in the cells of lungs, intestines, heart and kidneys - act as

Mild symptoms
[81%]

receivers for the intracellular entrance of SARS-CoV-2 [93]. The first
infectious symptoms are noticed in pulmonary tissues, being detect-
able by computed tomography (CT) [94]. The confirmation of infec-
tious condition is performed by molecular tests, as the reverse
transcription polymerase chain reaction (RT-PCR) [95], or even by the
reverse transcription loop-mediated isothermal amplification (RT-
LAMP) [96].

The COVID-19 pandemic has been confronted in distinct scopes:
database formulation to monitor the cases [97—-102], development of
effective vaccines and medication against the SARS-CoV-2 and the
virus detection from patients. A common point from these distinct
scopes is the use of Artificial Intelligence (IA) that is growing fast as
its diverse applicability and promising results are obtained by already
existing diagnose formulations and treatments from other diseases
[103—-105]. By the means of Al application, the medical practice has
been changing, so that restricted areas of experienced professionals
can be optimized or complemented by machine learning (ML) and
the growing formulation of database [106]. Supporting this scenario,
the US government, on March 16, 2020, collaborating with research
institutes and technology companies, called for global action to assist
Al researchers to develop data mining guidelines and techniques to
support research related to SARS-CoV-2 [107].

The main Al application within the SARS-CoV-2 pandemic scope is
listed following: early detection and diagnosis of infection; monitor-
ing of treatments performed; tracking personal contacts made by
infected individuals; projection of cases and mortality; development
of medicines and vaccines; reduction in health professional demand;
preventive actions of the disease, and prediction of survival in severe
cases of the disease [103,106,108,109]. For each of these current
applications, there is infrastructure and mobilization of the interna-
tional community to accelerate the development of such tools. How-
ever, the early detection and diagnosis have proved to be one of the
main weapons of Al against COVID19 and therefore, in the next sec-
tion it is further detailed.

6.1. Early detection and diagnosis of infection

Among the most effective and most widely used methods for
detecting SARS-CoV-2 are the systems using artificial neural net-
works algorithms to analyze computed tomography (CT) images. The
use of CT for diagnosis is a precise technique to identify interstitial
pulmonary infections, as in diseases leading to development of opa-
que areas between the lobes of the lungs [110,111]. From the CT
images, radiologists are capable to identify the exposed patterns and
made the correct diagnosis. The clinical condition is further con-
firmed by reports and tests. Considering the high demand and the

Severe
symptoms
[14%]

Critical
symptoms
[5%]

Fig. 7. Percentage distribution of clinical conditions: mild, severe and critical. Data from patients in China [91].
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overload experienced by the professionals of CT analysis in the pan-
demic scenario, the use of Al achieved a great level of relevance in
the measurements of clinical report [109]. Using CT images from
patients with pulmonary infections as inputs for Al systems, the algo-
rithms transcript the data in layers to identify existing patterns.
Within the expected limits of SARS-CoV-2, the system was capable to
deduce whether the patterns found in samples presented similar
topologies, and consequently, to conclude the clinical conditions.

Ardakani et al. [109] applied 10 different deep learning models to
distinguish cases of pneumonia, reporting which of these fitted as
infections caused by COVID-19. The authors reported the tested neu-
ral networks: AlexNet, VGG-16, VGG-19, Squeeze Net, GoogleNet,
MobileNet-V2, ResNet-18, ResNet-50, ResNet-101 and Xception. The
CT images used also presented technical reports from specialists,
aiming at the system validation and replicability. The authors noticed
satisfactory results from all tested models, reporting sensibility levels
over 80% and accuracy over 78%. The superior performance was pro-
vided by ResNet-101 (99.02% of sensibility and 99.51% of accuracy),
regarding the technical reports from radiologists (89.21% of sensibil-
ity and 86.27 of accuracy) determined by the authors. These results
highlight the potentiality of the adopted system, including the rates
of assertiveness and velocity of results inference.

Li et al. [112] used a 4,356 CT scans of 3,332 patients from 6 dis-
tinct medical centers to analyze the Al model ResNet-50 (COVNet)
performance. From these scans, 1,296 where identified with COVID-
19, 1,735 with acute infection of the lung parenchyma and 1,325
with other clinical conditions than pneumonia. The convolutional
structure used in the RenNet-50 provided a detection of 96% of SARS-
CoV-2 clinical conditions. Ghoshal et al. [113] used 5,941 radiographs
distributed among 1,583 normal pneumonia, 2,786 bacterial pneu-
monia, 1,504 pneumonia conditions not related to SARS-CoV-2and
68 pneumonia cases related to SARS-CoV-2, to evaluate the perfor-
mance of the Drop-weights based Bayesias, a convolutional model of
neural network (CNN). An accuracy of 89.92% was observed.

X-ray thoracic images [114] (Fig. 8) are indicate as an alternative
in cases of inability to obtain CT images. Rajaraman and Antani [114]
used X-ray thoracic images jointly with Deep Learning to evaluate
different neural network structures: Custom WRN model (accuracy
of 89.74%), VGG-16 (accuracy of 93.08%), Inception-V3 (accuracy of
91.03%), Xception (accuracy of 92.82%), DenseNet-121 (accuracy of
90.26%) and NASNet-mobile (accuracy of 92.82%). Following the
aforementioned logic, the prescribed models presented a favorable
replicability for application in real and practical cases.

(a)

(b)
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The advances of Artificial Intelligence in knowledge fields until
then restricted to specialists, as the case of CT and X-ray images, rep-
resent optimistic projections in the fight against the SARS-CoV-2. The
development of Al diagnosis systems, based on Machine Learning
and Deep Learning, contributes not only to superior accuracy and
speed to identify clinical conditions from SARS-CoV-2, but also,
allows an improved safety to health professionals, once a lower level
of contact with infected patients are required [107,115].

