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ABSTRACT: This work describes a novel and cost-effective method

of polydimethylsiloxane (PDMS) microchips fabrication by using a

printing plate photopolymer called Flexcel as a master mold

(Fmold). This method has demonstrated the ability to generate

multiple devices from a single master, reaching a minimum chan-

nel size of 25 μm, structures height ranging from 53 to 1500 μm and

achieving dimensions of 1270 × 2062 mm2, which are larger than

those obtained by the known techniques to date. Scanning electron

microscopy, atomic force microscopy, and profilometry techniques

have been employed to characterize the Fmold and PDMS replicas.

The results showed high replication fidelity of Fmold to the PDMS

replica. Furthermore, it was proved the reusability of the Fmold. In

our study, up to 50 PDMS replicas have been fabricated without

apparent degradation of the mold. The feasibility of the resulting

PDMS replica was effectively demonstrated using a microfluidic

device for enhanced oil recovery analysis. © 2018 Wiley Periodi-

cals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2018

KEYWORDS: enhanced oil recovery; PDMS microchips fabrica-

tion; printing plate photopolymer mold

INTRODUCTION Polydimethylsiloxane (PDMS) is a widely used
material in the manufacture of microfluidic devices, because
this transparent elastomer offers chemical resistance and bio-
compatibility.1 Besides, PDMS devices are easy to fabricate
and enables a wide range of applications.1 PDMS microdevices
are mostly fabricated via soft lithography technology,2 being
the SU-8 the most common photoresist used for this purpose.3

This technique allows the creation of microstructures with
high resolution (~1 μm).4 However, it has several significant
disadvantages: the molds normally use silicon wafers as sub-
strates which are fragile, their size is limited (normally not
wider than 4 or 6 in.), and the photoresin is prone to delami-
nation.4 In addition, SU-8 molds fabrication requires clean
room facilities, which are not available in all countries, limit-
ing their use only to laboratories that have access to expen-
sive equipment to generate the masks and perform the
lithographic processes.

The increasing of the lab-on-a-chip applications in various
research fields brings the opportunity to develop new low-

cost and high feasibility methodologies for PDMS microdevices
fabrication. The literature reports many alternative fabrication
techniques that do not require lithography such as thermo-
plastic building blocks,5 toner transfer masking,6 wax
molds,7,8 liquid molding,9,10 laser ablation and reusable PDMS
molds,11 laser swelling,12 semicontact-writing,13 stainless steel
stamps,14 capillary forming,15 printing plate photopolymers,16

and transfer printing.17 However, most of these techniques do
not achieve the resolution of the photoresins or the processes
are expensive.

The motivation of this work has been the fabrication of PDMS
devices for enhanced oil recovery (EOR) studies, by using an
alternative cost-effective method that does not require lithog-
raphy. In the last few years, there is a growing interest in the
use of microdevices for EOR assays. EOR microfluidic devices
offer a new test methodology that quickly provides informa-
tion about potential compounds in upstream oil exploration
and production, allowing a better understanding of the mech-
anisms of action of fluids in a reservoir.18,19 Microfluidic
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devices for EOR methods have several advantages such as
cost-effectiveness, reproducibility, low-volume requirements,
simple and precise display, speed of testing, and versatility of
designs and portability.20 EOR essays also provide a positive
environmental impact, since less reactive chemicals are con-
sumed in the current routine tests, with the consequent
reduction in laboratory waste. Karadimitriou and Hassaniza-
deh explained in detail the microfabrication methods for
studying two-phase flow in porous media and the relevance of
microfluidic systems for EOR.20 Microfabrication offers new
ways for the study of EOR processes by designing and
manufacturing microsystems that mimic porous rock forma-
tions, because the pore length in the oil-bearing rocks is at the
microscale range.21

In this work, a simple and accessible process for the fabrica-
tion of PDMS microdevices by using a mold from printing
plate photopolymer has been developed. The photopolymer
called Flexcel allowed the fabrication of master molds with
dimensions up to 1270 × 2062 mm2, structure heights rang-
ing from 53 to 1500 μm, precise dimensions, and a reproduc-
tion of a minimum dot of 10 μm. The reproduction fidelity,
stability, and durability of the photopolymeric mold (Fmold)
were tested producing up to 50 PDMS replicas. Surface mor-
phological features of the Fmold and PDMS replicas were
examined by scanning electron microscopy (SEM), atomic
force microscopy (AFM), and profilometry. As a proof of con-
cept, the fabrication and testing of microfluidic devices for
EOR assays was performed.

