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APRESENTAÇÃO

No atual cenário mundial, onde se exige cada vez mais competitivaidade empresarial, 
buscar a redução de custos aliadas e a melhoria de qualidade é quase que uma exigencia 
para se manter ativo no mercado. Desta forma a multidiciplinaridade é quase que obrigatória 
aos profissionais das áreas de engenharia, transitando entre conceito e prática, tendo um 
viés humano e técnico.

Neste sentido este livro traz capítulos ligados a teoria e prática em um caráter 
multidisciplinar, apresentando de maneira clara e lógica conceitos pertinentes aos 
profissionais das mais diversas áreas do saber. Apresenta temas relacionados a área 
de engenharia mecânica e materiais, dando um viés onde se faz necessária a melhoria 
continua em processos, projetos e na gestão geral no setor fabril. 

Destaca-se a apresentação das áreas da engenharia de materiais com o 
desenvolvimento e melhoria de produtos já existentes ou de novos produtos. De abordagem 
objetiva e prática a obra se mostra de grande relevância para graduandos, alunos de pós-
graduação, docentes e profissionais, apresentando temáticas e metodologias diversificadas, 
em situações reais.

Aos autores, agradeço pela confiança e espirito de parceria.
Boa leitura

Henrique Ajuz Holzmann
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RESUMO: Este trabalho teve como objetivo 
propor um roadmap para produção de 
dispositivos miniaturizados úteis para 
intensificação de processos, uma tendência 
irreversível na área de Engenharia Química e/
ou Materiais. A característica que o distingue é 
o uso de tecnologia madura, e material de baixo 
custo. A metodologia utilizou-se das técnicas 
consagradas na área de eletroeletrônicos para 
o desenvolvimento de processos e produtos 
eletrônicos além da proposta de roadmap. Foi 
possível observar que a maioria das etapas de 
produção necessárias pode ser obtida usando 
a tecnologia de produção de placas de circuito 

impresso. Um novo setup desenvolvido para 
depositar nanofibras poliméricas no dispositivo 
foi apresentado. O setup além de ser de relativo 
baixo custo é facilmente integrado a outras 
etapas de produção do dispositivo. A etapa 
limitante do desenvolvimento é a selagem do 
conjunto, que deverá ser desenvolvida de acordo 
com a tecnologia de fabricação de PCI.
PALAVRAS-CHAVE: Intensificação de processo, 
nanofibras, PCI, eletrofiação, roadmap.

PROPOSTA DE ROADMAP: PCI E 
NANOFIBRAS COMO UMA ESTRATÉGIA 

PARA INTENSIFICAÇÃO DE PROCESSOS
ABSTRACT: This work aimed to propose a 
roadmap for the production of miniaturized devices 
useful for intensifying processes, an irreversible 
trend in the area of Chemical Engineering & 
Materials. The distinguishing feature on this 
work is the use of a mature technology, and 
low-cost material. The methodology is based on 
techniques established in the electronics field 
for the development of processes, products and 
the proposal of roadmaps. It was observed that 
most of the necessary production steps can be 
achieved using printed circuit board technology. 
A new setup developed to electrospun polymeric 
nanofibers to a device was presented. The setup, 
in addition to this relatively low cost, is easily 
integrated with other devices production steps. 
The limiting step on the development is the 
sealing of the device, which must be developed 
according to the technology of printed circuit 
boards.
KEYWORDS: Process intensification, nanofiber, 
PCB, electrodynamic focusing, roadmap.
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1 | 	INTRODUCTION
On the electronic sector, the impressing development that occurred on the last decades 

depended on, among several factors, the design of really miniaturized and multifunctional 
devices. Furthermore, this miniaturization trend spread in many other production sectors 
and for some of them, such as Chemical Engineering and Materials, it also corresponds to 
true revolution, as can be seen on Table 1 and will be explained throughout this item.