7. Conclusion and future perspectives

The novel coronavirus dramatically changed the currently world,
forcing all knowledge areas to be adapted to the new reality. The role
of the engineer has always been to propose creative solutions to soci-
ety's problems. Since the beginning of the 20th century, chemical
engineers have specialized in design and operation of processes
related to a wide range of value-added products, ranging from
energy, polymers to computer chips.

These engineers work for environmental companies, government
agencies, offices and bank companies. The chemical engineer is
taught to work on the threshold with other sciences and technolo-
gies, using their knowledge bases of Thermodynamics, Transport
Phenomena and Engineering of Chemical Reactions, in addition to
scientific bases of Mathematics, Physics, Chemistry and Biology
[116,117]. In this present review we show how chemical engineers
can use their knowledge and collaborate in the fight against
COVID19. The review was divided into distinct section approaching
vaccines and medication, fluid dynamics, 3D printing, microfluidics
and artificial intelligence.

The development of an effective vaccine against COVID-19 is per-
haps the main concern on the world today. Up to now, there is no
drug proven to be able to combat the virus in vivo, however, as the
days go by, researchers around the world are looking for ways to
treat effectively the SARS-CoV-2.

Fluid dynamics analysis tools have been a critical aspect to fight
the COVID-19 pandemic. Previous investigations that focused on
understanding the behavior of virus-laden particles on air gave to
health organizations, as WHO, CDC, and ECDC sufficient information
to prescribe measures to reduce virus spread.

The pandemic status generated a high demand, in global scale, for
masks, face shields, ventilator valves, mechanical ventilators and test
kits, among other individual protection equipment (IPE). However,
companies are not being able to quickly produce and supply these

Fig. 8. X-rays of thoracic region showing: (a) lungs without infectious traces; (b) consolidated bacterial pneumonia in the upper right lobe and lower left region of the retro-cardiac
lobe; (c) pneumonia resulting from COVID-19 where the blue rectangular markers indicate the infected regions. Reproduced from Ref. [114]. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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materials. The 3D printing is an innovative technology and a practical
tool, and it have been used to create solution in the current scenario.
The pandemic status enforced scientist and researchers to urgent sit-
uations in which fast solutions can be the best way to save life. The
3D printing is currently used to manufacture several components of
biosensors, including electrodes, substrates, parts for liquid handling
and devices packing. This technology could be an important platform
in the development of biosensors when applied jointly with Micro-
fluidics in the pathogen detection.

The advances of Artificial Intelligence in knowledge fields until
then restricted to specialists represent optimistic projections in the
fight against the COVID-19. The use of Machine Learning and Deep
Learning contributes to superior accuracy and speed to identify clini-
cal conditions from SARS-CoV-2, and improved safety to health pro-
fessionals, due to the lower contact to infected patients.

Our main goal is that the present review provides fundamental
information for researchers, professor and students and professionals
from Chemical Engineering and correlated areas, contributing to the
fight against the COVID-19.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This study was financed in part by the Coordenagao de Aperfei-
¢oamento de Pessoal de Nivel Superior — Brasil (CAPES) — Finance
Code 001.

References

[1] Mohamed T, El-aziz A, Stockand ]D. Infection, Genetics and Evolution Recent
progress and challenges in drug development against COVID-19 coronavirus
(SARS-CoV-2) - an update on the status. Infect Genet Evol 2020;83:104327. doi:
10.1016/j.meegid.2020.104327.

[2] Cascella M, Rajnik M, Cuomo A, Dulebohn SC, Di Napoli R. Features, evaluation
and treatment coronavirus (COVID-19). StatPearls 2020 https://www.ncbi.nlm.
nih.gov/books/NBK554776.

[3] Corona Time Map, (2020). https://coronatimemap.com/ (accessed May 25,
2020).

[4] Sherren MA, Khan S, Kazmi A, B. N, Siddique R, infection COVID-19. Origin, trans-

mission, and characteristics of human coronaviruses. J. Adv. Res. 2020;24:91-8

https://doi.org/10.1016/j.jare.2020.03.005.

Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, Li Y, Zhu L, Wang N, Lv Z, Gao H, Ge

X, Kan B, Hu Y, Liu J, Cai F, Jiang D, Yin Y, Qin C, Li ], Gong X, Lou X, Shi W, Wu D,

Zhang H, Lan CQ. Development of an inactivated vaccine candidate for SARS-

CoV-2. Science (80-.). 2020;1932:1-10. doi: 10.1126/science.abc1932.

Zaim S, Chong JH, Sankaranarayanan V, Harky A. COVID-19 and multi-organ

response. Curr Probl Cardiol 2020;45:1-21 https://doi.org/10.1016/j.

cpcardiol.2020.100618.

Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler ], Abfalterer W, Foley B,

Giorgi EE, Bhattacharya T, Parker MD, Partridge DG, Evans CM, de Silva TI, LaB-

ranche CC, Montefiori DC. Spike mutation pipeline reveals the emergence of a

more transmissible form of SARS-CoV-2. BioRxiv 2020 2020.04.29.069054. doi:

10.1101/2020.04.29.069054.

De Alwis R, Chen S, Gan ES, Eong E. Impact of immune enhancement on Covid-

19 polyclonal hyperimmune globulin therapy and vaccine development.

EBioMed 2020;55. doi: 10.1016/j.ebiom.2020.102768.

[9] Gallagher ]. Coronavirus vaccine: when will we have one? BBC News 2020
https://www.bbc.com/news/health-51665497 (accessed May 23, 2020).

[10] Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, Hohmann E,
Chu HY, Luetkemeyer A, Kline S, Lopez de Castilla D, Finberg RW, Dierberg K,
Tapson V, Hsieh L, Patterson TF, Paredes R, Sweeney DA, Short WR, Touloumi G,
Lye DC, Ohmagari N, Oh M, Ruiz-Palacios GM, Benfield T, Fiatkenheuer G, Korte-
peter MG, Atmar RL, Creech CB, Lundgren ], Babiker AG, Pett S, Neaton ]D, Bur-
gess TH, Bonnett T, Green M, Makowski M, Osinusi A, Nayak S, Lane HC.
Remdesivir for the treatment of covid-19 — preliminary report. N Engl ] Med
2020. doi: 10.1056/NEJM0a2007764.