EXPERIMENTAL

Fmold Fabrication
The printing plate photopolymer Flexcel SRH and DITR film
used in the fabrication of molds (Fmold) were supplied by
Eastman Kodak.22 Sheets of 1270 × 2062 mm2 of Flexcel SRH
and DITR film were chosen for the fabrication of molds. The
photopolymer thickness was around 1.14 mm.23 The flexo-
graphic plate usually composed of an elastomeric, styrene–
diene–styrene-based photo polymeric sheet on a polyethylene
terephthalate base24,25 was solvent washable or water wash-
able. The organic compounds were crosslinked by the expo-
sure to UVA wavelengths as crosslinker initiators and UVC
wavelengths were used to end the reaction, giving large and
stable molecular structures insoluble in the defined develop-
ing solution.

For the Fmold fabrication (Figure 1), microchannel network
was designed with Layout editor software,26 the design was
transferred to the DITR film with an infrared laser source of
2400 ppi. Then, the film was laminated onto the unexposed
flexographic printing plate before being exposed to UVA light
at 0.45 J on the reverse side and UVA light at 19 J on the front
for 360 s. The time of UVA exposure on the reverse side var-
ies during the process. After the exposure, the film was
removed. Then, the flexographic printing plate was washed
with solvent PROSOL N-1 at 360 mm min−1 and dried in an
oven during 30 min at 50�C.

In the last step, the flexographic printing plate was exposed to
UVC light at 10 J for 17 min and UVA light at 4 J for 2 min on
the front. The same procedure was applied to prepare the
Fmold used to fabricate the PDMS-floor replica, without layout
design application.

The Fmold obtained was then covered with an ultrathin SiO2

film by plasma-enhanced chemical vapor deposition (PEVCD).
PECVD homemade reactor provided an electric continuous
power source of glow discharge of 900 V with capacitive cou-
pling and impedance matching. The vacuum chamber was
made with a Pyrex glass tube of 80 cm long and 15 cm diame-
ter. Hexamethyldisilazane (HMDS) (Dow Corning) was used as
a precursor monomer. The working gas (O2) entry was
located at the end of the vacuum chamber, far from the sub-
strate, allowing vapor ionization in the area of discharge gen-
eration and SiO2 coating production. The coating process was
performed according to the conditions described by Lasorsa
et al.27 The PEVCD working conditions were 8 mL s−1 O2 flow
rate, 1 mbar gas pressure and 3 h exposure time. Note that
Fmold without any treatment is referred as Fmold and the
mold covered with an ultrathin SiO2 film is called as Fmold-T
(SiO2 treated).

PDMS Microdevice Fabrication
PDMS microdevices (Sylgard 184, Dow Corning, USA) were
fabricated as previously described by Peñaherrera et al.28

Briefly, PDMS was mixed with curing agent in a 10:1 ratio.
Then, the mixture was placed under vacuum to remove air
bubbles, poured onto the Fmold-T and cured in an oven at
40�C overnight. Before fabrication of each PDMS device, the
Fmold-T was silanized using trichloro(1H,1H,2H,2H-perfluor-
ooctyl)silane (Sigma-Aldrich, Argentina) via vapor deposition
under vacuum.

After curing, the PDMS replica was peeled off from the mold
and holes were punched in order to connect it externally to
syringe pump (ADOX—AcTIVA A22). To assemble the micro-
fluidic device, the PDMS replica was irreversibly bonded to a
PDMS-floor replica by exposure to oxygen plasma carried out
in the PECVD reactor. The PDMS surfaces were first activated
by O2 plasma (900 V, 1 mbar, 30 s) to create the -SiOH group
on the PDMS surface. After the surface activation, the PDMS
replicas were placed in contact immediately.