Chemical Engineering field was one of the most benefitted areas from the 
miniaturization tendencies that occurred on the last few decades, mainly due to the concept 
of Process Intensification (PI). PI consists in a well-defined strategy for improvement of 
products and processes. Although there are many distinct definitions for PI, in a broad 
approach as assigned by (STANKIEWICZ & MOULIJN, 2000), it can be defined as “any 
chemical engineering development that leads to a substantially smaller, cleaner, and more 
energy efficient technology”. As shown on Table 1, PI is an important research topic (almost 
60K appearances) for chemical Engineering areas (more than 30K appearances); however, 
the miniaturization as a trend and microreactors as a consequence became a meaningful 
topic only on XXI century (EHRFELD et al, 2000)(AGAR, 1999).

Printed circuit board (PCB) technology is a well-established production area that 
allows defining thin conductive tracks and pads etched on a copper foil laminated on an 
insulating substrate, rigid or flexible, aiming at support mechanically and connect electrically 
electronic components. 

In addition, it is possible manufacturing miniaturized devices for PI development 
using the PCB processes, even in flexible laminates (TSAI et al, 2006)(MATLOSZ; RODE; 
COMMENGE, 2001), but it is uncommon, as shown on Table 1. On the approximately 200 
references listed the majority PCBs are used as waste, for copper or gold recover. On 
the remaining uses, the miniaturized devices are mainly produced in silicon and PCBs 
function is just for electrical connection and control. Moreover, just few of these devices are 
microreactors.

Polymeric nanofiber produced by electrospinning is other really hot research topic, 
due to the huge amount of uses a nanofiber can present (CHEN et al, 2018)(SOLTANI et al, 
2020)(FANG & LIN, 2019). However, the use of such material to improve PI did not attracted 
attention up to the last decade. 
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Descriptors # of appearance Period, first appearance etc.

“Process intensification”
59,200 Anytime

61 first appearance on the 1960´s decade

+ “chemical engineering”
32,300 Anytime, 

30 first appearance on the 1960´s decade
+ microreactor 3,550 Anytime, only one register up to 1990
“Process intensification” “printed 
circuit board” 185 Anytime

Silicon 123 Anytime
Waste 27 Anytime
       +       microreactor 40 Anytime

Nanofibers
523,000 Anytime
234,000 Last decade

+ microreactor
5,530 Anytime
4,690 Last decade

+ “process intensification”
1900 Anytime
1,800 Last decade

“process intensification” “printed 
circuit board” nanofiber 10 Anytime and first appearance in 2016

* - all information was obtained using Google Scholar

Table 1 – Numbers of descriptors (Process Intensification, PCB, nanofiber) as a function of time

Furthermore, also only on the last decade the use of nanofibers in microreactors 
became a research trend (CHEN et al, 2018)(SILVA et al, 2017) Therefore, with the 
context previously described it is not a surprise that the use of PCBs and nanofibers on PI 
development was not intended up to 2016.

Nonetheless, PCBs is a mature technology that Paul, Sharma and Doolen (2005)
(SHARMA, 2005) proved to be useful on manufacturing of parallel microchannels, well 
sealed and with high aspect ratio. However, on the only 10 appearances, none of them 
deals with PCB as microreators or device development for process intensification using 
PCB technology. In other words, there is a gap on this field that this work envisages to 
cover; for that matter, the limiting steps of development is evaluated in proofs of concept 
and, on a subsequent stage, a roadmap is proposed.

2 | 	METHODOLOGY
Roadmap as a tool for the development of products and processes or even research 

steps is a common strategy in semiconductor area. For this area, since 1998 the International 
Technology Roadmap for Semiconductors (ITRS1) helped the global semiconductor 

1  Since 2017 ITRS is no longer reviewed; however, due to IEEE initiative, a new roadmap, named the International 
Roadmap for Devices and Systems (IRDS) was created in 2016.
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producers and researchers to foresee the needs to be attended. As pointed out by IEEE2, 
semiconductor industry is the only one that begun with a roadmap. Furthermore, IEEE states 
roadmap purpose as a reference “to stimulate innovation in various areas of technology” 
and also reminds that “compasses an immense scope of the electronics industry … 
everything from applications needs down through device and manufacturing requirements”. 
Nonetheless, this roadmap does not consider PI. There are many definitions for roadmap, 
a broad one (MÜNCH; TRIEFLINGER; LANG, 2019), also used in this work, is to envisage 
away the product can reach its objective and the work required for that.