[11] Pawar AY. Combating devastating COVID -19 by drug repurposing. Int ] Antimi-
crob Agents 2020:105984. doi: 10.1016/j.ijantimicag.2020.105984.

[12] Granchi G. Conhega os principais remédios e tratamentos em testes contra a
Covid-19. ViVa Bem 2020 https://www.uol.com.br/vivabem/noticias/redacao/

[5

[6

17

8

2020/05/14/conheca-os-principais-remedios-em-testes-contra-a-covid-19.htm
(accessed May 14, 2020).

[13] Zhang N, Li C, Hu Y, Li K, Liang J, Wang L, Du L, Jiang S. Current development of
COVID-19 diagnostics, vaccines and therapeutics. Microbes Infect 2020:1-5. doi:
10.1016/j.micinf.2020.05.001.

[14] Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review
on the efficacy and safety of chloroquine for the treatment of Covid-19. J Crit
Care 2020. doi: 10.1016/j.jcrc.2020.03.005.

[15] Raoult D. Chloroquine : 1’ OMS suspend les essais cliniques par sécurité. Valeurs
2020:1-6 https://www.valeursactuelles.com/societe/chloroquine-loms-sus-
pend-les-essais-cliniques-par-securite-119732 (accessed May 25, 2020).

[16] Graham BS. Rapid COVID-19 vaccine development. Science (80-) 2020;8923:1-
5. doi: 10.1128/JVI.00671-11.

[17] Mirza MU, Froeyen M. Structural elucidation of SARS-CoV-2 vital proteins:
computational methods reveal potential drug candidates against main protease,
Nsp12 polymerase and Nsp13 helicase. ] Pharm Anal 2020. doi: 10.1016/j.
jpha.2020.04.008.

[18] Corey L, Corey BL, Mascola JR, Fauci AS, Collins FS. A strategic approach to
COVID-19 vaccine R & D. Science (80-) 2020:5312. doi: 10.1126/science.
abc5312.

[19] Burton DR, Walker LM. Forum rational vaccine design in the time of COVID-19.
Cell Host Microbe 2020;27:695-8. doi: 10.1016/j.chom.2020.04.022.

[20] Zhu F, Li Y, Guan X, Hou L, Wang W, Li ], Wu S, Wang B, Wang Z, Wang L, Jia S.
Articles Safety, tolerability, and immunogenicity of a recombinant adenovirus
type-5 vectored COVID-19 vaccine. Lancet 2020;6736:1-10. doi: 10.1016/
S0140-6736(20)31208-3.

[21] Reuters, Vacina “nao sera cara”, diz professor de Oxford que pesquisa covid-19.
Uol Viva Bem 2020:1-12 https://www.uol.com.br/vivabem/reuters/2020/05/16/
vacina-nao-sera-cara-diz-professor-de-oxford-que-pesquisa-covid-19.htm
(accessed May 16, 2020).

[22] Mittal R, Ni R, Seo JH. The flow physics of COVID-19. ] Fluid Mech 2020;894:1-
14.

[23] Setti L, Passarini F, De Gennaro G, Barbieri P, Perrone MG, Borelli M, Palmisani J,
Di Gilio A, Piscitelli P, Miani A. Airborne transmission route of covid-19: Why
2 meters/6 feet of inter-personal distance could not be enough. Int ] Environ Res
Public Health 2020:17.

[24] Wang ], Du G. COVID-19 may transmit through aerosol, (n.d.).

[25] Meselson M. Droplets and aerosols in the transmission of SARS-CoV-2, N. Engl ]
Med 2020;382:2063.

[26] Buonanno G, Morawska L, Stabile L. Quantitative assessment of the risk of air-
borne transmission of SARS-CoV-2 infection: prospective and retrospective
applications. MedRxiv 2020;145:106112. doi: 10.1016/j.envint.2020.106112.

[27] M. Evans, Avoiding COVID-19: Aerosol Guidelines, (2020).

[28] Nielsen PV, Liu L. The influence of air distribution on droplet infection and air-
borne cross infection. DCE Technical Memorandum, no. 77, Department of Civil
Engineering. Aalborg Univ, Aalborg 2020.

[29] Somsen GA, van Rijn C, Kooij S, Bem RA, Bonn D. Small droplet aerosols in poorly
ventilated spaces and SARS-CoV-2 transmission. Lancet Respir Med 2020;8:658-9.

[30] Stadnytskyi V, Bax CE, Bax A, Anfinrud P. The airborne lifetime of small speech
droplets and their potential importance in SARS-CoV-2 transmission. Proc Natl
Acad SciU S A 2020;117:11875-7.

[31] Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong JC, Turner AJ, Raizada MK,
Grant MB, Oudit GY. Angiotensin-converting enzyme 2: SARS-CoV-2 receptor
and regulator of the renin-angiotensin system: celebrating the 20th anniversary
of the discovery of ACE2. Circ Res 2020;126:1456-74.

[32] LiuY, Ning Z, Chen Y, Guo M, Liu Y, Gali NK, Sun L, Duan Y, Cai J, Westerdahl D,
Liu X, Xu K, fai Ho K, Kan H, Fu Q, Lan K. Aerodynamic analysis of SARS-CoV-2 in
two Wuhan hospitals. Nature 2020;582:557-60.

[33] Taylor D, Lindsay AC, Halcox JP. c or r e sp ondence aerosol and surface stability
of SARS-CoV-2 as compared with SARS-CoV-1, (2010) 0—2.