Characterization
The surface morphology of the Fmolds and PDMS replicas
was determined using a field emission gun SEM (TESCAN FEG
SEM MIRA3). In order to avoid samples damage, SEM mea-
surements were carried out at voltages between 3 and 5 kV.
Previously, the molds were metalized with an approximately
20 nm thick gold layer. Fmold roughness was determined via
AFM (Dimension Icon with ScanAsyst, Bruker, Ecuador). AFM
images were acquired in ScanAsyst mode at ambient condi-
tions by using a cantilever of spring constant at 0.71 N/m.
The average roughness (Ra) parameter was determined by
applying the Nanoscope Analysis 1.8 software to multiple
images taken at random positions in scan areas of

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 20182

JOURNAL OF
POLYMER SCIENCEWWW.POLYMERPHYSICS.ORGFULL PAPER



50 × 50 μm2. AFM images reported in this work were repro-
ducible over at least five points on the sample surface. Profilo-
metry measurements were performed using Dektak XT
profilometer from Bruker and the analysis was carried out
using the Vision 64 software. The images of the Fmolds and
PDMS microdevices were taken with a binocular magnifier
(Biotraza) attached to a digital camera.

Applications
In order to test the usefulness of the proposed Fmold method-
ology for PDMS microdevices fabrication, microfluidic chips
were designed and employed for EOR applications. Figure 2
shows the design of the microfluidic device used for EOR
experiments. Porosity, poral volume (PV) and height corre-
spond to 32%, 22 μL, and 81 μm, respectively. The pore throat
sizes are 400 and 650 μm.

The oil recovery experiment was performed using crude oil,
deionized water with acid blue dye, and polyacrylamide poly-
mer (1000 ppm). The crude oil used in this experiment has a
density of 0.81 g mL−1 and a viscosity of 4.42 cP at 25�C.
Before injection of oil into the microfluidic device, its impuri-
ties were removed by rotating the oil in a centrifuge. A binoc-
ular magnifier was used to observe the flow inside the
channel, and a Canon T3-I Rebel digital camera attached to
the loupe recorded the phenomena. Images from the

experiment were obtained and the analysis was performed
using Fiji by Image J software.29

RESULTS AND DISCUSSION

The first major goal of this contribution was to provide an
accessible and cost-effective alternative to fabricate PDMS
microdevices compared to conventional methods. Data
obtained through mold characterization provided information
for its application in microfluidic field such as EOR assays.

Mold Characterization
Figure 3 shows the structures height as a function of scanning
length. The UVA exposure during 35, 40, and 48 s generated
molds with heights of 297, 211 and 81 μm, respectively. Based
on these results, an inverse relationship between UVA expo-
sure time and structure height is demonstrated.

Furthermore, the effect of the UVA exposure time on the sur-
face morphology was studied by measuring the roughness of
Fmolds. AFM images and the corresponding average rough-
ness (Ra) values are presented in Figure 4. The AFM images
and roughness values show that surface changes by the effect
of UVA exposure time.

The order of Ra parameter values are: A: 23 nm (35 s) < B:
30.9 nm (40 s) < C: 99.9 nm (48 s). The Fmold C is much rougher
than the Fmold B and A. Specifically, changes on the Fmold sur-
face roughness can be attributed to changes on the crosslinking
degree in the material,30 as well as modifications in the type of
bonds in the surface layer31 caused by the UVA treatment. In
comparison with other traditional molds, Fmold presents higher
roughness than the SU-8 resin (~10 nm)32 but lower than mold
roughness manufactured by 3D Systems (~2 μm),33,34 micromill-
ing (~0.5 μm),33 and laser ablation (~7 μm).33,35

It was found a direct dependency between UVA exposure and
roughness of the surface and, in contrast, a prolonged UVA
radiation causes the decrease of height (Figure 5). These
results provide valuable information of surface properties,

FIGURE 1 Fmold method fabrication. [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 2 Design of microfluidic device for EOR experiment.