Stankiewicz & Moulijn (2000), in their revision, bring up a possible roadmap, as Figure 
1 summarizes, which points out to the needs of channels with small dimensions and well-
defined geometry. Furthermore, these channels must allow the production of multifunctional 
equipment, which can be done by channel thickness variations and\or curved structures. 
The same considerations can explain the design for reactors and mixers. Finally, mass & 
energy transfer depend not only on design (dimensions) but also on materials choice.

Figure 1 – Possible roadmap for PI and miniaturization

As previously commented, PCB is a mature technology on the electronic sector that 
offers several advantages such as: rapid prototyping techniques, low cost, mass production, 
amenable technology with no complex process. The production of small channels is a 
possibility, i. e., also permits miniaturization. Since almost everything could be done on a 
PCB, temperature sensors, flow sensors, microvalves, microreactors, micromixers, in the 
last decades it has been attempts on manufacturing of sensors and microreactors with the 
help of PCB technology. Some examples are a microfluidic system (MERKEL; GRAEBER; 
2  https://irds.ieee.org/
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PAGEL, 1999), a disposable microreactor manufactured using photoresist and flexible 
laminate (TSAI et al, 2006), among others (TEMIZ et al, 2015)(PAPADOPOULOS et al, 
2014). However, none of them consider the needs for PI development.

The possibility of well-defined channels geometry using PCB technology solves only 
part of the roadmap problem. On unit operations it is usual columns (long channels) as 
reactors; however, in order to increase efficiency and yield, the commonest columns are the 
packed ones. Furthermore, these columns are also useful on the integration of more than 
one unit operation (BHANDARE, 2019) and, due to the required small dimensions, micro 
and nano fibers as package material seem to be the natural path.

Polymeric nanofibers have a wide range of applications as structural material in 
composites and have been extensively investigated by the academic community. Since most 
of the nanofiber’s atoms are on the surface, they offer several advantages in chemical and 
physical properties, resulting in a huge challenge in basic and applied research. Thus, the 
main advantages include the high surface area to volume ratio and high length to diameter 
ratio of these nanoscopic materials. On the nano-scale, polymeric fibers offers some potential 
chemical and biological applications, such as filters for gases or liquids, support for high 
temperature catalysts, enzyme immobilization, control of materials heating in the aerospace 
industry, sensors, manufacturing of nanostructured surfaces (for sieves and nanofilters), 
injection systems, reaction nanocameras and fluidic nanomixers, manufacturing of logic 
fluidic devices, among other examples. Thus, produce sensitive layers based on nanofibers 
is an interesting process. (LIU et al, 2009)(JO et al, 2011)( GIANNITELLI et al, 2018) 

Thus, the sequential step on roadmap definition is the setting of boundary conditions 
for each production phase (Figure 2).

Figure 2: Production phases

The design phase should determine the best shape for developing the proof of 
concept, i.e., testing limits of an operational device. In this case, microchannels on “S” shape 
are the best option since they are well know, of commonest use, useful for different classes 
of reactions, and also allow easy connection to micromixers, among others (integrated unit 
operations).

On the simulation phase, should be considered that the “S” shape microreactor is 
well known, but its behavior in small and packed dimensions can lead to unexpected fluid 
behavior.
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PCB phase should consider the simplest technology available and fiber deposition 
should unravel ways of producing different materials with different surface characteristics, 
such as adsorption, catalysis, acid or basic resistance etc. Furthermore, it is also expected 
a minimum of experimental steps, preferentially a single step.