[34] Anfinrud P, Bax CE, Stadnytskyi V, Bax A. Could SARS-CoV-2 be transmitted via
speech droplets? MedRxiv 2020 2020.04.02.20051177.

[35] Feng Y, Marchal T, Sperry T, Yi H. Influence of wind and relative humidity on the
social distancing effectiveness to prevent COVID-19 airborne transmission: a
numerical study. ] Aerosol Sci 2020;147:105585.

[36] Diwan SS, Ravichandran S, Govindarajan R, Narasimha R. Understanding trans-
mission dynamics of COVID-19-type infections by direct numerical simulations
of cough/sneeze flows. Trans Indian Natl Acad Eng 2020:1-7.

[37] Nielsen PV, Buus M, Winther FV, Thilageswaran M. Contaminant flow in the
microenvironment between people under different ventilation conditions. ASH-
RAE Trans 2008;114:632-8.

[38] Nielsen PV, Olmedo I, De Adana MR, Grzelecki P, Jensen RL. Airborne cross-infec-
tion risk between two people standing in surroundings with a vertical tempera-
ture gradient. HVAC R Res 2012;18:552-61.

[39] Gormley M, Aspray TJ, Kelly DA. COVID-19: mitigating transmission via waste-
water plumbing systems. Lancet Glob Heal 2020;8:e643.

[40] WHO. Consensus document on the epidemiology of severe acute respiratory
syndrome (SARS). Consens Doc Epidemiol Sev Acute Respir Syndr 2003:1-47
https://www.who.int/csr/sars/en/WHOconsensus.pdf.

[41] Ham S. Prevention of exposure and dispersion of COVID-19 using air purifiers:
challenges and concerns. Epidemiol Health 2020:e2020027.

[42] Dai H, Zhao B. Association of infected probability of COVID-19 with ventilation
rates in confined spaces: a Wells-Riley equation based investigation. MedRxiv
2020 2020.04.21.20072397.

[43] Riley EC, Murphy G, Riley RL. Airborne spread of measles in a suburban elemen-
tary school. Am ] Epidemiol 1978;107:421-32.


https://doi.org/10.1016/j.meegid.2020.104327
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://coronatimemap.com/
https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1016/j.cpcardiol.2020.100618
https://doi.org/10.1016/j.cpcardiol.2020.100618
https://doi.org/10.1101/2020.04.29.069054
https://doi.org/10.1016/j.ebiom.2020.102768
https://www.bbc.com/news/health-51665497
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1016/j.ijantimicag.2020.105984
https://www.uol.com.br/vivabem/noticias/redacao/2020/05/14/conheca-os-principais-remedios-em-testes-contra-a-covid-19.htm
https://www.uol.com.br/vivabem/noticias/redacao/2020/05/14/conheca-os-principais-remedios-em-testes-contra-a-covid-19.htm
https://doi.org/10.1016/j.micinf.2020.05.001
https://doi.org/10.1016/j.jcrc.2020.03.005
https://www.valeursactuelles.com/societe/chloroquine-loms-suspend-les-essais-cliniques-par-securite-119732
https://www.valeursactuelles.com/societe/chloroquine-loms-suspend-les-essais-cliniques-par-securite-119732
https://doi.org/10.1128/JVI.00671-11
https://doi.org/10.1016/j.jpha.2020.04.008
https://doi.org/10.1016/j.jpha.2020.04.008
https://doi.org/10.1126/science.abc5312
https://doi.org/10.1126/science.abc5312
https://doi.org/10.1016/j.chom.2020.04.022
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31208-3
https://www.uol.com.br/vivabem/reuters/2020/05/16/vacina-nao-sera-cara-diz-professor-de-oxford-que-pesquisa-covid-19.htm
https://www.uol.com.br/vivabem/reuters/2020/05/16/vacina-nao-sera-cara-diz-professor-de-oxford-que-pesquisa-covid-19.htm
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0022
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0022
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0023
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0023
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0023
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0023
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0025
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0025
http://dx.doi.org/10.1016/j.envint.2020.106112
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0028
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0028
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0028
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0029
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0029
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0030
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0030
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0030
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0031
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0031
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0031
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0031
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0032
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0032
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0032
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0034
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0034
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0035
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0035
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0035
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0036
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0036
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0036
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0037
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0037
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0037
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0038
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0038
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0038
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0039
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0039
https://www.who.int/csr/sars/en/WHOconsensus.pdf
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0041
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0041
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0042
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0042
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0042
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0043
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0043

H.S. Santana et al. / Journal of the Taiwan Institute of Chemical Engineers 116 (2020) 67—80 79

[44] Kitson PJ, Glatzel S, Chen W, Lin CG, Song YF, Cronin L. 3D printing of versatile
reactionware for chemical synthesis. Nat Protoc 2016;11(5):920-36 https://doi.
org/10.1038/nprot.2016.041.

[45] Zhang Y, Ge S, Yu J. Chemical and biochemical analysis on lab-on-a-chip devices
fabricated using three-dimensional printing. Trends Analyt Chem 2016;85:166-
80 https://doi.org/10.1016/j.trac.2016.09.008.

[46] C.LM. Sampaio, Guia Maker de impressao 3D - teoria e pratica consolidadas,
2017. Available on: http://www.makerlinux.com.br/drupal/content/ebook
(accessed June 1, 2020).

[47] Marlin Firmware: Responsive, Reliable, Accurate. https://marlinfw.org/, 2020
(accessed June 3, 2020).

[48] Scopus: Analyze search results. https://www.scopus.com/term/analyzer.uri?
sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-
ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&ana-
lyzeResults=Analyze+results&cluster=scosub-
jabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1, 2020
(accessed June 9, 2020).

[49] Santana HS, Rodrigues AC, Lopes MGM, Russo FN, Silva JL, Taranto OP. 3D
printed millireactors for process intensification, Chin. ] Chem Eng 2020;28:180-
90 https://doi.org/10.1016/j.cjche.2018.12.013.