[Color figure can be viewed at wieyonlinelibrary.com]
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which is relevant on the application of the microfluidic
devices. Fmolds with dimensions of a standard test target
USAF 195136 were fabricated by applying UVA exposure time
on reverse side at times of 54 and 45 s, obtaining height mea-
surements corresponding to 53 and 135 μm, respectively.
These measurements are included in Figure 5 and in
Figure S1, Supporting Information.

Figure 6 shows SEM images of Fmold with rectangular struc-
tures and dimensions acquired from the standard test target
USAF 1951. The structures width designed with Layout editor
software resulted in the range between 10 and 520 μm. The
images indicate uniformly distributed rectangular forms, with
structures ranging from 25 to 520 μm. SEM images of Fmold
evidences the inclination of the structures sidewalls. Besides,
widths less than 25 μm were not resolved. The relationship of
the sidewalls inclination with UV exposure has been previ-
ously reported by Liu et al.37 demonstrating the proportional-
ity between face exposure and the shoulder angle.

Structure height uniformity was tested by profilometry.
Figure 7 shows that height of structures assigned in the figure
as 1–9 exhibit an average of 53 μm, whereas the structures
10 and 11 show values of 42 and 38 μm, respectively. The dif-
ferences of heights are due to the inclination of the structures,
causing an overlapping.

Figure 8(a,b) shows SEM images of the cross section of the
Fmold, observing trapezoidal shapes on the structures. This char-
acteristic shape generates an overlapping of continuous struc-
tures as shown in the schematic representation [Figure 8(c)].

Figure 8(d) shows the comparison of structures height at dif-
ferent separation distances. The height is uniform while the
separation distance between structures is higher than
170 μm, demonstrating that trapezoidal shape is not a limita-
tion for PDMS device fabrication. Recently, Kang et al.38

reported SU-8 structures with this shape for the fabrication of
a microfluidic neuron culture device.

FIGURE 3 Height measurements of structures formed in Fmold.

UVA exposure time on reverse side: A: 35 s, B: 40 s, and C: 48 s.

Height measurements were determined by profilometry technique

(n = 3). [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 4 AFM images of molds surface. Ra represents the average roughness value. UVA exposure time on reverse side: A: 35 s, B:

40 s, and C: 48 s. [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 5 Effect of reverse side UVA exposure times on the

height of structures and surface roughness. Black line: height of

the structures. Red line: roughness. [Color figure can be viewed

at wieyonlinelibrary.com]
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In summary, the results demonstrate that with the proposed
technology it is possible to obtain Fmolds with different chan-
nel dimensions (length, width, and height). Structures with a
minimum width of 25 μm and heights up to 1500 μm23,39

could be made, achieving an aspect ratio of 60. Regarding the
length, it is possible to make multiple molds with a wide vari-
ety of dimensions. In addition, it is important to highlight that
they can be manufactured up to a total size of
1270 × 2062 mm2 (graphical abstract image).40 Fmolds char-
acterization with height structures in the millimeter scale will
be the aim of future work.

PDMS Microdevices Fabrication
The Fmold fresh template and Fmold treated with SiO2

(Fmold-T) were evaluated to optimize PDMS microdevice fab-
rication. The Fmold was fabricated using a design that con-
tains homogeneous squares with dimensions of 1000 μm and
separation between structures of 400 μm. Several replicates
can be obtained using the same Fmold; however, PDMS resi-
dues are adhered to the mold as a result of the affinity
between the Flexcel polymer and PDMS [Figure 9(a)]. To solve
this problem, an SiO2 coating was performed. Consequently,
using Fmold-T, an adequate demolding was obtained and no
residues of adhered PDMS were observed [Figure 9(b)]. This
is because the SiO2 thin film deposited on the Fmold-T avoids
undesirable stickiness between the PDMS and the mold. As
alternative to the PDMS microdevices fabrication process
using Fmold-T technique, epoxy resin replicas from the Fmold
were tested (Figures S2 and S3).