On the proofs of concept developed, and described on this work, microreactors were 
simulated using Fem Lab 3.2® software. The project used CAD software, and microchannels 
have been defined in copper-clad PCB laminates by photolithographic process. Deposition of 
nanofibers inside the microreactor channel was carried out on a homemade electrodynamic 
focusing setup and using electrospinning polymeric solutions (SILVA et al, 2017). Optical 
microcopy was used for devices visualization.

3 | 	RESULTS AND DISCUSSIONS
This item shows the decisions to be taken, in order to assure the feasibility of the 

roadmap; the proofs of concept – already done or required ones on further steps and the 
roadmap itself.

3.1	 Decisions to be taken
Design: for PI purposes, as stated on the Methodology item, the important 

development is the channels, both dimensions and geometry. Long channels, up to 30 mm, 
and small dimensions, such as 200 µm or less, are needed. Furthermore, steep track with 
high aspect ratio should be done. Finally, in order to produce multifunctional devices, such 
as reactors and mixers, it is required the possibility of vorticity quick variations on the fluid 
but without meaningful changes on channels designs.

Simulation: this stage does not pose limiting step; nonetheless, it is quite important to 
assure a correct roadmap since simulations results will provide CAD information for artwork 
production.

PCB: Usually the masks and the microstructures are defined by conventional 
microelectronics processes which involve several costly and time-consuming steps that also 
require facilities such as cleanrooms. Thus, in this work is proposed that the masks and the 
microstructures are produced using materials, techniques and equipment normally applied 
for produce printed circuit board (PCB). 

Fiber production: First paramount decision is the best way of fiber deposition on 
these channels. A simple way to produce such micro and nanofibers is the electrospinning 
process (Figure 3a). This process occurs when the electrical forces at the surface of the 
polymeric solution overcome the surface tension and cause an electrically charged jet to 
be ejected. The solvent evaporates as the jet travels in air, leaving behind charged polymer 
fibers which lay themselves randomly on a collecting metallic electrode. Whether required 
collecting the nanofibers in specific areas it is necessary to modify the experimental setup 
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in order to focus the jet to the desired region. (Figure 3b).

Figure 3 – Electrospinning process: (a) conventional and (b) electrodynamic focusing, adapted 
from Salim et al (2008).

3.2	 Proofs of concept
Design and simulation: the boundary conditions considered on simulation are:

•	 Electrical characteristics – due to setup and electrospinning, electrical field 
streamlines and intensity were simulated. It is worthy note that fiber formation is 
guided by electrical field lines.

•	 Fluid aspects – since it was simulated long channels that could be used as mi-
croreactor and mixers, and considering that variations in its dimensions can lead 
to unexpected behavior, the boundary conditions were set in order to evaluate 
packing. Therefore, Reynolds number, velocity and vorticity profiles were deter-
mined in each simulation.

The simulated parameters and preliminary results are shown in Table 2.

Channels Properties Vorticity Velocity

Lenght (L): 10, 20, 30 mm High on 10 mm Variation

Width (W): 0.2, 0.5, 1.0 mm High on 0.2 mm
Low on 30 mm

Variation
Regular

Height (H): 0.035, 0.1 mm No important No important

Distance among channels: 0.2, 0,5 mm

Fluid velocity: 5 sccm Fixed – consider common devices flow

Table 2: Simulated parameters and preliminary results

Figure 4 shows typical CAD design and respective simulated fluid behavior. For 
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small devices (Figure 4a), although the Reynolds number is low (Figure 4b), vorticity is high 
on the curved parts, but not in the inlet and outlet (Figure 4c). For 20 mm microchannels, 
Reynolds number is still low but more uniform, the same occurring with velocity (Figure 4d) 
and vorticity (Figure 4e) profiles. These fluid conditions indicate that longer channels are 
useful for reaction and shorter ones as mixers, i.e., PI is possible.