[50] Lopes MGM, Santana HS, Andolphato VF, Russo FN, Silva JL, Taranto OP. 3D
printed micro-chemical plant for biodiesel synthesis in millireactors. Energy
Convers Manage 2019;184:475-87 https://doi.org/10.1016/j.
enconman.2019.01.090.

[51] Lopes MGM, Santana HS, Andolphato VF, Silva JL, Taranto OP. Flow uniformity
data on 3D printed flow distributors. Data Brief 2019;23:103799 https://doi.org/
10.1016/j.dib.2019.103799.

[52] Bara JE, Hawkins CI, Neuberger DT, Poppell SW. 3D printing for CO2 capture and
chemical engineering design. Nanomater Energy 2013;2:235-43 https://doi.org/
10.1680/nme/13.00021.

[53] Mardani S, Ojala LS, Uusi-Kyyny P, Alopaeus V. Development of a unique modu-
lar distillation column using 3D printing. Chem Eng Process 2016;109:136-48
https://doi.org/10.1016/j.cep.2016.09.001.

[54] Liu'Y, Chen Z, Li ], Gong B, Wang L, Lao C, Wang P, Liu C, Feng Y, Wang X. 3D
printing of ceramic cellular structures for potential nuclear fusion application.
Addit Manuf 2020;35:101348 https://doi.org/10.1016/j.addma.2020.101348.

[55] Tijing LD, Dizon JRC, Ibrahim I, Nisay ARN, Shon HK, Advincula RC. 3D printing
for membrane separation, desalination and water treatment. Appl Mater Today
2020;18:100486 https://doi.org/10.1016/j.apmt.2019.100486.

[56] Wolf LK. 3D printers move into research labs. Chem Eng News 2013;91:44-5
https://cen.acs.org/articles/91/i7/3-D-Printers-Move-Research.html.

[57] Ishack S, Lipner SR. Applications of 3D printing technology to address COVID-19
— related supply shortages. Am ] Med 2020 000 https://doi.org/10.1016/j.
amjmed.2020.04.002.

[58] Coronavirus: Symptoms. https://www.who.int/health-topics/coronavirus#tab=-
tab_3, 2020 (accessed June 9, 2020).

[59] Yee ], Lucy U, Zadravecz F, Cariello P, Seibert A, Johnson MA, Fuller MJ]. Novel
coronavirus 2019 (COVID-19): emergence and implications for emergency care.
JACEP Open 2020;1:63-9 https://doi.org/10.1002/emp2.12034.

[60] Chalaby M, Peters JI. Chapter 31 - acute respiratory failure. Cardiac Intensive
Care 2010:388-97 https://doi.org/10.1016/B978-1-4160-3773-6.10031-X.

[61] Italian hospital saves Covid-19 patients lives by 3D printing valves for reanima-
tion devices. https://www.3dprintingmedia.network/covid-19-3d-printed-
valve-for-reanimation-device/, 2020 (accessed June 11, 2020).

[62] Leitat presents first medically validated, industrialized 3D printed emergency
respiration device. https://www.3dprintingmedia.network/leitat-presents-first-
medically-validated-industrialized-3d-printed-ventilator/, 2020 (accessed June
11, 2020).

[63] Pesquisadores se unem em forca-tarefa para combate ao coronavirus. http://
cnpem.br/pesquisadores-se-unem-em-forca-tarefa-para-combate-ao-coronavi-
rus/, 2020 (accessed 1 June 2020).

[64] lyengar K, Bahl S, Vaishya R, Vaish A. Challenges and solutions in meeting up the
urgent requirement of ventilators for COVID-19 patients. Diabetes Metab Syndr
2020;14(4):499-501 https://doi.org/10.1016/j.dsx.2020.04.048.

[65] Cai M, Li H, Shen S, Wang Y, Yang Q. Customized design and 3D printing of face
seal for an N95 filtering facepiece respirator. J Occup Environ Hyg 2018;15
(3):226-34 https://doi.org/10.1080/15459624.2017.1411598.

[66] Boletim Técnico 3M - Métodos de Descontaminacao de Respiradores 3M tipo
N95. https://multimedia.3m.com/mws/media/18275390/metodos-descontami-
nacao-respiradores-n95-pff2.pdf, 2020 (accessed 16 June 2020).

[67] Swennen GR], Pottel L, Haers PE. Custom-made 3D-printed face masks in case of
pandemic crisis situations with a lack of commercially available FFP2/3 masks.
Int ] Oral Maxillofac Surg 2020;49:673-7 https://doi.org/10.1016/j.
{jom.2020.03.015.

[68] Sapoval M, Gaultier AL, Del Giudice C, Pellerin O, Kassis-Chikhani N, Lemarteleur
V, Fouquet V, Tapie L, Morenton P, Tavitian B, Attal JP. 3D-printed face protective
shield in interventional radiology: evaluation of an immediate solution in the
era of COVID-19 pandemic. Diagn Interv Imaging 2020;101:413-5 https://doi.
org/10.1016/j.diii.2020.04.004.

[69] Viera-Artilesa ], Valdiande JJ. 3D-printable headlight face shield adapter. Per-
sonal protective equipment in the COVID-19 era. Am ] Otolaryngol 2020 000
https://doi.org/10.1016/j.amjot0.2020.102576.

[70] Amin D, Nguyen N, Roser SM, Abramowicz S. 3D Printing of face shields during
COVID-19 pandemic: a technical note. ] Oral Maxillofac Surg 2020 000 https://
doi.org/10.1016/j.joms.2020.04.040.

[71] Maracaja L, Blitz D, Maracaja DLV, Walker CA. How 3D printing can prevent
spread of COVID-19 among healthcare professionals during times of critical
shortage of protective personal equipment. ] Cardiothorac Vasc Anesth 2020:1-
3000 https://doi.org/10.1053/j.jvca.2020.04.004.