It is known that silanization treatment with trichloro
(1H,1H,2H,2H-perfluorooctyl)silane on a silicon surface is a com-
mon method to facilitate the demolding process of the PDMS
microdevices as well as to protect the integrity of the master
mold. The coupling of perfluorinated organosilane molecules to
the silicon surface decreases its surface energy and promotes
the release from the PDMS.41,42 Therefore, a silanization treat-
ment of the Fmold-T was performed. Two treatments of
silanization-exposure times under vacuum were tested, at 1 and
3 h. Because no differences were found with both treatments,
the Fmold-T was silanized using the shortest time.

To demonstrate the replication fidelity of our method, 50 PDMS
replicas were fabricated using the same Fmold-T. Figure 10
(a) shows the binocular magnifier images of Fmold at the 1st,
4th, 8th, and 50th PDMS replicas. For the replicas, it was used a
design with heterogeneous squares. Figure 10(b) shows the
height measurements recorded by profilometry from the Fmold-
T and PDMS replicas. The comparison between the structure
dimensions of the Fmold-T and the PDMS replicas indicates that
the height and depth vary less than 10%, which demonstrates

FIGURE 6 SEM images of structures embossed from Fmold. Fabrication conditions: first step—UVA exposure time on reverse

side = 54 s, UVA front side exposure = 360 s. [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 7 Height measurements of Fmold recorded by

profilometry. SEM image appears on the right side. Fabrication

conditions: first step—UVA exposure time on reverse side = 54 s,

UVA front-side exposure = 360 s. Height measurements were

determined by profilometry technique (n = 3). [Color figure can be

viewed at wieyonlinelibrary.com]
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that PDMS can be replicated with high fidelity, being these
values comparable to typical in-plane photolithographic toler-
ances of approximately 10%.4 High fidelity of replication was
also observed in the analysis of Fmold-T and PDMS replica of a
standard test target USAF 1951 by SEM and profilometry. Com-
parison of width, height, and depth of channels shows a low var-
iation (<10%) on the entire range of the channels (Figure S4
and Table S1). Furthermore, the reusability and durability of the
Fmold-T was the Fmold-T can be used many times to get PDMS
replicas without apparent degradation in featured mold dimen-
sions, and therefore decreasing the manufacturing costs.

It is well known that molds made in silicon wafers with photore-
sin have a limited lifetime3 because structures created with this
material are prone to be released from the wafer. In the case of
the Fmold-T, the mold with the structures of interest forms a

single element, thus, there is no possibility of detachment of the
structures. Furthermore, the inclination of the sidewalls can
reduce postdetachment contact and frictional resistance between
the replicated structure (PDMS) and Fmold-T, allowing a better
demolding.43 This fact is an advantage especially when the struc-
tures formed in the mold have a high aspect ratio. In the case of
SU-8 resin, mold angles are smaller than 90� and present difficul-
ties in the demolding process. This is why the SU-8 resin tends to
be delaminated from the support (generally silicon wafers), espe-
cially when the structures have a high aspect ratio.44

Devices fabrication through printing plate photopolymers
have been described previously.16,45,46 However, to the best of
our knowledge, the methodology developed in this work
shows for the first time the fabrication of photopolymer mas-
ter molds reaching sizes up to 1270 × 2062 mm2, at low cost
and commercially available worldwide.

PDMS Device Applied to Fluid Injection and EOR Analysis
Several studies of microfluidic systems for EOR have been
developed up to date. The assays have been performed with
different chemical compounds such as surfactant/water
floods,47 polymer floods such as HPAM,48 foam floods,49 nano-
floods with nanoparticles,50 or micromodels to simulate the
processes of microbial EOR.51 In this paper, the functionality
of the EOR microdevice was evaluated injecting, oil, water,
and a commercial polyacrylamide polymer.