Figure 4: a) CAD design, b), c), d) e) typical simulated fluid behavior

PCB Manufacturing: Manufacturing considered simulations results and used 
processes that are regularly used in the PCB industry. Usually, the masks and the 
microstructures are defined by conventional microelectronics processes which involve 
several costly and time-consuming steps that also require facilities such as cleanrooms. 
Thus, in this research the masks and the microstructures were produced using materials, 
techniques and equipment normally applied for produce printed circuit board (PCB). The 
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masks and the microstructures have been fabricated on FR-4 type copper clad PCB 
laminates. The channels were defined applying dry film photoresist over the base laminate. 
The image of the designed microreactor was transferred by photolithography with the aid of 
an artwork. In order to make all the structure conductive a thin copper layer was deposited by 
electroless process. Figure 5 shows details of the microstructure defined on PCB laminate.

Setup for fiber deposition on single step: Deposition of fibers in small dimension 
was firstly done by Salim et al (2008), but as usual the masks and the microstructures 
are defined by conventional microelectronics processes leading to several costly and 
time-consuming steps and also require facilities such as cleanrooms. Furthermore, it used 
expensive material and process that was not compatible with PCB technology. Therefore, in 
a previous work was developed a low cost setup (SILVA et al, 2017) but the substrate used 
on that proof of concept was silicon not PCB as proposed in this work. 

Figure 5 - Images with the details of the a) Electrodynamic focusing and the mask, b) 
microstructure defined in copper clad laminate. 

Thus, the deposition of micro and nanofibers inside the channels was carried out on a 
homemade electrodynamic focusing setup and using electrospinning of polymeric solutions 
(SILVA et al, 2017). The setup consists of two high voltage power supply, one with 0-30kV 
and the other with 0-1.4 kV that is used to focus the electric field through the apertures of the 
metallic mask. This mask has the same shape and dimension of the microreactor channels. 

To deposit the fibers the positive electrode of the 0-30kV high voltage power supply 
is connected to the hypodermic needle of one syringe that contains the polymeric solution 
and the ground is connected to a metallic collector. The 0-1.4 kV high voltage power supply 
has its positive electrode connected to the metallic mask and the ground connected to 
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the metallic connector. The interaction between the electric field produced by each power 
supply results in the focusing the polymeric jet through the mask aperture as depicted in 
Figure 5a). The nanofibers inside the channel is show in Figure 5b). 

Figure 6: Simulations: electrical fields and intensities using (a) PCB (b) copper mask

The choice of a copper mask was supported by simulation. The use copper channels 
favor deposition inside the channels because the density of the electric field on the bottom 
is increased (Figure 6a) since the metal walls act as focus lens of the electric field lines and 
the fibers are collected in the center of the channel, as show in Figure 6b. Therefore, this 
setup avoids that mats of nanofibers deposit as a net on the surface of the both sides of the 
channel. A schematic of a possible device with the details of the microreactors channels can 
be seen in Figure 7a and 7b, respectivelly.
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Figure 7 – A possible device, b) details of the microreactor channel

In conclusion this work shows: A roadmap for PI, using PCB and Nanofibers that can 
be seen in Figure 8, where adhesion is the limiting step in need of being developed. 

Figure 8 -Proposed roadmap

4 | 	CONCLUSION 
This work shows a whole production (from setup to microchannel) based on PCB 
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processes that can be relevant for PI. PCB technology is economical feasible and also mass 
production, from Prototyping to final Product, with the exception of fiber deposition. Along 
with the minimum number of steps, the production was at room temperature. Therefore, a 
roadmap was proposed, which allows obtaining new devices, due to:

•	 Nano and microfibers deposited inside the microchannels, which means high 
capacity microreactors; 

•	 New approach for microreactors, with structures and masks developed using 
CAD software, which decreases developing time and use of materials and re-
sources;

•	 New setup for electrodynamic focusing, low cost and easy to reproduce.
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