[72] PRUSA PRO Face Shield. https://www.prusaprinters.org/prints/32714-prusa-
pro-face-shield, 2020 (accessed 16 June 2020).

[73] Tahamtan A, Ardebili A. Real-time RT-PCR in COVID-19 detection: issues affect-
ing the results. Expert Rev Mol Diagn 2020;20(5):453-4 https://doi.org/
10.1080/14737159.2020.1757437.

[74] 3D Printed Test Swabs for COVID-19 Testing. https://formlabs.com/covid-19-
response/covid-test-swabs/, 2020 (accessed 16 June 2020).

[75] Cesewski E, Johnson BN. Electrochemical biosensors for pathogen detection. Bio-
sens Bioelectron 2020;159:112214 https://doi.org/10.1016/j.bios.2020.112214.

[76] Yeh YT, et al. A rapid and label-free platform for virus capture and identification
from clinical samples. Proc Natl Acad Sci U S A 2020;117(2):895-901. doi:
10.1073/pnas.1910113117.

[77] Sun ], Jiang X. Microfluidic devices for viral detection. Woodhead Publishing
Limited; 2013.

[78] Zhu H, Fohlerova Z, Pekérek ], Basova E, Neuzil P. Recent advances in lab-on-a-
chip technologies for viral diagnosis. Biosens Bioelectron 2020;153. doi:
10.1016/j.bi0s.2020.112041.

[79] Santana HS, Silva Jr. JL, Taranto OP. Process analysis, design, and intensification
in microfluidics and chemical engineering. 1°. Ed Hershey PA: IGI Global; 2019.

[80] Wu J-L, et al. Four point-of-care lateral flow immunoassays for diagnosis of
COVID-19 and for assessing dynamics of antibody responses to SARS-CoV-2. |
Infect 2020. doi: 10.1016/j.jinf.2020.06.023.

[81] Zhang RQ, Hong SL, Wen CY, Pang DW, Zhang ZL. Rapid detection and subtyping
of multiple influenza viruses on a microfluidic chip integrated with controllable
micro-magnetic field. Biosens Bioelectron 2017;100(June):348-54 2018. doi:
10.1016/j.bios.2017.08.048.

[82] Wang S, et al. Simultaneous and automated detection of influenza A virus hem-
agglutinin H7 and H9 based on magnetism and size mediated microfluidic chip.
Sens Actuat, B Chem 2019;308(July):127675 2020. doi: 10.1016/j.
snb.2020.127675.

[83] Wang R, et al. Rapid detection of multiple respiratory viruses based on micro-
fluidic isothermal amplification and a real-time colorimetric method. Lab Chip
2018;18(22):3507-15. doi: 10.1039/c81c00841h.

[84] Lin X, et al. Fast and parallel detection of Four Ebola Virus species on a microflui-
dic-chip-based portable reverse transcription loop-mediated isothermal ampli-
fication system. Micromachines 2019;10(11). doi: 10.3390/mi10110777.

[85] Jin CE, Lee TY, Koo B, Sung H, Kim SH, Shin Y. Rapid virus diagnostic system using
bio-optical sensor and microfluidic sample processing. Sens Actuat, B Chem
2018;255:2399-406. doi: 10.1016/j.snb.2017.08.197.

[86] Nishiyama K, et al. Rapid detection of anti-H5 avian influenza virus antibody by
fluorescence polarization immunoassay using a portable fluorescence polariza-
tion analyzer. Sens Actuat, B Chem 2019;316(December):128160 2020. doi:
10.1016/j.snb.2020.128160.

[87] Xia Y, et al. Smartphone-based point-of-care microfluidic platform fabricated
with a ZnO nanorod template for colorimetric virus detection. ACS Sens 2019;4
(12):3298-307. doi: 10.1021/acssensors.9b01927.

[88] Centers for Disease Control and Prevention, “Coronavirus Disease 2019 (COVID-
19) Situation Summary,” Published 2020. [Online]. Available: https://www.cdc.
gov/coronavirus/2019-ncov/summary.html

[89] Arons MM, et al. Presymptomatic SARS-CoV-2 infections and transmission in a
skilled nursing facility. New Eng ] Med 2020;382:2081-90.

[90] Mizumoto K, Kagaya K, Zarebski A, Chowell G. Estimating the asymptomatic
proportion of coronavirus disease 2019 (COVID-19) cases on board the Diamond
Princess cruise ship, Yokohama, Japan, 2020. Euro Surveillance 2020;25.

[91] Wu Z, McGoogan JM. Characteristics of and important lessons from the corona-
virus disease 2019 (COVID-19) outbreak in China: summary of a report of 72314
cases from the chinese center for disease control and prevention. JAMA - ] Am
Med Assoc 2020;323:1239-42 https://doi.org/10.1001/jama.2020.2648.

[92] Nicola M, O'Neill N, Sohrabi C, Khan M, Agha M, Agha R. Evidence based manage-
ment guideline for the COVID-19 pandemic - review article. Int | Surg
2020;77:206-16 https://doi.org/10.1016/j.ijsu.2020.04.001.

[93] Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li B, Huang
C-L, Chen HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ, Chen Y, Shen XR, Wang X,
Zheng XS, Zhao K, Chen QJ, Deng F, Liu LL, Yan B, Zhan FX, Wang YY, Xiao GF, Shi
ZL. A pneumonia outbreak associated with a new coronavirus of probable bat
origin. Nature 2020;579:270-3. doi: 10.1038/s41586-020-2012-7.

[94] Kanne JP, Little BP, Chung JH, Elicker BM, Ketai LH. Essentials for radiologists on
COVID-19: an update—radiology scientific expert panel. Radiology 2020 https://
doi.org/10.1148radiol.2020200527 200527.

[95] World Health Organization (WHO), Novel Coronavirus. (2019-nCoV) Technical
Guidance: Laboratory Guidance. Geneva: WHO, Available from: https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/lab-
oratory-guidance.