The microdevice was fully injected with crude oil at a flow
rate of 1.0 mL h−1 until it was successfully trapped in the pore

FIGURE 9 Images of Fmold obtained after PDMS replica

manufacturing. (a) Fmold (fresh template) and (b) F-mold-T coated

with SiO2. [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 8 (A, B) SEM images of the cross section of Fmold,

(C) schematic representation of the resulting structures height from

overlapping, and (D) structures height at different separation

distance. [Color figure can be viewed at wieyonlinelibrary.com]
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space; the next step was the injection of water at a flow rate
of 0.5 and 2.0 mL h−1 to reach residual oil saturation. Then,
polyacrylamide polymer solution (1000 ppm) was injected at
0.5 and 1.0 mL h−1. Standard image analysis using Image J
was used to determine the percentage of oil recovered. The
difference between the initial state of the black pixels and the
final state was interpreted as oil recovery.

Figure 11 displays the oil recovery in relation with PV and the
images obtained in each stage, which shows water and poly-
mer flowing into the pore space and displacing crude oil. It is
obvious that water injection at a flow rate of 0.5 mL h−1 dis-
places the crude oil from the channels, giving an oil recovery
of 37% (1.25 PV), when the flow rate increases at 2.0 mL h−1,
the oil recovery raises to 46% (4 PV). Moreover, polymer
flooding recovery was 5% (6.1 PV) at a flow rate of 0.5 mL h−1

and 21% (8 PV) at a flow rate of 1.0 mL h−1, giving a total
21% of oil recovery. The total oil recovery achieved was 67%.
The liquids flooding in the microfluidic device has been
included in supporting information (Video S1).

Comparison of Availability, Costs, and Resolution of
Different Mold Manufacturing Technologies
It is well known that developed countries have a higher index
of laboratories and publications in almost all areas of science
than developing countries. In case of microfluidics, this effect
is particularly marked, because the fabrication of devices of

quality and good resolution, it is necessary to have an expen-
sive equipment to manufacture the photomasks and molds.
While the SU-8 mold cost is relatively low for research groups
with manufacturing facilities (without considering cleanroom
maintenance expenses and equipment amortization), the cost
of acquiring SU-8 molds is very high for research groups with
no manufacturing equipment.

Due to their high cost, these facilities are practically nonexis-
tent throughout the southern hemisphere. For example, in the
country where this article is generated, there are only three
cleanrooms, which are not always available for research
groups outside the institution. One option to carry out the
assays would be to hire the service of chips manufacturing
outside the country, but there are few companies or universi-
ties in the whole planet offering this service. The price of a
SU-8 mold charged by these companies is between £375 and
£525, depending on the required resolution (Quote by Flow-
JEM). These prices are too high for research laboratories in
developing countries, where grants awarded on average do
not exceed £3000 per year.52

As a result of the previously mentioned, throughout the south-
ern hemisphere, there are only 8 of a total of 344 reported
research groups investigating microfluidics.53 Something simi-
lar happens with microfluidics companies, finding only one in
the whole southern hemisphere.54

The method proposed in this work will provide great
advances in the field of microfluidics because it will allow to
all laboratories the ability to work in the area of microfluidics
(including those in developing countries) without the needs of
micromanufacturing facilities or equipment to create a master
mold. The Flexcel technology can be commercially obtained at
much lower cost than SU-8 molds, it is commonly used in the
graphics industry and it can be acquired worldwide (including
no developing countries). Regarding the availability, in con-
trast to the only 20 companies or universities offering photoli-
thography services, there are now more than 400 companies
distributed in 60 countries offering Fmold manufacturing ser-
vices.55 Regarding the costs, a FMold of 220 × 350 mm2, costs

FIGURE 10 PDMS replication using Fmold-T master mold.

(a) Binocular magnifier images and (b) Height measurements

recorded by profilometry of Fmold-T at the 1st, 4th, 8th, and 50th

PDMS replicas. Fabrication conditions: first step—UVA exposure

time on reverse side = 42 s. (Scale bar: 1000 μm.) Height

measurements were determined by profilometry technique

(n = 3). [Color figure can be viewed at wieyonlinelibrary.com]

FIGURE 11 Oil recovery analysis. Cumulative oil recovery as a

function of PV and images of oil saturated, dyed water flood, and

polymer flood. [Color figure can be viewed at wieyonlinelibrary.com]
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£28 in Argentina56 and £40 in Spain.57 These prices are at
least 10 times less expensive than SU-8 commercial molds,
and more accessible to developing laboratories.58

At present, there are other alternative methodologies to SU-8
molds, some of which are shown in Table 1. Nevertheless,
most of these techniques do not achieve the resolution of the
photoresin or the processes are expensive and inaccessible,
therewith the traditional technique of photoresin molds is still
the most used in microfluidics.