[96] Ganguli A, Mostafa A, Berger J, Aydin M, Sun F, Valera E, Cunningham BT, King
WP, Bashir R. Rapid isothermal amplification and portable detection system for
SARS-CoV-2. BioRxiv Prepr Serv Biol 2020:1-31 https://doi.org/10.1101/
2020.05.21.108381.

[97] World Health Organization (WHO), "Coronavirus disease (COVID-2019) situa-
tion reports” (https://www.who.int/emergencies/diseases/novel-coronavirus-
2019/situation-reports, 2020)

[98] COVID-19. Open Research Dataset (CORD-19). 2020, https://pages.semanti-
cscholar.org/coronavirus-research


https://doi.org/10.1038/nprot.2016.041
https://doi.org/10.1038/nprot.2016.041
https://doi.org/10.1016/j.trac.2016.09.008
http://www.makerlinux.com.br/drupal/content/ebook
https://marlinfw.org/
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://www.scopus.com/term/analyzer.uri?sid=0ed520d8d80766e1f228761d0b402345&origin=resultslist&src=s&s=TITLE-ABS-KEY%283d+printing%29&sort=plf-f&sdt=cl&sot=b&sl=26&count=3106&analyzeResults=Analyze+results&cluster=scosubjabbr%2c%22CENG%22%2ct&txGid=0ba65fed9e9897378eb1613c962ec2e1
https://doi.org/10.1016/j.cjche.2018.12.013
https://doi.org/10.1016/j.enconman.2019.01.090
https://doi.org/10.1016/j.enconman.2019.01.090
https://doi.org/10.1016/j.dib.2019.103799
https://doi.org/10.1016/j.dib.2019.103799
https://doi.org/10.1680/nme/13.00021
https://doi.org/10.1680/nme/13.00021
https://doi.org/10.1016/j.cep.2016.09.001
https://doi.org/10.1016/j.addma.2020.101348
https://doi.org/10.1016/j.apmt.2019.100486
https://cen.acs.org/articles/91/i7/3-D-Printers-Move-Research.html
https://doi.org/10.1016/j.amjmed.2020.04.002
https://doi.org/10.1016/j.amjmed.2020.04.002
https://www.who.int/health-topics/coronavirus#tab=tab_3
https://www.who.int/health-topics/coronavirus#tab=tab_3
https://doi.org/10.1002/emp2.12034
https://doi.org/10.1016/B978-1-4160-3773-6.10031-X
https://www.3dprintingmedia.network/covid-19-3d-printed-valve-for-reanimation-device/
https://www.3dprintingmedia.network/covid-19-3d-printed-valve-for-reanimation-device/
https://www.3dprintingmedia.network/leitat-presents-first-medically-validated-industrialized-3d-printed-ventilator/
https://www.3dprintingmedia.network/leitat-presents-first-medically-validated-industrialized-3d-printed-ventilator/
http://cnpem.br/pesquisadores-se-unem-em-forca-tarefa-para-combate-ao-coronavirus/
http://cnpem.br/pesquisadores-se-unem-em-forca-tarefa-para-combate-ao-coronavirus/
http://cnpem.br/pesquisadores-se-unem-em-forca-tarefa-para-combate-ao-coronavirus/
https://doi.org/10.1016/j.dsx.2020.04.048
https://doi.org/10.1080/15459624.2017.1411598
https://multimedia.3m.com/mws/media/1827539O/metodos-descontaminacao-respiradores-n95-pff2.pdf
https://multimedia.3m.com/mws/media/1827539O/metodos-descontaminacao-respiradores-n95-pff2.pdf
https://doi.org/10.1016/j.ijom.2020.03.015
https://doi.org/10.1016/j.ijom.2020.03.015
https://doi.org/10.1016/j.diii.2020.04.004
https://doi.org/10.1016/j.diii.2020.04.004
https://doi.org/10.1016/j.amjoto.2020.102576
https://doi.org/10.1016/j.joms.2020.04.040
https://doi.org/10.1016/j.joms.2020.04.040
https://doi.org/10.1053/j.jvca.2020.04.004
https://www.prusaprinters.org/prints/32714-prusa-pro-face-shield
https://www.prusaprinters.org/prints/32714-prusa-pro-face-shield
https://doi.org/10.1080/14737159.2020.1757437
https://doi.org/10.1080/14737159.2020.1757437
https://formlabs.com/covid-19-response/covid-test-swabs/
https://formlabs.com/covid-19-response/covid-test-swabs/
https://doi.org/10.1016/j.bios.2020.112214
https://doi.org/10.1073/pnas.1910113117
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0077
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0077
https://doi.org/10.1016/j.bios.2020.112041
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0079
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0079
https://doi.org/10.1016/j.jinf.2020.06.023
https://doi.org/10.1016/j.bios.2017.08.048
https://doi.org/10.1016/j.snb.2020.127675
https://doi.org/10.1016/j.snb.2020.127675
https://doi.org/10.1039/c8lc00841h
https://doi.org/10.3390/mi10110777
https://doi.org/10.1016/j.snb.2017.08.197
https://doi.org/10.1016/j.snb.2020.128160
https://doi.org/10.1021/acssensors.9b01927
https://www.cdc.gov/coronavirus/2019-ncov/summary.html
https://www.cdc.gov/coronavirus/2019-ncov/summary.html
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0089
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0089
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0090
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0090
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0090
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1016/j.ijsu.2020.04.001
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1148/radiol.2020200527
https://doi.org/10.1148/radiol.2020200527
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance
https://doi.org/10.1101/2020.05.21.108381
https://doi.org/10.1101/2020.05.21.108381
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://pages.semanticscholar.org/coronavirus-research
https://pages.semanticscholar.org/coronavirus-research

80 H.S. Santana et al. / Journal of the Taiwan Institute of Chemical Engineers 116 (2020) 67—80

[99] CORONAVIRUS RESOURCE CENTER. Johns Hopkins university & medicine
https://coronavirus.jhu.edu/map.html

[100] Center for disease contral and preventaion, CDC, Coronavirus (COVID-19),
https://www.cdc.gov/coronavirus/2019-nCoV/index.html

[101] Datahub COVID-19, https://datahub.io/core/covid-19

[102] W. Zeng’'s website, COVID-19 Global cases and country cases, http://open-
source-covid-19.weileizeng.com/

[103] Shaikh ], Suganda Devi P, Shaikh MA, Nafee KA, Hailu T. Role of artificial intelli-
gence in prevention and detection of covid-19. Int ] Adv Sci Technol
2020;29:45-54.

[104] Neill DB. Using artificial intelligence to improve hospital inpatient care. IEEE
Intelligent Syst 2013;28(2):92-5. doi: 10.1109/MIS.2013.51.

[105] Agbehadji IE, Awuzie BO, Ngowi AB, Millham RC. Review of big data, artificial
intelligence and nature-inspired computing models for performance improve-
ment towards detection of COVID-19 pandemic case and contact tracing, (2020).
https://doi.org/10.13140/RG.2.2.28677.70883.

[106] Vaishya R, Javaid M, Khan IH, Haleem A. Artificial intelligence (Al) applications
for COVID-19 pandemic, Diabetes Metab Syndr Clin Res Rev 14.

[107] Alimadadi A, Aryal S, Manandhar I, Munroe PB, Joe B, Cheng X. Artificial intelli-
gence and machine learning to fight covid-19, Physiol Genomics.

[108] Albahri AS, Hamid RA, Alwan JK, Al-Qays ZT, Zaidan AA, Zaidan BB, Albahri AOS,
AlAmoodi AH, Khlaf JM, Almahdi EM, Thabet E, Hadi SM, Mohammed KI, Alsalem
MA, Al-Obaidi JR, Madhloom HT. Role of biological data mining and machine
learning techniques in detecting and diagnosing the novel coronavirus (COVID-
19): a systematic review. ] Med Syst 2020;44:122 https://doi.org/10.1007/
$10916-020-01582-x.

[109] Ardakani AA, Kanafi AR, Acharya UR, Khadem N, Mohammadi A. Application of
deep learning technique to manage COVID-19 in routine clinical practice using

CT images: results of 10 convolutional neural networks. Comput Biol Med
2020;121:103795 https://doi.org/10.1016/j.compbiomed.2020.103795.

[110] Xu X, Yu C, Zhang L, Luo L, Liu J. Imaging features of 2019 novel coronavirus
pneumonia. Eur ] Nucl Med Mol Imaging 2020;47:1022-3 https://doi.org/
10.1007/s00259-020-04720-2.

[111] Rocha DM, Brasil LM, Lamas JM, Luz GVS, Bacelar SS. Evidence of the benefits,
advantages and potentialities of the structured radiological report: an integra-
tive review. Artif Intell Med 2020;102:101770 https://doi.org/10.1016/j.
artmed.2019.101770.

[112] Li L, Qin L, Xu Z, et al. Using artificial intelligence to detect COVID-19 and com-
munity-acquired pneumonia based on pulmonary CT: evaluation of the diagnos-
tic accuracy. Radiology 2020;296(2):E65-71  https://doi.org/10.1148/
radiol.2020200905.

[113] Ghoshal B, Tucker A. Estimating uncertainty and interpretability in deep learn-
ing for coronavirus (COVID-19) detection. arXiv preprint arXiv
2020;2003:10769.

[114] Rajaraman S, Antani S. Weakly labeled data augmentation for deep learning: a
study on COVID-19 detection in chest X-rays.. Diagnostics (Basel, Switzerland)
2020;10:1-17 https://doi.org/10.3390/diagnostics10060358.

[115] Nguyen TT, Waurn G, Campus P. Artificial intelligence in the battle against coro-
navirus (COVID-19): a survey and future research directions, (2020). https://doi.
org/10.13140/RG.2.2.36491.23846.Artificial.

[116] Himmelblau DM, Riggs ]B. Basic principles and calculation in chemical engineer-
ing. 8 Ed. FT Press; 2012.

[117] Portal laboratdrios virtuais de processos quimicos, O que é a Engenharia Qui-
mica.  http://labvirtual.eq.uc.pt/siteJoomla/index.php?option=com_content&-
task=view&id=113&Itemid=426, (accessed 06 August 2020)


https://coronavirus.jhu.edu/map.html
https://www.cdc.gov/coronavirus/2019-nCoV/index.html
https://datahub.io/core/covid-19
http://open-source-covid-19.weileizeng.com/
http://open-source-covid-19.weileizeng.com/
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0103
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0103
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0103
https://doi.org/10.1109/MIS.2013.51
https://doi.org/10.13140/RG.2.2.28677.70883
https://doi.org/10.1007/s10916-020-01582-x
https://doi.org/10.1007/s10916-020-01582-x
https://doi.org/10.1016/j.compbiomed.2020.103795
https://doi.org/10.1007/s00259-020-04720-2
https://doi.org/10.1007/s00259-020-04720-2
https://doi.org/10.1016/j.artmed.2019.101770
https://doi.org/10.1016/j.artmed.2019.101770
https://doi.org/10.1148/radiol.2020200905
https://doi.org/10.1148/radiol.2020200905
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0113
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0113
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0113
https://doi.org/10.3390/diagnostics10060358
https://doi.org/10.13140/RG.2.2.36491.23846.Artificial
https://doi.org/10.13140/RG.2.2.36491.23846.Artificial
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0116
http://refhub.elsevier.com/S1876-1070(20)30369-2/sbref0116
http://labvirtual.eq.uc.pt/siteJoomla/index.php?option=com_content&task=view&id=113&Itemid=426
http://labvirtual.eq.uc.pt/siteJoomla/index.php?option=com_content&task=view&id=113&Itemid=426