Table 1 shows a comparison of the minimum channel width
achieved by Fmold and other nontraditional methods of
microfluidic molds fabrication. These values range between
21 and 200 μm, and therefore the minimum channel width
obtained in this work is well suited for microfluidic devices
manufacturing.

3D printing is one of the best-known alternative techniques;
however, until now, its applicability is limited in part by the
technical inability to print reliable microfluidic channels with
dimensions less than several hundreds of microns in a reason-
able sized device34,61 at a reasonable price. Among the main
disadvantages of 3D printing can be mentioned the difficulties
on the removal of the support material from small fluidic fea-
tures, a relatively wasteful print process and channels with
rough surfaces.34

There is a great number of 3D printing equipment that allows
molds or chips previously reported in the literature. However,
when the cost of equipment falls, the channel resolution
obtained falls as well. For example, the cost of PDMS-chip pro-
duced by 3D printing was reported as £1.50 but with a mini-
mal cross-sectional area of 200 μm.62

High resolution channels obtained by 3D printing have been
reported in some research works, but the cost of the equip-
ment is very high (EnvisionTEC, £74.900, resolution:

16 μm),63 or the equipment is homemade manufactured.64 In
both cases, the molds produced are not commercially avail-
able at global level, as in the case of FMold.

It is also possible to achieve structures reaching widths on the
nanometric scale using conventional photoresins, under a high
resolution exposure with quartz or glass masks, and under
electron beam lithography or focus ion beam.65 Several stud-
ies combining the Flexcel polymer with these techniques in
order to reach the minimum width will be the subject of
future work. In this work, a minimum width of 25 μm was
achieved, which allows Flexcel technology to be promising to
manufacture conventional microfluidic devices at low cost,
which normally have channels with width greater than
100 μm. Therefore, it is thought that the proposed innovative
methodology could give a breakthrough to the development of
microfluidics and lab-to-chip technologies.

CONCLUSIONS

The Fmold provides a good alternative to conventional micro-
fluidic manufacture methods of photoresin over silicon wafers.
The fidelity of replication, stability, and durability of the
Fmold were proved. It can be used multiple times with the
acquisition of reliable replicas, without delamination, since
the mold and the structures designed compose a unique piece.
This method allows the manufacture of microfluidic molds
achieving very large dimensions (1270 × 2062 mm2), reach-
ing a minimum structure size of 25 μm and structures height
ranging from 53 to 1500 μm. To the best of our knowledge,
no material or technology with these characteristics has been
reported yet for the use as a mold for the manufacture of
microfluidic devices, which allows the integration of multiple
laboratory functions and detection systems in a single layer.
Another advantage of this technology is that the Fmolds can
be commercially obtained at much lower cost than SU-8
molds. In addition, since Flexcel technology is commonly used
in the graphics industry, Fmolds can be acquired worldwide.

It is possible to infer that the new methodology of microfluidic
chips fabrication shown in this article will help a positive evo-
lution in the microfluidic field, serving as support for many
laboratories lacking of micromanufacturing facilities, such as
those related to biology and chemistry fields, especially in
microfluidic laboratories from developing countries.
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TABLE 1 Minimum Channel Widths of Nontraditional Methods

of Microfluidic Molds Manufacture

Mold technique Channel width (μm) Reference

Stainless steel stamp 21 14

Fmold 25 This work

Toner 26.6 6

Liquid molding 40 10

3D printing 45 59

Liquid molding 60 9

Building blocks 100 5

Laser ablation 120 11

Semi-contact writing 140 13

Laser swelling 190 12

3D printing 200 34,60

WAX mold 200 8
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